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Abstract 

~ ' - '  ' '  + +s transitJr~,~ +, s . . . . . .  "v • This is an exhaust ive review ~ ! cahxarene,  conta ining . . . . .  metal,° Genera l  pxep,~rdtl e 
transmt: n racial complexat ion are briefly reviewed. rotates to cal ixarene ligands suitable t b r '  ~' ' )  

The  asl:~Cl, S concern ing  their coordhla t ive  properties are organized according  to the site and 
:: n has t ,  has been placed synthetic type of  dono r  a tom(s )  involved in complexat ion.  E1 p ' s  on + 

aspects so as to allow the reader to acquire  a useful knowledge of  the cons t ruc t ion  of  transi t ion 
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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 to 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 
liquid crystals, sensors for analytical purposes or molecular filters. © 1997 Elsevier Science S.A. 

Keyword¢: Calixarene; Resorcinarene; Transition metal chemistry; Supramolecular chemistry 

1. Intgoduc¢ton 

Catixarenes have a long history, stretching back to 1872 when Adolph yon 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 tetramefic 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 Nieded and Vogel in 1940 
in the US [6]. Compounds of type I were termed calixarenes by C.D. Gutsche in 
1978, from the Greek Xo~t~, thus describing the so-called cone (or bowl-shaped) 
conformation which these macrocycles often adopt [7]. Compounds of tyl~ 2 were 
called ea!ix~sorcinarenes or calixresorcarenes.With time, the term calixarene was 
used to describe all cyclic oligomers obtained from phenols or resorcinols, whatever 
~ileir coni~rmation or size. In this review, we use Gutsche's abbreviated n~-mencla°" ~ 
ture, of the t y ~  poRocalix[n]arene, where the bracketed number indicates the size 
of the o!i~nme~ and R is the n~,~me n|" the group para to the hydroxyl group of |he 
phenol used for the condensation reaction [8]. For simplicity, compounds in which 
R ~ H  are named ealix[n]arenes. 

HOH 
i5 o 
HO H 

2 

The investigations of Gutsche and coworkers during the 1970s led to an e~cient 
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], K~immerer 
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 tour types of cavity according to the relative 
orientation of the four phenoxy tings (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]arenecrowns-6, e.g. 3 [21] and 4 [22], in the 1,3-alternate conformation. 
Such ligands are exceptionally selective for caesium ions (~(Cs/Na)> 33 ~ for 3, 
~(Cs/Na)>49 000 for 4), a result which is highly relevant for ~37Cs complexation, 
and hence for the recovery of nuclear waste. 
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Despite the importance of ca!ixarenes in host guest chemistry, transition metal 
ions have been employed rarely in association with the~ ligands. Ind~d, the iirst 
transition metal complexes c, ont~dning a c~dixarene unit were only reported in 1985 
[23]. in this ~view, we show how cMixarene !ig~mds c~m ~ used as pre.organizing 
m~trices for the construction of mononuclear or poiynuclear tr~nsition metM corn= 
plexes and also illustrate their potential applications in ciitalysis and m~iteriMs 
science. This overview will also include cop~r, silver, gold and mercury complexes. 
Some excellent articles de~ribing the preparation and featu~s of calixarenes [24 .... 
29], as well as their binding pro~rties towards alkali, alkaline earth and ra~ earth 
metals [30~32], have already ~ n  reported. 

2. G ~ a l  commen|s on symheltc and sirucluml aspeels of callxare~ and 
re~reinare~eriv~ llgands 

What are the factors that govern the coordinative pro~rties of a calixareneo 
derived ligand? Obviously, the most simple fashion in which to bind a metal centre 
is via one or more phenolic oxygen ~tioms; however, in most cases, the coordination 
chemistry of calixa~nes ~sults i¥om the preface of functional groups arranged 
~round the calixarene l~riphery, i.e. attach~M either to the phenolic oxygen atoms 
or to the carbon atoms in the para position. Many publications have ~ n  devoted 
to the functionalization of the phenolic oxygen atoms of catixarenes [8,33-35] and 
reso~ina~nes [36]. This is often achiewM 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-CH2C(O)R (R=alkyl [39--41], R=aryl  [40], 
R~O-alkyl [40-44], R=N(alkyl)2 [41,45-47]),-CH2CH2OR [42,48,49], 
-CH2P(O)Ph2 [50,51],-CH2pyddyl [52-54],-CH2CN [41,44],-CH2C-----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 controlling the stoichiometry [ 58]; very efficient 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 Me3SiX (X-CI ,  Br [60], I [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-aikylation of the tert-butyl groups, using 
AICIs~toluene or AICIs~phenol as catalyst [37,62oo64]. Via electrophilic substitution 
[64], the H atoms in ~the para positions can be selectively or totally (route A) 
replaced by groups, such as NO2 [65], CI, Br [66], ! [67], SOj [68,69] and 
C(O)CH:~ [37], themselves giving access to a large variety of other functional 
calixarenes [~ ] Another route, B, exploits the possibility of transferring an O-bound 
allyl group k ,  |he pat'a position (p°Claisen rearrangement) on heating the allylic 
ether in r¢flusing N,Nodimelhylaniline [70]. The posited allyl group can ~ chcn-tically 
modified via classical methods, giving access to interesting functionalized corn° 
pounds. In route C, a ehloromethyl group is introduced with chlorornethyl n°,o~ctyl 
ether and SnCI4 [71 ]. Subsequent replacement of the chloride results in the |bnnation 
of 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 dialkylamine [72, 73]. The resultant amino group itself can be easily displaced 
by quaternization, followed by reaction with two equivalents of a nucleophi!e. The 
formation of an intermediate p-quinone methide in this latter' functionalization step 
is probable. 

It is worth reminding the reader unfamiliar with the synthetic aspects of calixarenes 
that alkylation reactions at the lower rhn (phenolic part), as described above, may 
be accompanied by structural changes in the matrix [60]. However, in most cases, 
homo.tetrafunctionalized p.R.calix[4]arenes may convemently be obtained in the 
cone conformation, especially if the crowding of the substituent is larger than that 
of an ethyl group. This inhibits flipping of the phenolic rings through the calixarene 
cavity, thereby preventing conformational exchange. 
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3. Exploiting the binding properties of phenofic oxygen atoms 

3.1. Complexes with O-bound metals derived from p- R-calix [ 4] arenes 

Compounds 5-7 are the first reported transition metal complexes based on calixar- 
enes [23]. They were obtained by reacting p-tcrt-butylcalix[4]arene ~ t h  the amido 
complexes [Ti(NMe2)4], [Fe{N(SiMe3)2}a] and [(Co{N(SiMea)2},_)z] respectively 
(Scheme 3). While the formation of complex $ may be interpreted in terms of 
dep~'otonation of the phenolic groups and subsequent elimination of Me2NH, the 
pathways by which 6 and 7 are formed appear to be more complex. These latter 
reactions involve SiMea shifts from N to O with the possible formation of NH3 
and/or NH(SiMe3)2 (note the iron atoms of 6 each contain an NH3 ligand). As 
revealed by an X-ray diffraction study, complex 5 is a centrosymmetric dinner. For 
each calixarene subunit, adopting a cone conformation, three oxygen atoms are 
bound to the same titanium atom, ~,,he fourth being coordinated to the s~oad metal 
centre. This leads to Ti atoms with a somewhat distorted tetrahedral geometry (the 
O-oTi-O angles range from 97.7( 1F to 127.0(1F). 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 centrosymmetrie. In this complex, the three pheno- 
lato oxygen atoms of each calixarene are bound to an iron centre; in addition, one 
is coordinated to the second iron atom. The coordinatio~ sphere around the iron 
atoms contains an NH3 molecule fomled during the reaction and may be described 
as distorted trigonal pyramidal. The solid state structure of the trinuclear cobalt 
cot~plex 7 has also been investigated. The ~ain t~atures of this unique complex are 
the presence of three cobalt atoms in an open cluster arrangement (Co( ! )~Co(2), 
2.760~4) ~: Co(2)~Co(3), 2.744{ 3) A), stabilized by a terminal tetrahydrofuran 
(THF) molecule bound to the central cobalt atom (Co~2)), two terminal OSiMe~ 
groups (one at Co(l)  and the other at Co(3)) and tern~inal aryloxy and doubly 
bridging aryloxy groups, it is worth mentioning that complex 5 crystallizes with 
three toluene molecules in the asymmetric unit, one lying inside the cone cavity in 
a fashion similar to that tbund tbr p.tert.butylcalix[4]arene(toluene) [74]. l;br the 
cobalt complex 7, which crystallizes with five toluene molec:de~ ,two solvent mole- 
cules are involved in host~guest interaction. 

A series of mononuclear zirconium complexes having the metal centre coordinated 
to the four oxygen atoms of a dianionic calixarene ligand were prepared from 
dimethoxy-p.tert-butylcalix[4]arene (8) (Scheme4) [75]. The reaction of 8 with 
BuLi in THF, followed by the addition of [ZrCI4(THF)2], resulted in the formation 
of the C2,, 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, l0 and the monoalkylated complex 11 in an approximate 
I ' I" 2 ratio. The same proportions were obtained by mixing equimolar amounts 
of 9 and I0. The monoalkylated complex could not be obtained in pure form. The 
dialkylated complexes l0 and 12 (the latter was obtained by reacting 9 with 
PhCHzMgC! in toluene) display a high thermal stabilffy. While l0 is photochemically 
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stable, 12 is photolabi!e, in the Xoray crystM structure of tO, f i le c~iixarene ligand 
adopt~ an elliptical sha~, as required by a hexacoordinated zirconium centre. The 
extremely short Zr~ O(phenoxy) bond lengths (1.974[3) and 1.9~(3} A vs. 2,401 (~) 
and 2.410(4)~ for the other two Zr~O distances) and the high values of the 
corresponding Zr-O=Cip~o angles ( 16i.4(3 F and 167.3(3F respectively) support 
strong metal-oxygen ~ bonds. Reaction of 12 with CO affords the relatively unstable 
q2°ketone complex 13. Another reaction in which the dianionic calixarenc iigand 
displays ancillary ~haviour is the oxidation of 12 with [l='e(q~-C~H~)z] + , resulting 
in cleavage of one Mnzyl group and formation of the cationic alkyl complex 14. 
The 6~ symmetrical q'Lbutadiene complexes 15 and 16 are tbrmed when 9 is reacted 
with [ Mg(C4H~,)(THF )2] and [ M ~C~,H wa){THF):~] respectively. As shown by X-ray 
crystal structure ~_u~::dysis. ~he butadiene ligand of |6, which adopts a cis conforma- 
tion, may ~ regarded as ~t ~, q~. For none of these latlcr complexes was cis--~trans 
isomerization of the butadiene ligand observe(]. 

The possibility of using p-tert-butylcalix[4]arene as a polyoxo matrix lbr group 
V elements was det~aonst_~'ated by reacting this macrocyde with NbCIs in n.hexane 
(Scheme 5) [76]. This reaction leads to complex 17, which was characterized by IR 
and aH NMR. Its reaction with CH3COOH gave the acylated complex 19. The Ta 
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analogue of 19 (20) could be obtained in a single step without isolating intermediate 
18. Attempts to perform the synthesis of 19 in a single step, namely in n-hexane 
solution containing CHsCOOH or small amounts of HzO, surprisingly led to the 
tetranuclear complex 21. An X-ray structural analysis of 21 showed that this centro- 
symmetric molecule contains hexacoordinated Nb atoms and that the calixarene 
moieties adopt a cone conformation. 

Further examples of mononudear p-R-calix[4]arene complexes in which a q~t or 
Nb atom is bound to all four phenolate oxygen atoms were published by Acho et al. 
[77]. Thus complexes 22~24 were obtained either by reacting the corresponding 
deprotonated calixarene with the cyclopentadienyl metal tetrachloride or by heating 
the calixarene macrocycle with the metal chloride in refluxing toluene tbr 2 days. 
For all three complexes, the ~H NMR spectra indicate a four-fold symmetry of the 
calixarene moiety. However, single X-ray structural analyses carried out for 22 and 
23(toluene), revealed that, in the solid state, the c~lixarene units deviate from C4 
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mok~u.e, the la atom is syt~metry, producing an elliptical c~lvity ~h~,,-~. in e~lztl 
unsymmetrically bound to t!~e tbur oxygen atoms (see Scheme 6}: two dttal l h :O  
bond distances (average 1.89(2) A in both structures) are significantly shorter than 
the others (average Z~)S(5) A for both complexes) and two Ta=O~C..~ angles are 
almost linear with the other two being close to 12Y. Consistent with Fensk¢=Haii 
calculations., this de-symmetrization arc' ~und - the Ta atom probably originates from 
PhO:ra n el~tron donation, which tends to compensate the electron deficiency of 
lhe 14-el~tron metal centre. This interpretation ap~ars to be quite reasonable in 
view of the fact that the calix skeleton in the "inclusion" complexes 13(H20) and 
23(CH~CN), containing a water mol~ule and an acetonitrile molecule ~)nded to 
the Ta ~ntre res~tively, is considerably more symmetrical, as revealed by X-ray 
diffraction studies. A further interesting a s ~ t  of the elliptical shape of the calixarene 
in ~ ( t o l ~ )  is that this cavity nicely ihcilitates the sideways ~rtial incarceration 
of toluene, This contrasts with the usual orientation of toluene molecules, charac- 
t~riz~d by their methyl group pointing ~owards lhe calixarene cone [74]. 

The coorttination ch¢.~stry of p-R~calix[4]arenes was also investigated towards 
group VI metals. Reaction of Mo(O)CI4 with two equivalents of p-tert-butyl- 
calix[4]arene (abbreviated Lo{OHh) in n-hexane yie!ded, after extraction with 
CH~Ciz, the blue diamagnetic molybdenum-oxo complex 25 (Scheme 7), in which 
the Mo ~ O  functionality is bond~ to four phenoxy oxygen atoms [78]. This product 



C, Wieser et al. / C~rdinaticm Chemistrr~ Review~ 165 (1997) , =~=16~ 103 

MCI s + p-tett..buty|calix[4]arene 
n-hexane 

- HCI 

O ~ J ~  U| 
O. 0 / ...0 

H / "'-..kiOsk 

cl / 'xcl 
17M =Nb 
18 M = T a  

I CHaCOOH 

Bu t Bu t au t But 

o / \  
Ct CI 

19 M = Nb 
2 0 M = T a  

Schenle 5. 

~, CI CJ " 
,:,,. i t \  ~; ....... 7 ......... ~, o 

...Nb Nb Nb,. ,~ N b ~  r.l 

o _" , o \ . : 7  I 
~ u  ~ CI el 

2t  

R R R 

R' 

22 M = Ta, R ~.~ H, R '~  Me 

23 M = Ta, R = Bu I, R' = Me 

24 M = Nb, R ~ BtJ t, R ' =  H 



104 C Wieser et aL / Coordination Chem,#tO, Reviews 165 (19~?) 93-161 

H H.."~ ~ T, H 0~, --Bu~ '~i~ MeTe/0~~ But ~j~,j~ / 

M e ~  Me M e ~  Me 

Me Me 

22 23(toluene) 

Ta-O '~ 1,902 (4) A Ta-O ~ 1,879(3) A 
Ta-O ;~ 2,010{3) A Ta-O 2 2.002(3) A 
Ta-O ~ 1.871(4) A Ta-O ~ 1,893(3) A 
Ta-,O 4 2.000(3) A Ta-O 4 1.999(3) A 
O~,Ta,O 3 127,0(2) ° O~-Ta=O 3 123.6(1) o 
O~oTaoO 4 155.1(1) ,~ 02=TaoO 4 1552(1) ° 

Scheme 6, 

Me 
&j~ 8u~ &~, Bu~ 8,u ~ Buq 8~ ~ Bu ~ 

M~ M;.':~ Mo Me 

Me Me 

2~H~O) 23(CH~CN) 

was also tbrmed when other ~" ' ~ '~  ~t~:,ld~omctr~es were used. Recrystallization of 25 fi'om 
PhNO~ afforded the green complex 26, ill which a nitrobenzene moh-cule is t r~p~d 
betwc~en a l?e~ c;dixarene and a calixomolybdenum.oxo unit (Scheme 7). X-Ray 
structural analysis conhrmed this assembly and showed thai the Mo at~ m is in a 
pseudoo.t~tahedral environment of oxygen atoms, one of the coordination sites ~ ing  
t~cupi~ by the oxygen atom of a water molecule t rap~d inside the cavity, and 
l~ing weakly k,t~nded Io the nitro~nzene molecule. The Mo atom lies slightly above 
the O~ plane (distance 1o the plane. 0.337( 3 ) ~,) and is directed towards the exterior 
of the cavity. 

Treatment of W(X?!~ with p4ert.butylcalix[4]arene, or its debutylated analogue, 
yielded complexes 27 and 28 resl~xtively (Scheme 8)[79]. Recrystatfization of 28 
from CH~CC~H or '"wet" CH~CI~ gave inclusion complexes 28(CH~COOH) and 
.~(H~O) ~s~ t i ve ty  v4th hexacoordinal~J W atoms, In bolh complexes, the clath- 
rated solvent molecule is b~und to the metal centre. As in 26, the metal centres lie 
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[Mo(O)Ci4} + 2 L-(OH)4 

(L'(OH)4 = P'BULcalix[4larene)/ n-hexane 
- HC! 

l extraction 
with CH2Ci 2 

L-(OH)4.L-(O)4Mo(=O)®2CH2CI 2 

I recryst, in PhNO~ 

tO ¢" 

25 

-OH 

OH 
--OI 

"OH 

26 

S c h e m e  7. 

slightly out of the corresponding 04 plane. The synthesis of a structurally related 
Mo complex (29) has recently been reported, involving the treatment of 
[Mo(NArj~(OBut)~] (Ar~2,6-diisopropylphenyl) with calix[4jarene (Scheme9) 
[80]. Rccrystal!ization of 29 fi'om CH:~CN afforded the inclusion complex 
29(CH~CN)o It was proposed thai this reaction, by analogy with that of complexes 
of the type [Mo(NR)zlOBu~)z] with diols, proceeds via initial displacement of two 
tert-butoxide ligands. As shown by an X-ray sludy, the Mo atom is dL placed fi'om 
the 04 plane t¢3wards' the axial imido ligand by 0.252 ~. 

The reaction of p-tert-butylcalix[4]arene in benzene with WCI, yielded the W v* 
complex 30(C~,H~) (Scheme 10) [79]. Treatment of the latter complex with AICI,~ in 
CHaCOOH resulted in the expected debutylation, with the subsequent Ibrmation 
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, whereas the coordina- 
tion geometry of the tungsten atom in 30(Cc, Hn) leads to an elongated vase shape 
of the calixarene ligand. Tiffs is exemplified by the markedly different angles between 
the two pairs of opposite aryi rings: 126.1 (2)" and 49.0( 2 )' in 30(C6H,,) vs. 83.2(! )~ 
and 59.2( 1F in 28(CH~COOH). 

The rigid geometry of tungsten-oxo=calix[4]arenes has been exploited tbr the 
formation of liquid crystalline phases. Thus the tungsten complexes 31 and 32 with 
8 and 12 dodecyloxy sidechains respectively were found to exhibit diseotic columnar 
phases [8!,82]. The high stability of the mesophases, which persist over an approxi- 
mately 200 °C temperature range, has been assigned to the rigidity of the bowl. 
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S = CH3COOH 
or CH~CI~H20 

| |  
0 

28(CH~COOH) S = CH3COOH 
2O(H,=O) S = H~O 

Scheme 8. 

S ~ CH~CN 

Ar ~ 2,6°dt~so,p¢~p~ph~nyt 

Inde~, complexation prevents the forn~ation of non .one  con|briners, and hence 
favours columnar head-to-tail organization in which the tungsten-oxo groups pro- 
trude into the cavity of a neighbouring mesogen, The mesomorphic t~ha, ;o:,,r can 
be modifi~t dramatically by host~,guesl complexation. Thus, ibr instance, while 31 
exhibits a discotic mesophase t~om 135 Io 330 'C, the inclusion complex 31(DMF) 

' | melts d~rec.~ly to an isotroplc phase at l! 5 ~C, The same phenomenon, occurring at 
the st~me critic~d tem~rature, was observed ibr 31(pyr|dine), sbowip5 that the 
important criterion tbr mesomorphism ~ ~"'~ suppressl~ n is the pre~nce of a filled cavity 
and not the nature of the guest. Further heating (2(~250  ~'C) of the DMF complex 
results in the slow dissociation of the included molecule and the coP, comitar~t forma- 
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|| 
O 

28(CH3COOH) 

Scheme 10. 

tion of the discotic phase (Scheme 11 ). Obviously, this type of mesophase could be 
interesting for the preparation of new materials having ferroe!ectric properties [83]. 

R R ~ R I 

R= N 

OIW t X O(CH~,lleH 
0 O(CH;~)~H 

31 X=H 
32 X = O(CH2)I2H 

Another interesting contribution to the controlled formation of supramolecular 
assemblies of p-R-calix[4]arenes is represented in Scheme 12. Reaction of ?d~ with 
sodium phenolate or catecholate in THF gave the diphenato complexes 33 and M 
respectively [84]. As established by X-ray analysis, the aromatic ring of one of the 
two phenato ligands protrudes into a neighbouring calixarene cavity, thus leading 
to a polymeric chain structure. Structural details are given for 33 only. The tungsten 
atom deviates slightly fr,-/! an ideal octahedral geometry, and the calixarene adopts 
a shape characterized by an elliptical cone section with the two facing aryl rings 
being almost parallel (A and C) and the two others (B and D) being unsymmetrically 
pushed away from 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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A), W-O(ring B) and W-O(ring C) bond lengths (mean value, 1.923(5)A) are 
similar to the W-O bond lengths ibund in 27 [84]. The W-Olring |:~) distance is 
signifle~ntly shorter, indicating some degree of double bond char~cter. This observa- 
tion i~ in keeping with ~n almos| lh!ear W O~C~,,(ring |}) angle (176.9(5}~. 
The question whether the polymeric structure is maintained in solution rem~ins 
open. It should be mentioned he~ that the possibility that a calixarene cavity may 
i'unetion as a ligand towards a transition metal-bond~ aryl ring has previously 
~ n  observ~ in [( H20)sNi(NCsHs)h(Na)[cali×[4]arene sulphonatel. 3.5H,O (35) 
and [(H~O)~Cu(NCsHs)2](H~O)~[ca!ix[41arene sulphonate]. 9H20 ( ~ )  which were 
report~ in 1991 by Atwood et al. [851. 

One of the most promising a s ~ t s  of calixarenes still remaining to be exp lo~  is 
their u~ as assembling ligands for two or more metal centres. The synthesis of three 
dinudear complexes, in which two quadrup|y bonded Mo ~.~ntres are l~ated above 
a calixarene matrix, is shown in ~heme 13. Complexes 37 and 38 w . . ere formed in 
good yield by reacting calix[4]arene and p-tert-butylealix[4larene res~tively with 
two ~uivalents of KH and then with [Mo~(O~CCF0~(NCCH~),I[BF~I., [86]. 
Similarly, the reaction of pqer!obu!y|¢a!ix[4]arene with two equivalents of KH in 
THF, followed by the addition of [Mo~(O~CCH~)z(NCCHOd[BF,d.~, resulted in the 
formation of complex ~ in 73% yield [87]. ~ e  recrystalliz~tion of 39 from 
~nzene~:rHF gave a compound of formula 39(THF),C6H~. An X-ray structural 
determination was orfied out far this complex. The Mo-Mo bond distance of 
2.i263(6) A and the eclips~ geometry of ihe MozOs skeleton are consistent with 
an Mo~Mo quadruple bond. It should be noted that the Mo-Mo bond is somewhat 
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% 

35 R = SO3 36 R = SO3" 

o 

elongated when compared with that of" [Mo2(OAc)4] (2.0934(8)A), presumably 
because of the repulsive interaction between the filled pn 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, each OH bond lying parallel 
to the Mo-Mo vector and being strongly bonded to an adjacent phenoxy 
oxygen atom. In other quadruply bonded dimolybdenum complexes~ e.g. 
[Mo2(O-Pri)a(HO-pri)4], similar strong hydrogen bonding was shown to contribute 
to 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 .~,. This leads to an oligomeric structure in the solid state 
(Scheme 13 ). 

pR.calix[4]-(OH),= 

1. 2 equiv. KH I THF 
2. [Mo2(O~.CCF3)2(CH3CN)s](BF,=)2 

[Mo2(O2CCF3):,(p-R-calix[4l-(OH)~,-O2)l 

3 7 R = H  
38 R = Bu t 

~ . 2 equ~. KH / THF 
• [Mo2(O2CCH3)~(CH3CN)6](BF4)2 

[Mo2(O2CCH3)2(pR-ealix[4]-(OH)2-O2)] 

39 R = Bu t 

Reeryst. 
8Hs/THF O 

3,45 

O-~-MolMo~----O~ O q[" dY | 
M~ 

e,ssA ~.~ 
'I 

39f ieF)  (SOlid sta|e ~t~cturo) 
~.0 S- 

~heme 13, 

Two mononuclear silver complexes obtain~ from calixspherands 40 and 41 have 
~ n  d e s c r i ~  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. Complexes w#h O.botmd metals derivedjmm p-R.calix[6 ]arem, s 

The first known transition metal complex derived from p-tert-butylcalix[6]arene, 
42, was prepared by treating p-tert-butylhexamethoxycalix[6]arene with TIC!4 [90]. 
In this reaction, attack by TiCI4 |brees 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- 
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Bta t Bu t But But 

Me ~ . , ~  ~ v -  Me 

I "  
Me 

40R=Et 
41 R = Pr i 

rule 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 
OTiCI3 fragment. The oxygen atom of the latter moiety probably originates from 
the clath~'ated water already present in the free calixarene. The Ti=O bond length 
(1.66(2) A) and the three Ti=CI 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 Iv atoms are coordinatively unsaturated. 

' Mo 

C I ~  ~"~O V'" :,°J 
ptert-butyicaUx[6]-(OMe)4-(O)2 tTiCI2(p.O)TiCla] ~ 42 

A separate example of a titanium complex, 43, obtained from p-tert-butyl- 
calix[6]arene and Ti(OPri)4 in boiling toluene, was reported by Andreetti et al. [91 ]. 
This complex comprises four Ti ~v atoms located between two cone-shaped calix[6]- 
arenes and two triply bridging O atoms (possibly water molecules). 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 trig, hal bipyramidal and not the 
usual octahedral geometry. By comparison with the elliptical cone-shard structure 
ofp-tert.butylcalix [6]arene, the conformation of the calixarene ligands of 43 appears 
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to be more regular because of complexation, in the solid state, a toluene molecule 
is guested in the apolar cavity of each calixarene unit. 

3.3. Complexes with O-bound metals derived from p.R.calix[8]arenes" 

The coordination chemisiry ofp.R-calix[ 8]arenes towards transition metal centres 
has been less well investigated than that of poR-calix[4]arenes, although, owing to 
their large size and flexibility, such macrocycles apl~ar to be more suitable tbr the 
encapsulation or metal centres. Due to !he presence of a large number of potential 

pos~lt~d!tlcs for Ihe preparation of binding sites, such ligands also offer interesting '~"~" .... 
multionuciear sixties. 

The first transition metal complex based on ~t poRocalixiSjarene ligand was 
obtained by the treatment of pote~!obutylcalix[8larene (poBuLcalix[Slo(OH)~) with 
one equivalent of a base, followed by the =~ddition of two equivalents of 
Ti~V(OPr~h (~heme 14) [92]. This result~ in the formation of anions having the 
general formula [{ p-But.calix[8]-(O)~,(OH h} {Ti(OP?)} z]~ (44), as established by 
fast atom bombardment mass s~t rometry  (FAB-MS). An X-ray structural determi- 
nation was ~rried out for ~ .  in this complex, the lower rim annulus adopls a sort 
of pinched geomet~ with the two titanium atoms in p~udo..~tahedral environ° 
ments. All eight oxygen atoms of the calixarene mairix are involved in metal 
coordination, two behaving as bridging ligands. The remaining coordination site on 
each titanium is filled by an isopropoxide ligand lying inside an o ~ n  cavity detined 
by three aryl rings. The hydroxy H atoms could not be i~ated, but in view of their 
upfield shifted signal in the NMR spectrum (between 15 and 17 ppm for complexes 
~ ~ f ) ,  it is probable that they are bond~| to at least one other oxygen atom. 
The overall molecule is chir~d. Thus when (R)-(+)-~-methyl~nzylamine was used 
as the base in the reaction shown in ~heme 14, a 1 : ! nfixtu~ of diastereomers was 
[brined. (R)o(+)..I-( l*Naphthyl )-ethyhmine changes the diastereomeric ratio to 3 : 1. 
On changing the 0t-methyl group in this latter amine to an isopropyl group, a 10:1 
mixtu~ of the diastereomers was i\'~rmed. This chiral recognition probably arises 
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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 ~t-alkyl group of the amine and the metallocalixarene. 
When the reaction of Scheme 14 was performed with Ti(OBut)4 instead of 
Ti(OPr~)4, 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. 

p~Bu~atixlS|-(OH). 

s~ 
Bu t ---] + 

1. ButOM o¢ RNH 2 
2. 2 equiv. Ti(OPr~)4 Bu~,,,~,, 

. . . . . . . . .  ~ Pr~O ~ / , ~  

But 

[p-But-calixl8]-lO)6(OHlelTilOP~)12l[M or RNH3I 
44 (hyd=oxy H not located) 

4 4 b M = K  
44 © RNH~ = PhCH~NH~ 

44 d 44 e 44 f 
Mo~.~NH~ 

Scheme 14, 

Applying the methodology outlined in Scheme 14 to Zr(OPrih(Pr~OH) and 
V(O)(OPr% leads to zirconium(isopropoxy)ealix[8]arene and vanadium(oxo)- 
calix[8]arene complexes respectively, but no structural data were provided for these 
complexes [92 ]. 

The only known transition metal complex derived from calix[8]aren,, was 
obtained by reacting this ligand with two equivalents of the imido complex 
[Mo(NArh(OBut)2] (Ar~2,6.diisopropylphenyl) [80]. Recrystallization |~om 
CH3CN afforded the bis(acetonitrile)-dimetallocalixarene complex 45. As revealed 
by an X-ray ,,tructural determination, the calixarene ligand is twisted to accommo- 
date the two bulky metal imido units. The pseudo-octahedra! geometry about the 
Me atoms is reminiscent of that found in 29(CH3CN), each molybdenum atom 
being displaced 1.~' an average distance of 0.254 A out of the corresponding 04 plane 
towards the imido nitrogen atom. 
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45 

A,r.  
\ 

S = MeCN 

3.4. Metallation of calix[ 4]resorcinarenes 

Treatment of the monoanionic calix[4]resorcinarene 46 with "MCi2" units 
(M~Cu, Zn, Co, Ni) in the presence of bidentate dinitrogen ligands (NON) gave 
a series of double calix [ 4 ] resorcinarene complexes (47-51) in which an "M ( N n N )" 
moiety behaves as a linker between the two cavitands [93]. It is expected that the 
two macroeyclic units of the~ molecules will be able to act cooperatively to recognize 
and bind potential guests. Complex 4 7 . ~ a n o l .  7 butyronitrlle has been charac- 
terized by X-ray crystallography. The geometry about the Cu u 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) 
is 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 
fi'~amework. It should be noted that none of the solvents lie within a cavity. 

9¢ 

Metallation of all the hydroxy groups of calix[4]resorcinarene 52 was achieved 
using [Zr(q~.C~H~)~MeJ and [Fe(phen)(mes)J (see complexes 53 and ~ ,  
Scheme 15) [94]. The result of X-ray analysis of $3 reveals that the ligand adopts 
the e x i t e d  cone conformation and that the symmetry of the bowl is close to C~. 
Interestingly, the four ~irconium ions of $3 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 tetrametallic unit could be observed. The magnetic 
moment per iron atom is essentially constani down to about 80 K, with a value of 
5.1 I.la, typi~l of Fe" complexes (J~tifen~ = +0 ,4  era- l} ,  
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52 
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54 M = Fo, La = phenantroline, R = mosltyl 

Scheme 15. 

4. The coordination chemistry of calixarenes posse~ing pendant binding s | l~  

4.1. Complexes with calixarene ligands contaitffng nitroge~ dmmrs 

Functional groups containing N donor atoms have been introduced on both lower 
and upper rims of calixarenes. Scheme 16 gives an overview of those p-R-calix[4]ar- 
enes containing amine or pyridine ~ndant 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 55, 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. 02, to pass through the annulus of the lower 
tim. Although it was s h o w  that 55 is suitable for the complexation of ions such 
as Ni 2+, Cu 2+, Pd 2÷, Co 2+ and Fe 2+ (however, no complex was fully charac- 
terized), this goal was not realized, presumably because the four mobile ethylamine 
a ~ s  do not allow the formation of a rigid, closed cavity. 

In a recent report, Beer et al. [95] d ~ r i b e d  the synthesis of the ditopic 
bis,(triazanonane)calix[4]arene 56 (Scheme l6). Reacting this ligand with 
Ni(CIO4)z'6H20 and NaN3 gave th~ binuclear complex 72 containing three l,l 
end-on-bonded azide bridges. As shown by an X-ray diffraction study, the two Ni 
atoms ( N i .  • • Ni, 2.852(2) A) are six-coordinate with a distorted octahedrai environ- 
ment. Complex 72 displays ferroelectromagnetic behaviour, thus contrasting with 
the structurally related i, 1 -bridged system [ Ni ( N a),(tmeda )]~ which produces antifer- 
romagnetic coupling [96]. The origin of this difference is unknown, but could arise 
either from the polymeric natv,¢ of the latter complex or from the particular values 
of the N~oNi~N angles which ,seem to be a crucial feature for magnetic coupling 
(average Ni~Na~d¢~Ni in 72, ~6.2°). 

Bipyridine units have also been attached to calixarenes in order to prepare novel 
types of sensor. For instance, lumin:scent pH ~nsor activity was found for complexes 
73 and 74 which combine a luminophore (a trisbipyridylruthenium(ll ) moiety) and 
fi'ee phenolic units of a p-tert-buty!calix[4]arene fragment capable of acting as the 
acidbase sites [97]. The pH sensor prol~rty is ba~d on an intralnoiecular photo° 
el~tl°on transfer (PET) process between the phenoxide ion and the Ru~Mrisbipy 
unit. For complex 73. the distal OH is more acidic !pA~ ~4~5), but the phenoxide 
ion i~esuiting from its dep|~tonation d ~ s  not quench the lumine~ence from the 
metal complex. Quenching is apparent only on deprotonation of the proximal 
phenolic group (at pH 8.i in 50% v/v aqueous methanol). It was propos~ that, 
~ a u s e  of the better stabilization of the distal phenoxide vs. the proximal phenoxide, 
the oxidation potential of the distal phenoxide is too high to allow el~,,,'on transfer. 

As shown by an NMR study, the p~sence of NH(amide) functional groups in 
calixarenes 75 and 76 allows the binding of anions, such as halide, dihydrogenphos- 
phate and bisulphate [98]. Titration curves for these two complexes indicate the 
formation of I ligand : 2X ~ and I ligand : IX ~ complexes respoetively. An electro.. 
chemical study revealed that, on anion complexation, it is the reduction near .... 1.4 
V (vs. Ag/Ag * el~trodeL cor~sponding to the amide-substituted bipyridyl unit, 
which undergoes the most significani cath~ic ~rturbation ffor |he bipy-centred 
reductions and the |netal-¢entred oxidations, the potential variations are weak), 
confirming that anion recognition takes place clo~ to the am ide-bipyridine moiety. 
The monotopie anion ~ e p t o r  76 exhibits selective recognition of H2PO£, even in 
the pre~nce of a ten..fold excess of HSO2 and CI ~. Stability constant determinations 
showed that the non-cyclic diamide 77 is a less elticient receptor than 76. These 
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Bu t Bu tBu t But But Bu tt3u ~ Bu t 

. O O H ~  0 _0 OHOH O. <;,: ,.=) -= 
N N I !" ,~ " ~ . . _ a  
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2PF6 

72 7 3 R = H  
?'4 R = CH2-5-bipy-Ruqt(bipy),?"2 PF6 

C=--)o,,,!hO 

HN NH 

¢ ~  4 PF~ 

Mo M~ 

results o ~ n  the way to new am~rometric d~emical sensors based on appropriately 
chosen calix°crown cavities. 

A r~ent report mentions that the up~r rim functionalized ~:ali×[4]arenes 78 and 
79 bearing two and four ruthenium bipyridyl amide groups rest~tively also selec- 
tively sense via fluore~ence emission the H z ~ d  anion [991. 

The coordinative pro~rties of the bipyridyl-substituted ligands 66---69 were investi- 
gated towards copper(l ) ions [ 100]. Ligand 69 leads to the ex~cted double calixar- 
ene ~ .  With ~ and 67, the formation of mononuclear bis-bipyridyl copper(l) 
complexes, in which the two bipy arms act as a chelator, was propo~d on the basis 
of s~etroscopic dala. The monomeric nalu~ of the complexes fondled, although 
probable, could not be confirm~ by mass sl~troscopy. The reaction of the mixed 
bi~(pyridine)=bis(bipyridine) ligand 70 with [CC(CH.~CN )~PF~, resulted in the tbr- 
mation of the mononuclear chir~al complex 81 (90% yield)[54]. The reaction of 7{} 
with [Cu!~(CF:~SO3)z] afford~ the ~me cation, isolated as its CF3SO 3 salt, in 
approximately 70% yield. The molecular structure of 81 was determined crystallo- 
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graphically. Coordination about the copper atom deviates from the ideal tetrahedral 
geometry, probably ~ a u s e  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 t e ~ s  of fast exchange betw~n the two enantiomeric forms of 81 
(Scheme 17 ). 

_,•NBu• 
Bu t au' Bu t 

/,,~~ .o OHO. o 

.o PF0" 

~B~ Bff Bu' Bu' 
B u  t ~ . . t  Bu t B u  t 

O - ~ t - ' - - -  t 

81 

.~N N 
= = C u *  

Schem~: IL 

The octap~xtal, resorcarene-based bipyridyl ligand 82 was recently shown Io allow 
the tbrmation of the octanuclear cobalt complex 83 [ 101 ]. 

4,2. Use ~[ c~.xoar~,ne ligemds conminh~g phosphorus donoo:Y 

Although a large variety of phosphorus-containing calixarenes have already ~ e n  
synthesized, the potential of these compounds as complexing agents for transition 
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metals has received relatively little attention. This is rather surprising consWering 
the versatility of pm ligands in transition metal chemistry and in homogeneous 
catalysts. Calixarenes bearing trivalent phosphorus centres can be divided into two 
classes: those in which the P atom is covalently bound to a phenolic oxygen atom 
of a calixarene or a resorcarene and those in which the P atom belongs to a pendant 
group attached to the calixarene matrix. 

4.2. I. (~llixarenes with a phosphorus donor atom boumt directly to a phem~lic oxygen 
atom 

Attachment of a pm atom to a phenolic atom of a calixarene or a resorcarene 
may readily be achwved by treatment oil" the calixarene with base, followed by 
subsequent reaction with a halogenated pm compound (Scheme 18). The number of 
phosphino groups which may be introduced mainly depends on the basicity of the 
deprotonating agent. For example, the reaction of 84 with two equivalents of 
Ph2PCI in the presence of excess NEt3 affords monophosphinite 85, whereas using 
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LiNPr~ as base gives the disubstituted compound 86 (Scheme 18, (a) and (b)) [102]. 
An elegant 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 PF2C1 results in the sequential elimination of first trimethyl- 
silylchloride and then trimethylsilylfluoride to yield the 1,3-bridged fluorophosphinite 
88 (Scheme 18, (c)) [103]. 

• B ~  But 

NEh (excess) p!~,~/ i ,~oEO 2 equiv. Ph2PCI H 
~ B ~  t / ~ ~" Ph2 (a) 

" 

E O Et \ 2 equiv. Ph2PCI 

84 ~ ~ , . ,  (b) 
.,,0 ( 

Ph2P F Ph~ 
Eto'  ° 

8 6  

~7 

o SiMo~CI 
SiMo3F 

) 
F 8 8  

(e) 

- t ~/ =, 1 B ~  1 (Mo~N)~PCH~P(NMo~)~ 

OH H~ [Jr' OH ° 4 H"~'~=-~Me~'= . . . .  o:i'  o 
(d) 

89 

Scheme | 8. 

Instead of using the chlorophosphine=base route, it is sometimes advantageous 
to ~rform the phosphination with a dialkylaminophosphine. In this case, the amino 
group plays the role of deprotonating agent. Such a strategy employing 
(Me~N)z~H2P(NMe2): has been successfully applied for the synthesis of 89 
(Scheme 18, (d)) [104], 

The chlorophosphine-base strategy has also ken applied to the |brmation of 
resorcarene.deriv~ phosphites or phosphonites, such as 90 and 911 [ 105]. Compound 

represents the calixarene with the highest nmr~r of phosphinito units reported 
to date, Its 3tp NMR sl~ctrum shows two singlets of equal intensity (I08 and 
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P h ~ P - O ~ O - P P h 2  

Ph2P-O ~ p h 2 P _ O _  ~ .O_pp~ -PPh2 

9 0  R = CH2CHaPh 

Ph%, O O .Ph 
p,~ ~ ~R f 

o' o 
h 

91 R = CH2CHaPh 

104.4 ppm in C6D6). Based on molecular mechanics calculations, showing that the 
PPhz groups force the bowl to become flattened, it has been suggested that the 
structure consists of alternating PPhz groups directed inwards and outwards with 
respect to the centre of the flattened bowl. Treating this ligand with [AuCl(SMe2)] 
gives the gilded octopus molecule 92. Interestingly, only o n e  3tp resonance was 
observed for the latter complex, indicating a molecule more symmetrical than the 
free ligand, with probably all eight AuCI groups directed towards the centre of 
the bowl. 

CIAu=PPh2 
I 

Php 
P--( 

CIAu / 

Ph~P~AuCI 

Ph~ )-P\ 
AuCI 

CtAu\ AuCI 
p_ ( ).~.pt 

Ph~ Ph;, 

I a 92 R ~ CH~CH;~Ph 
CIAu~'PPh~ Ph~P'=AuCI 

Reaction of 90 with [PtCi,,(SMez)2] gives a tetranuclear complex in which each 
platinum atom is bound to two P sites arranged in a cis fashion (J(PoPt) =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-butylcalix[4]arenes substituted 
at the lower rim with four identical phosphino groups have been investigated by 
several research groups. Four coordination modes (0~-45, Scheme 19) were found for 
this type of ligand. Coordination 0~ was tbund in tl:,~: gcdd comp1,:~: 94 [106]. The 
reaction at low temperature of p-tert-butylcalix[4]arene-(O-PPh2h with two equiva- 
lents of fFe(CO)3(qz-CsH~4)2] in the presence of an excess of cyclooctene led to the 
formation of the dinuclear complex 95, in which the calixarene ligand behaves as a 
double chelator (coordination mode |~), each chelation involving two proximal 
phosphorus atoms [107]. As revealed by an X-ray diffraction study, steric crowding 
at the phosphorus centres prevents close interaction between the iron atoms 
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CIN ,/el 
f P t  

Ph:,P ~'PPh2 
/ X 

P,2_.o o o ~  ()_P"~ 

c';d"-\ c, ~ ~ : : ~ ~ ) / ' °  -""" \ / -%.0,/.o, 

Ph2iP ~ ...PPh2 

CI/Fg~'CI ~K3a R = CH~CH~Ph 

CI 
i P.2 

Ph2P"o,, 
S~_~ "'R F(" 

C! 
Ph2 i 

0 ~'PPh~ 

,R R, 
'~ b~pPh~ 

o\pj!,.~c, 
931} R ~ CH~CH~Ph 

( F e ( l ) . . .  F~(2), 7,060(2)A), The ability of the tetraoxaphospholidone ligand 98 
to act simultaneously as a chelating ligand via two distal phosphorus atoms and as 
a bridging tigand via the other two P atoms (coordination mode Y} was found in 
the t o p e r  complex 9% obtained by reacting 96 with eight equivalents of 
"Cu(CO)CI" (Scheme 20) [108], The two terminal cop~r atoms adopt a linear 
coordination geometry; all others are trigonal. 

The mononuclear 1,3-chelate complex 99, in which coordination mode ~ was 
found, was obtained by reacting phosphinite 98 with [PtCI2(COD)] (COD, 
i,5-cyclooctadiene) (~heme 21 ) [103], The trans chelating ~haviour of the iigand 
in this complex was ini~rred from the d(P-Pt) coupling constant of 2728 Hz. The 
two other phosphorus atoms remain uncoordinated. 

Calixa~ne ligands containing less than tour phosphino groups have also been 
investigated, The only known example of a trls(phosphinito)~alixarene complex is 
| ~  [ !06], The 1H NMR sp_~,~trum of this com~und is characterized by two distinct 
AB systems for the bridging methylene units and three Bu t groups. 

The reaction of monophosphinite 85 (L ss) with [MCIz(PhCN)2] (M~Pd,  Pt) 
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Bu t ButBd Bu t 

I- u, "l 

\R~,P ..../ 

. %<o 

Me' 0 

Scheme 21. 

Bu t E utBd But 

CI C| CI 

100 

resulted in a high yield of tom!atlon c l the corresponding t,a,,o[MCI2 h~ ~] como 
plexes (i011, M ~Pd; ll02, M ~Pt) {Scheme 22) [102], The esclusive fi~rn-|ation of 
the trans complexes is probably fhvoured by steric crowding of the phosphiait¢ 
ligand, As revealed by an Xoray d|flract|~= n study (Fig. I), the palladium complex 
101 is eentrosymmetric in the solid state [109]. The palladium atom lies outside the 

i ~  Bu t ad Bu~ 

ph~psO rp ( H 

85 

M=Pd, Pt 

,~  Bd _ • au ~ Bu t 

H o L . A  o r(cs4 "~P, 1o  " 1  

Ph h Et 
Bu" Blu t'~" Bu' 

101 M = Pd 
I02M=Pt  

Scheme 22, 
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Fig. !. Molecular structure of trans-[PdCl2L ss] (101). 

calixarene cavities. Owing to steric interactions between each PPhz group and the 
aryl ring of the trans positioned macrocycle, the cone con|brmation of these calixar- 
enes is somewhat distorted. Indeed, the X-ray study shows that, for each calixarene, 
the Bu t group of the phosphinite unit p~otrudes into the cavity (see Fig. l ). This is 
also likely to occur in solution, since one of the Bu t signals appears to be significantly 
shielded relative to the Bu t groups of the free phosphinite. 

The tendency of "MCI~" moieties to coordinate bulky phosphinito-calixarenes in 
a trans P,P fashion could be exploited, in the case of 1,3.diphosphinito-calixarenes, 
Ibr the build-up of oligomers [102]. Thus diphosphinites L~86, 103 and 1~  rea~:~ 
with [PtCI2(PhCNh] to give soluble oligomeric species for which microanalytical 
data are in keeping with a formula of the type [PtCI2' L]n. The trans stereoehemistry 
around each platinum atom was deduced t~om alp 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 alp 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 [MCIz(PhCNh] (M~Pt, Pd) (Scheme 24), dimers instead 
of tetramers were formed (|10 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 po~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. 

[PtCI2(PhCN)2] 

+ B u t ~  But 

.6 _L°R 6 
Ph~P RO ', PPh2 

86 R = CH2CO2Et 
103 R = Et 
104 R = (-)-CH2CO2Mont 

c, Cl\pt 

-<,c, o,, ;%_ff o 
Bgt'-~OR R O ~ B u  t Bu'~OR no~f-e.' 

But'~=M==O~ l " O"-=~Bu~ 

7' c,,, y :  
PI Pt 

Cl t %,, on ~.;~, '~" 

'~'" Bu . . . . .  

106 R ~ CH~CO~E~ 

106R ~ Et 
107  R ~ (=)-CH~CO~Ment 

~ h e m e  23. 

Interesting results were obtained for the resoreinarene phosphonit¢ 91, In principle, 
this ligand can adopt several conformations depending on the spatial orientation of 
the P-phenyl groups and the phosphorus lone pairs [105]. Molecular mechanics 
calculations indicate that the most p~ferred isomer is that having each phenyl group 
directed outwards flora the centre of the bowl with the lone pai~ pointing inside 
the cavity. This is consistent with the ob~rvation of a single resonance at 166.3 ppm 
in the 3~p NMR s~ctrum. Ligand 91 reacts with [AuCI(SMe2)] and 
[PtCI~(SMe2)~ affording comple×es 114 and 115 respectively (Scheme 25) [ 105]. An 
X-ray diffraction study was undertaken for ~ e  gold complex 114. As anticipated, 
all eight phenyl groups are direct~ away from the bowl. Thr~ AuCi units are 
roughly p~allel to the calixa~ne axis, whereas the iburth ~ints  into the cavity. A 
variable temperature NMR study showed that all four P-AuCI units are equivalem, 
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B u t ~  But [MCIa(PhCN)2 ] Ph21~ PPh2 
..C! M j .CI 

0 lU" '  0 "-']~CI~'~" Ci4"J" 
| RO l Ph2P PPha 

Ph2P PPh2 ~ / 
0 R 3 0  OR 4 0 

108 R = CHaCO2Et 
109 R = ( - ) -CHiCO~,Ment Bu" Bu, uut 

110 R 1 = CHaCOaEt, R 2 = Et 
R a = R 1 or R 2, R 4 = I:~ or R 1 
M=Pt 

111 R~ = (-)-CH2CO~Ment , R 2 = Et 
R 3 = R 1 or R 2, R 4 = R 2 or R ~ 

M=Pd 

Scheme 24. 

Bu I Bu t Bu t Bul 

'3 BF4 

0 k i i J -  0 

2 ! - P" P- ! / 

Bu t Bu t B u t B u  t 

.gN 
o q  . 

/ \  
PF~ NCCHa 

112 113 

even at -80  °C (300 MHz spectrometer), from which it was inferred that fast motion 
of the four AuCI units must occur in solution, these being alternatively folded inside 
the bowl or located at its periphel3 The possibility of the AuCI anits migrating 
between P atoms was not considered. 

Attempts to form endo-calix complexes with J 14 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 to occur in solution. The amines can lead to either inclusion 
complexes (e.g. with the linear amines Pr"NH2 and BB"NH2) or, if a bulky amine 
is used (e.g. PriNH2), to external complexation. 

Treatment of 91 with [(CuC~CPh),] in the presence of pyridinium chloride yielded 
the unique complex 116, in which a Cu4(BCI)4 moiety bridges the bowl [111]. The 
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9 i  

Ph 
Ph-~.~ P ~ 0 "~"J~"-" IO'~P. ~ MC! 

/ \ -  

0 0 

114 M = Au 
115 M = P~,I(SMe~) 

R = CH~CH~Ph 

Scheme 25. 

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

i 16 R ~ CH~CH~Ph (P/d ~ group~, rt.ol d r ~ )  

4.2.2. CaIL~oarene.phosphines 
The only attempts to synthesize phosphines on the upper rim of calix[4]arenes 

wen made by Hamada et al. [il2]. On the basis of microanalytical and IH NMR 
data, these workers claim that the reaction shown in ~heme 26 leads to tetraphos- 
phine 117, obtained as a mixture of ~veral conformers {not resolved). As e x i t e d  
for tertiary phosphines, this isomeric mixtu~ was shown to display strong binding 
affinities tbr copper and nickel ions. Its interaction with CC* results in the lbrmation 
of a 1 ligand : 2 Cu" complex, which was not isolated. Surprisingly, the exl~'~ted 
reduction of Cu" to Cu ~ by phosphine complexation was not ob~rved in this case. 

A lower rim funcfion~di~ed calix[4]arene with four pendant CH~PPh~ groups was 
p~pared in 68% overall yield by performing the reaction sequence shown in 
Scheme 27 [51], In a first step, p-tert-butylcalix[4|arene was treated for 3 days with 
Nail and Ph~P(O)CH~OTs (Ts ~p-O~SC~HaMe)in toluene. This procedure resulted 
in the ~iective formation of the cone-sha~ tetraphosphine oxide 118. Reduction 
of the latter compound in PhSiHa at 1~ '~C gave the corresponding tetraphosphine 
1119 in high yield. Reaction of 119 with the cyclopaUadat~ dimer 
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B~ 

' C H  

a.l~BuLi I PPh~ i 

1'17 

Scheme 26. 

[Pd(o-C6H4CH2NMe2)C|]2 afforded the tetranuclear complex 120. The ~H and 31p 
NMR spectra for 120 indicate a Ca symmetrical structure. However, the ~H and 
3tp NMR signals broaden on lowering the temperature, suggesting a dynamic 
behaviour of the complex. It is probable that the four bulky "Ph2PPdCr' 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). It also takes into account the observation 
that, in the solid state structure of the phosphine oxide 118, one of the four P = O  
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=NCH2) coupling constant, 
the dynamics of 120 do not involve dissociation of the palladium=phosphorus bonds. 

Lower rim functionalized phosphines, such as 125-128, were obtained in a similar 
fashion [50,113] (Scheme28). Precursors 1121-~o|24 were prepared using the 
Ph,,P(O)CHzOTs~o.ButONa couple. The selective formation of cone conformers is 
obviously template controlled (the cone selectlvlt!es S¢,,,~ are in most cases greater 
than 90%). Thus, when alkylation was performed with ButOK as base, partial cone 
conlbt~mers (in which the phosphory!-containing ary! rings have opposite orientao 
lions) were obtained selectively, e.g. |29 and 1~.  Reduction of 121 ...... 124 in 
PhSiH3, used as solvent, gave the corresponding diphosphines in 100% yield. 

Chelating behaviour of 1,3,di(phosphinomethyl)calixarenes towards group IX 
metals was found in complexes |31~133 [50,113,114]. The chiral rhodium(l) como 
plex 133 operates as a hydroformylation catalyst ibr styrene (CO/H~ = I : 1, 40"C, 
40 atm, styrene/metal = 350 : I, solvent CH2CIz=benzene), leading to phenylpropanal 
[I 13]. The branched to linear aldehyde ratio was 95 : 5, a value which is not unusual 
lbr Rh/phosphine catalysts. The reaction rate was rather slow |br this process 
(approximately 7.5 turnovers per Rh per hour), possibly because of the partial 
encap~ulatmn of the metal centre, a situation which would prevent close approach 
of the substrate, tinder the above-mentioned conditions, no chiral induction was 
observed. 

The use of 133 for the catalytic hy~,'o~enation of cyclohexene (P(Hz) = 2 arm, 
40°C, C6HIo/Rh=219, solvent MeOH) gave turnovers of approximately 10 R h  
h~[115] .  The hydrogenation rate of dimethyl itaconate was even slower. 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 calixarenes were obtained with the phosphine-~amide 
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fo o o? o. 

/ PPh~ 
Ph~P 

119 

Scheme 27~ 

hybrid 127. Reaction of this ligand with {PdCI~(SEt~h] resulted in the quantitative 
formation of complex IM, in which the phosphorus atoms are held in a cis arrange° 
merit [!161, With [PtCI~(COD)], complex 135 was formed [1131, The chelating 
~haviour of the diphosphine in 13S was confirm~ by a single X-ray omract on 
study. In the solid state, the metal plane is slightly inclined with res~.~t to the 
calixa~ne axis in order to allow minimization of the o f stn~m about the phosphorus 
atoms. This leads to a folding back of one of the two amides. Sing~ all NMR data 
indicate a Q symmetrical structure, it is likely that, in solution, a |hn-like motion 
of the metal plane e~'cu~ (~heme 29), 

The fi~t calixarene complex engulfing a Pt~H bond, | ~ ,  was synthesized by 
reaction of trans-[PtHCl(PPh3h] with li27 (~heme 30) [I 17]. The trans chelating 
~haviour of the ligaM was inferr~ from the J(P~Pt) value (3122 Hz) and confirmed 
by an X-ray diffraction study (Fig, 2). This investigation also establish~ that, at 
least in the solid state, the hydride', I~eand of 1 ~  is t r a p ~  within the cavity defined 
by the four call.sumac substituents, witt~ ~he Pt=H bond pointing towards the centre 
of the cavity. The shor t~ H{hydfide)~O ¢~)ni~acts (2.~ and 2.73 A) were found for 
the OCH~P oxygen atoms. In view of the ~H and :~P NMR s ~ t r a  (5~  MHz 
spectrometer), which display well.resolved signals which do not broaden on going 
from 30 to ~-~80 ~C, gyro~opic ro!ation of lhe CI~Pt~oH unit around the P-Pt-P 
axis apl~a~ to ~ unlikely. Directional change of the ~ - H  vector was forc~ by 
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Bu t ButBu t But But But8 .  ~ Bu I 

,¢ 
Ph"P(~O)CH"zO'I;S:~ ~ ~  
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Ph2P(O) CH2OTs 

121 R = OEt; Scone = 100 % 
122 R = O-(R, S, R)-Ment;Scone > 90 % 
123 R = NEt2; Scor~ = 100 % 
124 R = NH(R-CHMePh); Sco~ = 1~  % 

I PhSiH 

Bu t ButBu ~ Bu t 

Ph~P R 

129 R = OEt 
130 R ® NEI:~ 

125 R = OEI  
126 R = O-(R, S, t~-Ment 
127 R NEI~ 
128 R = NH(FtoCHMePh) 

Sd~me 2,~, 

Bu t ButU.u ~ But [ + X ° 

2 '~M.._ H, ~ .O O O= O,~ /~J 
/~. . . ,  .N"  v / ) ~'%.....M 
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131 M = Rh; X = BF4 
132 M = Ir; X = SbF~ v 

133 
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But ~*~' Bu t 

;o 
Et2N Ph:P?~ Ph~ NEt2 

CI 
134M=Pd 
135 M = Pt 

BU t Bu t ~u ~ Bu ~ 

f40~~C ~ O R  

N c)'~ Pt 

CI 

1 SS (R ~ CH~C(O)NE!~) 

~heme 29, 

i~eacthig | ,~  with AgBF4, Thi~ resulted hi the fi~rma~ion of the cationic complex 
|37, in which the ¢~dixarene ~have~ as a hemispherical P,O,P tridentate~ Molecular 
models clearly show that the Pt=H bond lies approximately parallel to the cali,xarcne 
~f~en~,e plane and points towards the exterior of the cone. 

The coo~ination chemistry of calixarene 1~, containing two distal diphenylphos- 
phin~thyl groups, was investigated ~ n t l y  [I 10]. Reaction of this diphosphine 
with [PtCi2(M~N)~] 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 monomerie nature of this complex, leading to the formula drawn for 139, was 
infer~d from the pre~nce of a peak in FAB-MS corresponding to (M + H ) * (m/e 
1423.5). Reaction of 138 (L .38) with [Cu(CH~CN)4]PF~, gave the complex 
[Cu. L'38. (CH3CN)]PF6, but its monomefic nature was not established. 

An interesting calix[6]arene~efived diphosphinite. 140, has ~ n  obtained by 
~acfing p-tert-buty!ca!ix[6]a~ne with ~1~ (~heme 3i ) |! I81. The ligand exists in 
~ t h  syn and anti conformations [ I i9], but only the syn conformer could be obtained 
in pu~ f o ~ .  This latter isomer afforded complexes 1 4 L l ~  in which the ligand 
~h~ves as a eis chelator. As shown by an X-ray study, the calixarene backbone of 
each phosphite moiety of 141 adopts a partiai~one conformation. The ligand bite 
angle is ~ L  This study also established that the ligand has only non~rystaliographic 
Cz sym~aetry (there is no mirror plane). However, since the ~H NMR spectrum 



C Wieser et al. / Coordination Chemistry Reviews 165 (1997) 03-161 135 

cl 

Fig. 2. Molecular structure of Iranso[PfflCIL t:~] (136). 

shows only two Bu t signals in a I :2 ratio and two AB systems (! :2 ratio) for the 
methylene bridges, it is probable that the ligand undergoes fluxional behaviour in 
so!utmn, resulting in a fast parlml-c~ ne~p,uttal-c~nc, interconversion~ 

4.3. CalL~arene ltgands with 0 or S donor atoms 

Calixarenc-derived ligands containing oxygen donor atom~' have lbund most use 
a:, complexing agents towards the oxophilic alkali metal, alkaline earth and lanthan- 
ide cations. In a recent article, Beer et al. [120] highlighted the versatile cation 
receptor properties of a particular ligand of this family, namely the tetraamide 1 ~  
(Lt46). This ligand, tbr 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 n, Ni", Cu n and Zn H. Single crystal struc- 
tural determinations were carried out for complexes with the ibrmula 
[M. Lt46][CIO412. nMeCN (147, M ~ FeU; 148, M ~ Cu"; 149, M ~ Znn; 150~ 
M ~ Nia). These investigations established thai, in all these complexes, the metal lies 
inside the cavity defined by the four OCHzC(O)NEtz groups and that an acetonitrile 
molecule is located within the cone. The metal ions are not similarly bound to the 

~ubst!tuent cavity. For " " '  eight oxygen atoms of the s '" ~ instance, in the Fe 2 + and Zn z + 
complexes, M~O bonding occurs with all eight oxygen atoms, but the M-O(amide) 
interaction is stronger than that with the ether oxygen atoms (average M-O(ether), 
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2.452 A (Fe) and 2,579 A ten): average M-O(amide), 2.170 A (Fe), 2.080 A (Zn)). 
h~ the copier complex, the Cu atom lies almost inside the O4(amide) plane (average 
Cu.~O distance, !.9i0 ~) and interaction with the ether oxygen atoms is negligible 
(average Cu~O(ether), 2,861 A). In the nickel complex 150, the iig~md undergoes 
slgmfi~nt rearrangement to at~ommodate 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 car' bony| 
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unit is twisted away from the coordination sphere. Ligand 146 is a rare 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 151 with [Cu(NH3)4]:*, the double calixarene 152 
was formed in approximately 50% yield [121 ]. This dinuc!ear complex, containing 
two facing copier plumes, is suitable i~r the formation of I :1  complexes with 
ethylene diamine and !,4odiazabicyclo[2,2,2loctane (DABCO). Electron spin reso- 
nance (ESR) studies suggest that, with DABCO, a I : I endo complex is formed in 
which the amine interacts with the two t o p e r  atoms. 

1Sl 

The interaction of a p-sulphonatocalixarene with transition metals has been 
describ~ recently by Johnson et al. [122]. Thus reaction of the 
(psuiphonatocalix[5]arene) s° anion 153 with [Co(NO3):]" 6H.~O in the presence of 
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152 

N,N-dimethylacetamide (DMA) afforded the double calix[ 5]arene 154 (Scheme 32). 
In this complex, the two calixarenes are linked by a "Co(H20)4" 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 H20 molecules and Na + ions are located 
between the two cavities. 'H NMR studies suggest that, in solution (D20), 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(NO3)2]'6H20 in the presence of pyri- 
dine gave the inclusion complex Naa[Ni(H20)4(p-sulphonatocalix[5]arene)2]" 
2(NCsHs)' 38H20 (155) (not drawn). A preliminary X-ray study suggests the pres- 
ence of an octahedral Ni" ion bridging between two ca!ixarene ligands via sulphonato 
groups, with an uncoordinated pyridine molecule lying inside each 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. 

153 

OH OH HO J OH | OH I NaB 

O=/S~O SO~ 

HH20==~ /OoH 
20 Co- - 2 

H,O / \ O  
[C°(NO3)2e6H~O] O~s ~'O 

. so~ so3 
. LSO3  ~SO3  J H2OIMoC(O) NMe2 

OH OH 

154 (G = MeC(O)NMe2) 

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]arene 158 was obtained in three steps (overall yield, 12%) by Gibbs and 
Gutsche [123] according to Scheme 33. In this synthesis, synthon 156 (l,2-alternate 
conformer) was first p r e p a ~  by the treatment of p-tert-butylcalix[4]arene with 
Nail and N,N-dimethylthiocarbamoyl 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 LiAIH4 
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-centroid(aryl) distances 
(3.1 A), n interactions with the phenyl rings need to be considered. When the 
reaction leading to 159 was repeated using a 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 162~165, bearing long-chain thio-alkyl groups, have 
~ n  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 example, the layer obtained from 162 displays strong selectivity 
for some adsorbates, e,g. vitamin C, from dilute solutions. With the tetrasulphides 
162:|65, monolayers obtained at room tem~raturc are kinetically disordered, but 
on heating at 60 ~'C, a highly ordered structure with few defects can be obtained 
(Scheme 34). It is probable that the monolayer reorganizes after reversible A u S  
bond b~aking to an energetically more favourable structure having all alkyl chains 
held parallel. This leads to compacted monolayers of high stability which are 
currently being investigated |br possible use as sensors. 

5. MetaHocalixarenes containing a metal centre bondt~ to an aryl ring 

Two types of complex in which a metal is bonded to the aryl ring of a calixarcne 
matrix have been synthesized: (I) complexes containing a 6 Moaryl bond; (2) 
complexes with n bonding interaction, To date, the foye r  tyl~ is limited to mercury 
complexes. For n complexes, we can distinguish between those having the metal 
lying outside the cavity and those whe~-e it is encapsulated into the void. 

5, l. Compleax~" with a M~u~rvl bomling 

Quantitative mercumtion of a series of lower rim alkylated calixarenes was 
achieved with mercury trifluoroacetate (Scheme 35) [130,131 ]. This electrophi!ic 
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substitution proceeds selectively at the para position. It was not clearly established 
whether this transformation was accompanied 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 
established that the compounds drawn in Scheme 35 do indeed form stable mono- 
layers at the air=water interface. Surface pressure=oarea isotherms gave limiting areas 
in agreement with those predicted from Corey Pauling Ko!tran (CPK) models, if it 
was assumed that each calixarene lies at the air-water interface in a hexagonally 
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pack~  array and that all Hg ions are in contact with the aqueous phase. By adding 
malonic acid to the latter phase, ma|onato bridges are formed betw~n neighbouring 

substantla increase in the ~:ohe,~,~vcaess ~f !:he fi|ms ob~ahled fr~>m cali×arenes, A '** " i ....... s' ~ 
tile cahx[4 -6 ]a rene -den~  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". 

] [Hg(O2CCF3)=| 

CHCI3 ~" 

n = 4-7; R = n-C4Hg, n-ClsH33 
n 6; R = n-C2Hs, n-CeH~7 

o    o2coF3 
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• OR 
2e 

L I Jn L I Jn  

HgO2CCF3 HgO2CCF 3 

cross linking 

CE) 

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 ~66) with 
Cr(CO)6 [132-134]. For all conformers, 1:1 complexes were isolated. For the 
partial-cone isomer, it was R)und 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)3 appear at higher magnetic 
field than the uncomplexed protons [132]. The largest upfield shift was observed 
for the meta protons of cone isomer !67. X-R~y str~,~tures were deter° 
mined for cone-(L~'6)'Cr(CO)3 (167), cone-(L~66)'2Cr(CO)3 (168) and 
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1,3-alternate-(L~O6).Cr(CO)3 (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 
a~l unit (A) and the opposite aryl ring (C) which are both turned towards the exo- 
annulus d ic t ion .  In contr~t, 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 unusual geometry, termed "bis-roof" structure, probably 
takes pla~ so as to relax the steric crowding around the propyl groups which 
interact with the neighbouring Cr(CO)3 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(I ) A 
in 1~). The IR data clearly support the notion that these rings interact trans 
annularly. 

166 

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

6.~7 \ N 

(a" °'44"~. 4 o ' ~  c? o 
C ,,~ "-CO 

o,..L." 

Fo 'uJo  
1 ~  169 

In the 1,3-alternate complex 169, the structural change induced by Cr(CO):~ 
comple×ation is relatively small. Only a slight flattening of ihe phenyl rings is 
observ~ in the solid state structure. This feature serves to minimize the stcric 
crowding caused by the presence of the Cr(CO).~ groups. 

Attempts to obtain arene chromium complexes with p-tert-butylcalix[4]arenes 
failed, 

Complex~tion of the aroma.tic rings of catx[4]arenes could also ~ achieved 
with rhodium and iridium. Reaction in neat CF~COzH of [Rh(qS-CsMes) 
(acetone)3][BF4]~ with calix[4]arene gave the 1,3~imetalated complex 170 
i~ 95% yield (Scheme 36) [!35], The ~H NMR sp¢clrum of 170 cxhibiis a broad 
OH signal a~ 5.3 ppm. An excess of rhodium did not lead to further complex- 
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afion. This double arene complexation facilitates deprotonation of two out of four 
phenolic protons. Thus the treatment of 170 with excess NazCO3 resulted in the 
formation of dication i71, 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 
CF3COaH, the tricationic complex 172 was formed (for which the NMR data 
indicate an unsymmetrical structure). The addition of HBF4 to this complex resulted 
in its complete conversion to 170. The dinuclear complex 173, derived from the 
more sterically hindered p-tert-butyicalix[4]arene, was obtained under conditions 
similar to those employed for the formation of 170. 

[RhCp'(acetone)3] 2+ 

j CF3CO~H, reflux 

C~8H~404 

{RhCp'(acetone)3] + 
acetone, r~|lux 
CF3CO~H (few drops) 

Me Me "=-'1 

~ Me 
Rh Rh 

M e ' M e  He 0H6H OH Me'Me 

170 

Na2CO 3, excess 

[(CsMe~)Rh(tl~:q6-C~oH~;~O4)Rh(CsMe~,)] 2+ 

112 i71 

Scheme 36. 
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A surprising result was found by comparing the coordinative properties of p-tert- 
butylcalix[4]arene and calix[4]arene towards |r [135]. Whereas the reaction of 
the former ligand with [ir(rls-CsMes)(acetone)3] z+ in neat CF3COzH afforded 
the dinuclear iridium complex 174, the sterically less crowded calix[4]arene 
gave a tetrametallated complex of tbrmula [{lr(rls-CsMes)}4(rlo:r16:r16:rl ~- 
C28Hz204)][BF4], (175, not drawn). The dinuc!ear I r analogue of !70 could be 
obtained by performing the reaction in acetone-CF3COzH instead of neat 
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CF3CO2H. The spectroscopic data indicate a cone-type structure for 175 with 
four equivalent irCp* units (Cp*, rls-CsMe5). Slow crystallization of the dinuclear 
complexes 173 and 174 from CH3NO2-Et20 solutions resulted in spontaneous 
mono-deprotonation, leading to the triply charged cationic complexes 
[(~s.CsMes)M(r16:~6-C44HssO4)M(rls-CsMes)][BF4] 3 (M =Rh, 176; M =-Ir, 177). 
As shown by an X-ray diffraction study [135], the tdcationic iridium complex 177 
crystallizes with an Et20 molecule lying inside the hydrophobic cavity and with a 
nitromethane molecule having no contact with :?,e calixarene. The terminal Me 
group of the e m ~ d e d  part of the diethylether molecule is closer to the unmetallated 
aromatic rings (CH. • • Ar(c~ntroid), 3.53 and 3.69 ,~) than to the metailated rings 
(3.62 and 3.83 A), indicating some C H . . . n  hydrogen bonding with the relatively 
el~tron-rich unmetallated rings. Examination of the O. • • O bond distan~s within 
the lower rim leads to 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 crystallographically. 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 oxocyclohexadienyl description pro- 
posed for such a binding site (~e above). 

3+ 

3 ~F4" 

Silver complex 178 is the first example of a cone~calix[4]arene n complex with a 
metal located inside the calix entity [136]. An X-ray study shows that, in the solid 
state, this molecule has C½,, symmetry and that the silver ion is lt~ated between two 
(almost parallel) distal aryl rings oll the line joining two pa.ra carbon atoms [1361. 
The other two rings are flatlened and show no bonding interaction with the silver 
ion, The ~paratioas of Ag from the two clo~st p°C atoms of the bound aryl rings 
are 2,39 and 2A0 A, These findings clearly establish that the silver cation is included 
in the cone~lixarene only through cation~rt interactions, A similar inclusion com- 
plex was obtained from the related ptert-butyl analogue l ~  (not dragon). In this 
case, the Bu' groups obstruct the binding to the para ~sitions and, consistent with 
the ~H NMR data, the Ag + atom is probably included decor in the interior of 
the ~vity, 

Partiabcone i ~  is also capable of binding Ag*. A single crystal X-ray diffraction 
study of the resulting complex, |80, showed that, in the solid state, the Ag* ion is 
t~.ap~ ~twe~n two parallel distal aryl rings and inlerac|s wi~h C =C double bonds 
around the p-carbon atoms (Ag~-p-C, 2,~) and 2,41 A) [137]. In view of the ralher 
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178 180 

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 
betw~n Ag ÷ and the oxygen atom of the inverted phenol ring probably occurs 

o 

(Ag-O= 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:Cp~,,, 
edge of each of the two lacing aryl groups. In contrast with 180, the silver atom in 
181 is clearly additionaU~ stabilized by an oxygen atom, namely that of the MeO 
group (AgoO, ,..517(3)A). In this complex, the silver atom remains only weakly 
bonded, being easily displaced by donors such as phenylacetylenes, cyclohexene or 
acetonitrile. 

Mo ~o Mo 

181 

A variable temperature NMR study made with the cone complex 178 indicated 
a (½,. C~,, interconversion in solution as shown in Scheme 37 [136]. This exchange 
implies alternate n bond formation and scission. A comparative study pertbrmed 
on precursor cone 166 established that a Czv-C,.v equilibrium also exists tbr the free 
ligand; 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 (LtaZ), for which a partial-cone to cone equilibrium exists in solution, 
induced a shift in the equilibrium to the partial-cone L t"2" Ag+ (183) [136]. This 
observation ' ' b corro orates the results of an X-ray study [ 136] of the related complex 
180 which shows that, in a partial-cone isomer, the two distal aryl rings involved in 
complexatit n are perfectly pre.organized for Ag binding. 

Complexation of Ag + by 1,3-alternate conibrmer L a¢'6 resulted in the formation 
of the mononuclear silver complex 184 having the metal atom bound to a cavity 
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consisting of two phenolic oxyg~n atoms and two n basic aryl rings (this conclusion 
was drawn from ~n NMR investigation) [137]. Dynamic ~H NMR studies showed 

. .  ,to to the other acc~ rdmg to that the ~dver ion hops fi'om one n basic binding s ° ~" ' " ~  " 

' . ," -3 ..... , mtram;~lcmuiar mechanism (Scheme 38), l'his latter ion either an mte~m~leeular o r '  .... c ~. " _ 
transt~r i~ the first example of A.g ~ ions |um|el!ing ac~ss~~ ~ ~ a~ aromatic cavity. It 
provides important data tbr the understanding of metal transport along 1~ n channels 
a!~d metal it~clusion in n basic cavities. Such_ results are particularly ielc' ~v,ant~ to 
thrthering our understanding of  ion transport in biological systems, 

6, C , a l t x a ~  ~b~fitut~ wt~ ~ox-ac f ive  ~ , ~ t ~ ~  

The incorporation of  redos-active cen t . s ,  such as |~rr~ene.  into ligands of the 
calixarene t y ~  is a i m ~  at the de~dopment of molecular ~nsory  devices which 
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allow electrochemical recognition of trapped guests. It is also expected that these 
units may catalyse redox reactions on a complexed organic host. Metallocenes have 
been attached to the lower and upper rims of calix[4]arenes; examples of metallo- 
cene-substituted resorcinarenes have also been reported. 

A straightforward method for connecting a-C(O)(CsH4)M(CsHs) unit (M E Fe, 
Ru) at the phenolic oxygen atoms of a p-R-calix[4]arene or a resorcinarene has 
been developed by Beer et al. [139,140]. !n this methodology, a chlorocarbonyl 
i~rrocene or ruthenocene is reacted with the phenolic substrate in the presence o|" 
excess NEro,, With metallocencs substituted by one ch!orocarbonyl group, multi~ 
redox~ictiv¢ molecules, such as 185188, were isolated. The presence in !88 [1411 
of Lewis acid binding sites of the crownoether type should be noted. Their presence 
may be helpful |i:,r combining Lewis acid c~talytic activation with ferrocenylomedio 
ated redox reactions on smaU guest substrates (e.g. COn, CO, etc). 

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

R R R R Bu I But Bul 

O O OHOH ~6H | "O"o .[ N O  
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leads to oligomeric structures, such as |89-191, in which the metaiiocenyl unit acts 
as a bridge between two calixarenes [140]. Although some of these complexes were 
initially formulated as monomers [142], it is now clearly established that the cyclo- 
pentadienyl~cyclol~ntadienyl separation (3.25 A [ 143 ]) is not compatible with trans- 
annularly bridged structures (distance between the transannular 1,3-hydroxyl groups 
of caiix[4]arenes, approximately 2 A). The dinuclear complex 189 was shown to be 
conformationally mobile [140]. The origin of this dynamic behaviour may be 
assigned either to a cone=~pai, tialocone equilibrium or to intramolecular rolations of 
the meta! l~ne  ¢arbol~yl groups. The NMR data do not allow a distinction between 
the~ two possibilities~ An e!ec!rochemica! study showed that, in acetonitrile, | ~  
undergoe~ a single, reversible tWooelectron oxidation ,,~lt !~24 V (vs, s~lturat~l calomel 
el~trode (SCE)). indicating Ihat the two ferr~ene units ~have as nonointeracting, 
indei~ndent moieties. 

t90M ~Ru 
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Interesting redox-active properties were found for the 1,3,4-trisferrocenyl-p-tert- 
butylcalix[5]arene ester molecule 187 [144]. This complex undergoes two quasi- 
reversible oxidations at Ep~ = +0.350 V and Ep2 = +0.450 V (vs. Ag/Ag +). It was 
shown that the former process corresponds to the oxidation of a single unit, probably 
the (CsH4)Fe*(CsHs) unit, whereas the potential at +0.450 V corresponds to the 
two other ferrocenyl centres. The addition of small neutral substrates, such as N,N- 
dirnethy!formamide (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, prepared by reacting diamine 193 with 
[Fe(qS-CsH4-COCI)2] in the presence of NEt3-4-dimethylaminopyridine, is capable 
of electrochemically detecting the H2PO,~ anion in the presence of a ten-fold excess 
of hydrogensulphate and chloride anions. 

192 193 

The idea to anchor positively charged redoxoresponsive units to a calix[4]arene 
lbr ~rforming anion recognition was exploited with the ditopic bis(cobaltocenium) 
r~eptor |94 [146]. 11~ NMR titration curves show that this compound |brms very 
stable l : l complexes with CI °, Br- and 1ot2PO2 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 to the cobaltocenium centre. 
El~tr~hemical studies have shown that, in acetone, 194 exhibits a reversible two~ 
electron redox reduction wave at ~0.85 V (vs. Ag/Ag*). The addition of anionic 
guest species causes substantial one-wave cathodic shifts, presumably due to stabiliza- 
tion of the positively charged cobaltocenium units by the complexed anions. F:or 
example, the addition of tetra-Nobuty! adipate induced a cathodic shift of 50 mV 
(in acetone). Modifying the lower rim substituents of the calix[4]arene has a dramatic 
effect on the anion coordination properties of this type of receptor. Thus derivative 
i95, containing two tosyl groups para to the amide groups, becomes much more 
selective for HzPO.~ ~ than lbr CI ..... 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 ~lectivity preference for H2PO£ over CI- 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. 

~¢C,01_. ,o -Co -co 

HO 0 0 OH / 
Me Ts Ts 

Me 

194 195 (Ts = p-O~SC6H4Me) 

2 PF 6 

~ CpCo 

t ~  (Cp = C~i%) 

Resorcinareneoderived mol~utes ~aring muhi°redox-active sites have also been 
described recently. The multiot~rrocenyl re so~inarene complexes 197~199 were 
obtain~ in high yield acco~ing to 1he route outlin~ in ~heme 39 [141,148]. In a 
first step. l~rrocenecarbaldehyde is condensed with 1,3-dihydroxybenzene in the 
presence of HCi and EtOH. This reaction was t~rformed over a heating l~riod of 
4 h |o ensure the selective tk~rmation of the -'" ,i- -'- e l s e  s e t s  isomer 197. Treatmen! of |he 
insoluble material thus obtaimx| with excess ben~oyl chloride in the presence of 
NEt~4~iimethy!aminopyridine gave 198, The dodt~canuclear iron complex l ~  
was obtain~| from the ~me  intermediale width ch!or~ar~my!ferrocene and 
NEtx4°dimethylaminopyridine~ The molecular structure of complex 1 ~  has ~ e n  
¢eterm|n~| cwyslallographacally and lhe ex~ t tx l  ,'s "~ ," . . . . .  Cl~ ~,cls~ c!s structure was confirmed 
[ 141 ]. As shown by variable lem~x~rature ~H and ~'~C NMR studies, these cis-cis~cis 
isomers display dynamic Mhaviour in solution. Consistent with previous studies on 
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resorcinarenes by H6gberg [149,150], tiffs 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. 

PhC02" ,~~02  CPh 

P h C O ~ O ~ C P h  

1 9 8  , 

PhC(O)CI~ NEt3 (Excess)\ 4-dimethylaminopyridine 

H O . ~ O H  .---=~. 

HCI 
+ EtOH 

)H 

)H 

197' [Fo] ~., o(qgoC~H4)Fe(II!LC~,H~,) 

Fo '~'O 
~exco~)  odtmethylamtnopyridtne 

[FoI( 

[Fel( 

1 9 9  

Scheme 3{). 
The electrochemical properties of 188 and |98 were examined caret~|lly by cyclic 

voltammetry and differential pulse voltammetry. |:or complex 1188, containing eight 
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H R ' o ~ O R '  H 

R O" H ~ . , . . ~ . ~ ~ ~ H  "OR' 
I ! 
R R 

R' 0 ~lt / O R ~  R' 

R'O ~ bR' 

R'O" " ~  "OR" 

, R'O OR' 

° 

f~O ON 

Schen~e ,~10, 

ferr~enyl units, a single, reversible, one.electron oxidation wave was observed, 
indioting independent one~l~'tron transfers ~curring at the same potential. For 
complex i ~ ,  two reversible oxidation waves were ob~rved at + 0.58 V and + 0.67 
V (vs. SCE) in CHiCle, representing two reversible two-electron transt~rs. These 
two waves are in k~ping with the =H and ~C NMR s ~ t r a  and the X-ray crystal 
structure showing two different fem~enyl environments. As shown by mH NMR 
studies, in particular using nuclear Overhauser e|l~'ct (NOE) difference st~ctroscopy, 
complex 188 forms solution complexes with diq,lat (2~),  involving mainly 
C~oH. •. O hydrogen bonding ~ t w ~ n  the NCH~ protons and the oxygen atoms of 
the re s~ctive be nz(~rown ether moiety, as suggested in Scheme 41. Similar complex- 
afion in tile lower box-like cavity of 1~ was |bund for paraquat (201). In view of 
the rather long dist~mce separ~lting the |'err~enium centres and the bipyridinium 
~ognition sites, it is not surprising th~t~ the diquat complexation could not be 
det~ted el~tr~hemicalty. Nevertheles~ introduction of metallocenes into cavity- 
s h a ~  mok~ules remains a ~tentially l~)werful metht~l for the detection of hosto- 
guest eomplexes, This area of research certainly deserves further investigation. 
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+ ~ + 2 PF6 + 

200 (Diquat) 

2 PF6 + 

201 (Paraqual)  

+ ~ . . . /  + 

I |  

Diquat 

R~ R R :~R .R 

%o.J Lvo../ 

R = [(qS°CsH4}Fe(qS.CsHs)] 

Scheme 4 I. 

7. Conclusions and persoectives 

Since the first use, a decade ago, of calixareneoderived ligands for the complexation 
of transition metal ions, a considerable number of fimdamental studies have been 
undertaken, demonstrating the suitability of these ligands tbr the construction of a 
large variety of mononuclear and polynuclear metal complexes. !t has been shown 

[lanslitR n met~il centres bound to c,lllxaseae m:~trices may lhat the presence of " " ' ~  ", ' ' ' ~  ,~ 
seriously perturb the shape and structural properties of sucla macrocycles. The 
coordination chemists have also learned to combine the intrinsic pro~rties of 
calixarenes with those of transition metal centres, q iu~ has facilitated the |~brication 
of promising multi-metal species, sophisticated sensors, novel anionic receptors, 
supercavities 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 synergistically assist a 
transm~ n metal centred reaction. Due to the suitability of calixarenes for tbrming 
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 resof 
cinarene cavity will be exploited for novel shape-selective catalysis and asymmetric 
catalysis. A further perspective offered by functional ligands derived from calixar- 
cries, and particularly from the large calix[8]arenes, is their use for the stabilization 
of small cluster particles (it should be noted that C¢,o has been shown to form 
complexes with calix[8]arene) and their possible transformation into new metallic 
materials. Finally, the systematic invesugation of the coordinative properties of 
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calixarene towards transition metals will also probably lead to the discovery of 
interesting larger molecular systems. 

Acknowle~ements 

We ~atefully acknowledge Prof. A. Harriman (ECPM, Strasbourg) and Dr. P. 
Braunstein (Universit6 Louis Pasteur, Strasbourg) for useful discussions. 

Refere~ 

[11 
[21 
[31 
[41 
[5] 
[61 
[71 
[81 

[91 
[t0l 
[111 
[t~l 
[1~1 

[101 
[!7] 

119] 
[~1 
[ztl 

[2~1 

[~l 

[271 

I~] 
0o] 

A. Baeyer, Ber. Dt~h. Chem. Ges.. 5 (1872) 25-26. 
A. Baeyer, ~ r .  Dt~h, Chem. Ges.. 5 (1872) 280-282. 
A. Baeyer. ~ r .  Dtsch. Chem. Ges.. 5 (1872) 1 ~ .  
A, Zinke and E. Ziegler. Wiener Chem. Ztg,, 47 (1944) 151-161, 
A. Zink¢ and E. Ziegler, Bet. Dtsch. Chem, Ges., 77 (1944) 264-272. 
J.B. Ni~erl and H.J. Vogel. J. Am. Chem. Soe., 62 ( I N )  2512-2514. 
C.D, Gut~che and R. Muthukrishnan, J. Ors. Chem., 43 (1978) 4905-4906. 
C.D, Gut~he, in J, Vi~ns and V. BOhmer (Eds.), Calixarenes, a Versatile Class of Macrocyclic 
Compound,, Khtwer Aead~ic Publishers, Dordrecht, Netherlands, 1990, pp. 3 ~.37. 
C.D. Gut~M and M, lqbal. Org0 Synth., 68 (1989) 234°°237. 
C,D, Gut~he, B, Dhawan, M, Leoni~ and D. Stewart, Org. Synth, 68 (1989) 238.24L 
J.H. Munch ~nd C.D. Gut~he, Org. Synih,, 68 (1989) 243 ~246, 
B.T. Haye~ and R.F. Hunter, J. Appl, Chem,. 8 (1958) 74]=748, 
H. K~immerer, G, H~p~l and F, C ~ r ,  M~kromo!, Chem,, 162 (|972) ! 79. 197~ 
O. H~p~L B~ Mathi~h ~nd H, K~mmel~r, Makromo!~ Chem, 176 (1'~75~ 3317 ~3~a4 
H. K~mmerer at~d G, H~pr, el, Makromol. Chem,, 1~9 (|978) 11~ ~1207. 
H, Kamme~r and G, H~p~l, Makromol. Chem,, !81 (1980) 2i~t9 20¢~2. 
H, K~!t~erer, G, H~p~! and B, Mathia~h, Makromol, Chem., 182 ( 1981 ) 1685 16~M. 
V, BOhmer, P~ Chhim and H, Kamme~r, Makromol, CMm, 180 (1979) 2~)3 .~ 251~, 
V. ~hmeir, F, Marschollek attd L, ~t ta ,  J, Org, Chem,, 52 (1987) 3200~3205, 
V, BO:hmer, L, Merkd and U, Kun~, J. Chem. S~c,, Chem. Commun., (1987) 8%~897. 
R, Ongaro, A. Casnati, F, Ugo~o|i, A. Ptxhini, J.°[;. Do,o|, C. Hill and H. Rouquette, Angew. 
Chem,, Int, FM, En#,, 33 (1994) 1 ~ o  1 ~ .  
C, Hill, J,oF, Dozol, V. L~mare, H, Rouquette, S, Eym~rd, B °l~urnois, J, Vicens, Z, Asfari, C. 
B~ssot, R, OBga~o a~d A, CasBati, J, Incl, Phenom,, 19 (1~4) 3~408, 
M,M, Ohnstead, G, Sisal, H. Ho~, X, X~ and P,P, Power, J, Am. Chem, So¢., iO? 11985) 
8087-809!, 
D.J. Cram, Science, 219 (1983) 117%.1183, 
V, B6hroer and M,A, MeKeP~ey, Chem, U n ~ r  Zeit, 25 ( 1~1 ) 195207, 
S, Shinkai, Te t rah~n ,  49 (1~3) 893~ 8%8, 
E, van Dien~t, W,l& B~kker, J~F.J, |~ngbe~n, W, Ved~om and D,N, Reinhoudt, Pure Appl. 

V, B6h~r, Anew, Chem., Int, Ed, Engl,, 34 (1~5) 7|3 745, 
P, L h o ~  ~nd S, Shink~i, J, Synth. Org. Chem. Jpn., 53 ( t~5)  %3.~974. 
M,oJ, ~hwit~g ~nd M,A. MeKervey, in ]. V~ns ~nd V, B~'~.hmer (Eds~), C~lis~ren~.~, a Ver~tiie 
C l ~  of M~¢~o¢#i¢ Com~:mnds, Kluwer A~demi¢ PublisMr:,~, DotxJl~.~ht, Nelher!ands, |990, 
pp, 1@~- 172, 
J,oC,G, BOn~Ji and J,M, HarrowfleM, in J. Vicens and V, B6hmer (Eds), CM~xa~'~ncs, a Ver,~atile 



C. Wk, ser el aL/  Coordination Chemistry Reviews 165 (I997) 93-t61 157 

[32] 
[331 
[34] 
[35] 
[36] 

[37] 
[381 

[39] 

[40] 

[41] 
[421 
[43l 

144] 

[45] 

1461 

[47] 

I481 
[4,)1 

!S!l 

[521 

1531 
i541 

[551 
[561 

1571 
[581 

[591 

[601 
1611 

[62] 
163] 
[64] 

{651 

Class of Macrocyclic Compounds, Kluwer Academic Publishers, Dordr~,~ht, Netherkmds, 1990, 
pp, 211-231, 
A. McKervey and V, B6hmer, Chem. Br., 28 (1992) 724-727, 
F. Bottino and S. Pappalardo, J. Incl. Phenom., 19 (1994) 85-100. 
Z. Asfafi and J, Vicens, J. Incl. Phenom., 19 (1994) 137-148. 
O, Aleksiuk, F, Grynszpan and S,E. Biali, J. Incl. Phenom., 19 (1994) 237-256, 
P. Tinmlemlan, H. Boerfigter, W. Verboom, G.J. Van Hummel, S. Harkema and D.N. Reinhoudt, 
J, Ind. Phenom,, 19 (1994) 167-191. 
C,D, Gu~sche and L.-G, Lin, Tetrahedron, 42 (1986) 1633-1640. 
C,-M. Shu, W,-C. Liu, M.-C. Ku, F.-S. Tang, M.-L. Yeh and L.-G. Lin, J. Org. Chem., 59 (1994) 
3730-3733. 
G, Ferguson, B. Kaitner, M,A. McKervey and E.M. Seward, J. Chem. Sac,, Chem, Commun,, 
(1987) 584-585. 
F. Arnaud-Neu, E,M, Collins, M. ~ a s y ,  G. Ferguson, S.J. Harris, B. Kaitner, A.J, Laugh, M.A. 
McKervey, E. Marques, B.L. Ruhl, M.-J. Schwing-Weill and E.M. Seward, J. Am. Chem, Sac., 
I I I (1989) 8681-8691. 
E.M. Collins, M.A. MeKervey and S.J. Harris, J. Chem, Sac., Perkin Trans. I, (1989) 372~r374. 
S,-K, Chang and i. Cho, J, Chem. Sac., Perkin Trans. !, (1986) 211-214. 
A. Arduink A, Pochini, S. Reverberi, R. Ungaro, G,D. Andreetti and F. Ugo~c,!i, Tctrahedron, 
42 (1986) 2089-2100. 
E,M, Collins, M,A, McKervey, E. Madigan, M.B. Moran, M. Owens, G, Ferguson and S.J. Harris, 
J, Chem, Sac,, Perkin Trans. !, ( 19911 31373142. 
G, Calestani, F, Ugozzoli, A, Arduini, E. Ghidini and R. Ungaro, J. Chem. Sac., Chem. Commun., 
( 1987} 344-346. 
A, Arduini, E. Ghidini, A. Pochini, R. Ungaro, G.D. Andreetti, G. Calestani and F. Ugozzoli, 
J, Incl, Phenom,, 6 (1988) !19~i34. 
C. Loeber, C. Wieser and D. Matt, in H. Werner and J. Sundermeyer (Eds.), Stereoselective 
ReacUons of Metal,Activated Molecules, Vieweg, 1995, pp, 191 194, 
M, Conner, I, Kudelka and S.L. Regen, Langmlfir, 7 ( 1991 } 082987. 
K° Araki, A. Yanagi and S. Shinkai, Telrahedron, 49 (1993) 6763 677L 
C~ !ooeber, 1), Matt, A~ I)e Cian and .!, Fischer, J. Organomel. ('hem,, 475 { i9943 297 3~)5. 
C l)ideman, C'~ loather, D. M~III, A° De Cian and J, Fischer, J (,hem° Sac., Dalton Trans°, ( 1995} 
~l|)t)°l 311113, 
~, Pappalardo, L° Giuut~l, M. I.'oti, (J. i:¢l'Bu~on, J.l:. Gal!a~hcr and B~ l~;;it!l¢i, o!~ (),~. ('hen;., 57 
(1992) 26112624. 
S, Pappalardo, G. Ferguson, P. Neri and C. Rocco, J. Org. Chem., 60 (1995) 4576 4584. 
J°-B, Regnouf de V~tins, R. Lamartine, B. Fenet, C. Bayous, A. °rhozct trod M. Pcrrin, Heir. Chim. 
Acta, 78 ( 1995 ) 1607 1619. 
S,-K. Chang, S.-K. Kwon and l. Cho, Chem. Let|., (1987) 947948. 
F. Arnaud-Neu, M.=J. Schwing-Weill, K. Ziat, S. Cremin, S.J. Harris and M.A. McKervey, New 
J. Chem., 15 ( 1991 ) 3337. 
H. Yamamoto, T. Sakaki and S. Shinkai, Chem. Lett.,(1994) 469472. 
L.C. Groenen, B.H.M. Rail, A. Casnati, W. Verboom, A. Pochini, R. Ungaro and D.N. Reinhoudt, 
Tetrahedron, 47 ( 1991 ) 83798384. 
L.C. Groenen, B.H.M. Ru~l, A. Casnati, P. Timmerman, W Verboom, S. Harketmt, A. Pochini, 
R. Ungaro and D.N. Reinhoudt, 1~trahedron Lett., 32 ( 1991 ) 26752678. 
K. Iwamoto, K. Araki and S. Shinkai, Tetrahedron. 47 ( 1991 ) 43254342. 
A. Casnati, A. Pochmi, R, IJnglffo, F. Ugozzoli, F. Armmd, S. Fanni, M.=J. Schwing. R.J.M. 

e k Egbenn,  Fo de Jong and D.N. Reinhoudt, J. Am. Chem. Sac., 117 (1995) 276%~2777. 
!t. Kammerer, G. lolaPl~l, V. BOhmer and D. R;ithay, Monatsh. Chem., 109 (1978) 767773. 
C,D. Gutsche and J.A. Levi,e, J. Am. Chem. Sac., 104 (1982) 26522653. 
J.-I), van Loon, A. Arduini, L. Coppi, W. Verboom, A. Pooh[hi, R. Ungaro, S. Harkema and I),N~ 
Reinhoudt, J. Org. Chem., 55 (1990) 5639~ 5646. 
K. No and Y. Noh, Bull. Korean Chem. Sot., 7 (1986) 314. 



158 (+2 Wieser et al. I Coordination Chemistry Rev~ws 165 (1997) 93-161 

[67] 

168] 
[691 

[701 
[711 
[721 
[731 
[74] 
[751 

[761 

[77] 
1781 

I791 
[SOl 

[811 
I821 
[831 

[841 

1851 

i8¢ 1 
1871 

1891 

[921 
[931 

O51 

l,U,] 

t971 

t+ml 

111 
tim)! 
[tot] 

tlo21 

C.D. Gutsche and P.F. Pagoria, J. Org. Chem., 50 (1985) 579505802. 
P. Timmerman, W. Verboom, D.N. Reinhoudt, A. Arduini, S. Grandi+ A.R. Sicuri, A. Pochini and 
R. Ungaro, Synthesis, ( 1 ~ )  185-189. 
S. Shinkai, S. Mod, T. Tsubaki, T. Sone and O. Manabe, Tetrahedron Lett., 25 (1984) 5315-5318. 
S. Shinkai, K. Araki, T. Tsubaki, T. Arimura and O. Manabe, J. Chem. Soc., Perkin Trans. l, 
(1987) 2297-2299. 
C.D. Gutsche, J.A. Levine and P.K. Sujeeth, J. Org. Chem., 50 (1985) 5802-5806. 
M. Aimi, A. ArduinL A. Casnati, A. Pochini and R. Ungaro, Tetrahedron, 45 (1989) 2177-2182. 
C.D, Gu~he  and K.C. Nam, J. Am. Chem. Soc., l l0 (1988)6153-6162+ 
C,D, Gutsche and I. Alam, Tetrahedron, 44 (1988) 4689-4694. 
G,D. Andreetti+ R. Ungaro and A. Pochini, J. Chem. Soc., Chem. Commun., (1979) 1005-1007. 
L, Giaanini, E. Solari, A. ~notti-Gerosa, C. Floriani, A. Chiesi-Villa and C. Rizzoli, Angcw. 
Chera., Int, ~ ,  Engl., 35 (1996) 85=87. 
F. Corazza. C. Flofiani. A. Chiesi-Villa and C. Guastini, J. Chem. S~-., Chem. Commun,, (19~) 
1083= 1084. 
J.A. Acho+ L.H° Doerrer and S.J. Lippard, Inorg Chem,. 34 (19951 2542-2556. 
F. Corazza, C. FIoriani. A. Chiesi-Viila and C+ Guastini, J. Chem. Soc., Chem. Commun., 
( 19901 ~o1641. 
F. Coraz, za. C. Flofiani. A. Chiesi.Villa and C. Rizzoli, lnorg. Chem., 30 ( 1991 ) 4465-4468. 
V.C. Gibson, C. Redshaw. W. Clegg and M R L  El~good, J. Chem. S~., Chem. Commun., ( 19951 
2371 ~237Z 
B. Xu and T.M+ Swager. J. Am. Chem. Sty., 115 (19931 1159o1160. 
TM. Swager ~md B. Xu, J. Incl. Phenom.+ 19 ( ! ~ )  389398. 
J.W. G~odby. R. Blinc. N.A. Clark, S,T. La~rwall, M.A, Osipov+ S.A, Pikin, T. Sakurai, K. 
Yo~hino and B, Zeks, Ferr~!~tric Liqukl C~stals: Principles, Properties, and Applications, 
Gordon and Breach ~ience Publisher~. Amsterdam+ 1991. 
A, Zaoolfl°G¢:r(~sa+ E~ ~tari+ L Giannini, C+ Floti~ai and A+ ChiemoVilla, ,I, Chcm Sot+. Chem. 

J0L+ Atwo~d, G.W+ Ou++ F. Ham aria+ R+L+ Vinc:enl+ S+G Boll and K.D Robinson, J, Am Chem 
Se,¢++ I 13 ( !~1 ) 27~)2761 
J+A~ Acho, T+ Rein J+W, Yua m~d $31 L+ipp+mL I,o~+~ Chem° ~4 1 !~95~ 522~ 52~L 
dl~A+ Acho a!~d S,J Lippat'd+ lnorS+ Chim Acid|. 22~ {1~05~ 5 8, 
M+H~ Chimholm, K FoIling+ J~C+ Huflh!m*~ and R+J+ ~|~+ J Am ('hem. S ~ ,  I0¢~{ 198d) I151~ I154 
W°l~l+ BaM~er+ W+ Verl~om and D+N+ Remhoudt+ J~ Ch~'~n~ S ~ ,  Chela° Commua+, { t*}941 7172, 
$+fi+ ~)tt+ A+W~ Co|emaa and J+L Alwoo,J. J+ Chem+ S~+. Ch,em+ Commm~+. ~ 198~ 6|0 6tl, 
G,D, Aadr~lti+ G~ C~lestaaL F, Ugo¢~oli+ A° A~dulai, 13:, Ghidini+ A+ P~hiai ~a~d R, L agaro, 
J, Incl, Pheaom++ 5 ( 1987 ) 123 126. 
G,|L Hofmeisler, F,E, Hahn and S,F. Peder~n, J, Am, Chem So¢,, 111 ( 19~;', } 2318 23~'~}, 
T,N, ~mll+ F,C, Pi~e and P,S White, tnorg+ (h~0m+, 33 < 1~4) 632635, 
|~, ~lari,  W, Lx~sueur, A, KIo~, K, ~henk, C, Floriani, A+ Chiem Villa a~d (,;. Ri~zoli+ J, Chem, 

P+D, ~ r ,  M+G,B+ D~w, P,B, L¢~som K+ Lys~ako and M,I° ogden, .1. Chem S~c., Chem 
Commun,, ( 1995 ) 929,9'30+ 
J, Riba~+ M, Monfort, G,B+ Kumar and X S~:~lan+, Anew, Chem, Ira. Ed, Eagle, 33 ~1~,' ~-'.~ 
2087 ,,+ 21~9, 
R, Gri~, J,M+ Hoh~acs, S,K, Jones and W+DJA. N~l~a~ J, ('hem, S,+¢,, Chem Commun.. 
{ 1 ~ )  t85 t87. 

Chem+ Commm~,, ( I ~  } 12~9 127 I, 
P,D, + r +  J+ (?hem+ S~m+, Chem, Comm;m,, (1~+) 689+6%, 
,I+°B, Re+aouf de v~in+ +rid R, L+mm++-tine, Helv, ChUm+ Acta, 77 { 1994) 181711 |+25, 
S, |~|let-Ros~ah~g+ J,-B, Regaouf de Vmns m~d R, Lamartine, +!~trahedron l+et~++ 36 {19951 
5745+-5748, 
C, L ~ r +  D, Matt, P+ Briard and D, Grandjean, J, Chem+ ~ , ,  Dalton +t°rans,, t t9951 5t3--524, 



C Wieser et al. / Coordination Chentistry Reviews 165 (199.7) 93°-161 159 

[1031 

[!041 
[1o51 
[1061 

[1o71 
[108| 

[109] 
[llO] 
Jill] 

[I121 
[I131 

[1141 
I1151 
{In6] 
[1171 

[118] 

[119] 
ll201 

!1211 
11221 

I1231 
11241 

11261 

11271 

[1281 
11291 

[130l 
[1311 

11321 
11331 
[134] 
[1351 

{13ol 
[1371 
[~381 
[1391 
[1401 

11411 

I .  Neda, H.-J. Plinta, R. Sonnenburg, A. Fischer, P.G, Jones and R. Schmutzler, Chem. Ber., 128 
(1995) 267-273. 
I. Shevchenko, H, Zhang and M. [amman, lnorg. Chem., 34 (1995) 5405-5409. 
W. Xu, J.P. Rourke, J.J. Vittal and R.J. Puddephatt, lnorg. Chem., 34 { 1995) 323-329. 
W. Xu, R.J. Puddephatt, L. Manojlo,dc-Muir, K.W. Muir and C.S. Frampton, J. Incl. Phenom., 
19 (1994) 277-290. 
D. Jacoby, C. Floriani, A. Chiesi-Villa and C. Rizzoli, J. Chem. Soc., Dalton Trans., (1993) 813-814. 
C. Fioriani, D. Jacoby, A. Chiesi-ViUa and C. Guastini, Angew. Chem., Int. Ed. Engl., 28 (1989) 
1376-1377. 
C. Loeber, D. Matt, P. Briard and D. Grandjean, unpublished results, 1994. 
B.R. Cameron, F.C.J.M. van Veggel and D.N. Reinhoudt, J. Org. Chem., 60 (1995) 2802-2806. 
W. Xu, J.P. Rourke, J.J. Vittal and R.J. Puddephatt, J. Chem. Soc., Chem. Commun., (1993) 
145--147, 
F. Hamada, T, Fukugaki, K. Mural, G,W. Orr and J.L Atwood, J. Incl. Phenom,, lO ( 1991 ) 57--61. 
C, Loebcr, C. Wieser, D. Matt, A. De Clan, J. Fischer and L Toupet, Bull. So(:. Chim. Ft., 132 
(1995) 166-177. 
J. Gagnon, C. Loeber, D. Matt and P.D. Harvey, lnorg, Chim. Acta, 242 (1996) 137. 
C. Wieser, C, Loeber and D. Matt, unpublished results, 1995. 
C. Wieser and D. Matt, unpublished results, 1996. 
C. Wieser, D. Matt, L. Toupet, H. Bourgeois and J.-P. Kintzinger, J. Chem. Soc., Dalton Trans., 
(1996) 4041. 
F.J. Parlevliet, A. O|ivier, W,G,J, de Lange, P.C.J. Kamer, H. Kooijman, A.Lo Sl~k and P.W.N.M. 
van Leeuwen, J. Chem. Soc., Chem. Commun., (1996) 583-584. 
F. Grynszpan, O, Aleksiuk and S,E. Biali, J. Chem. Soc, Chem. Commun,, (1993) 13o~16. 
P.D. |ker, M,G.B, Drew, P.B. Leeson and M.l. Ogden, J. Chem. Soc., Dalton Trans, (1995) 
1273~ 1283. 
K. Fujimolo and S. Shinkai, Tctrahedron Lelt., 35 (1994) 2915~2918. 
C,P, Johnson, J.L. Atwood, J.W, Steed, C.B. Bauer and R.D Rogers, lnorg. Chem, 35 (1996) 
2602 2610, 
C.G. Gibbs and C.D Gutsche, J. Am. Chem. Soc., 1 !5 { 1993) 5338 ~5339. 
I'1, Kwart and E,K Evans, J, Ore. Chem,, 31 (1966) 410413. 
M,S, Newman ~md |I.Ao Kal'nes. J° Org Chem.. 31 (1966) 3980=3984. 
X~ Delaigue, J°M. Harrowtidd, M,W, th)sscini, A. De Cian, J, Fiscl~cr and N. Kyritsakas, J. Ch,:m. 
5o¢,. Cicero, Commun.. { 1994) !579 1580. 
X. l~laigue, M.W. Hosseini, N. Kyritsakas, A. De Cian and J. Fischer, J. Chem. %,: C:,e~. 
Commun., (1995) 609.610° 
H, Adams, F, Davis and CJ.M. Stifling, J, Chem. Sot°, Chem. Commun., (1994) 2527.2529. 
E,U.T, van Velze~, J.FoJ. Engbersen and D.N. Reinhoudt, J. Am. Chem, Sot., 116 (1994) 
3597,,-3598, 
M.A. Malkowi{z, ~. lhclsky and S.L. Regen, J. Am. Chem. Soc., 110 (1988) 7545-..7546. 
M.A. Markowitz, V. Janout, D.G. Castner and SoL. Regen, J. Am. Chem. S~., Ill (1989) 
8192o 8200. 
H. Iki, T. Kikuchi and S. Shinkai, J. Chem. Soc., Perkin Trans. !, (1993) 205210. 
H. lki, T. Kikuchi, H. Tsuzuki and S. Shinkai, Chem. Lett., (1993) 1735-1738. 
H, |ki, T. Kikuchi, tt. Tsuzuki at~d S. Shinkai, J. Incl. Phenom., 19 { 1994) 227236. 
J.W. Steed, R.K. Juaeja, R.S. Burkhalter and J.L. Atwood, J. Chem. Sot., C|wm. Commun., (1994) 
2205-2206 
A. Ikeda, H. Tsuzaki and S, Shinkai, J. Chem. Soc., Perkin Trans. 2, { 1994) 20732080. 
A. Ikeda and S. Shinkai, J~ Am. Chem. Soc., 116 (19!94) 3102.~o3110. 
W. Xu, RJ. Puddephatt, K.W, Muir and A.A. qbrabi, Organometallics, 13 (1994) 3054°-3062. 
P.D. Beer, A.D, Keet~ and M,G,B, Drew, J. Organomet. Chem., 353 (1988) C10--C12. 
P.D. Beer, A.D. Keefe, A.M.Z Siawin and D.J. Williams, J. Chem. Soc., Dalton Trans., (1990) 
3675.3682. 
P.D. Beer, E.L. Tite and A. |bbotson, J. Chem. Soc., Dalton Trans., (1991) 1691- 1698. 



[1421 
[143] 

Ii441 

[1451 

[t461 

[147] 

[14~] 

[1~91 
[1501 

C Wieser et aL t C~nm:lination Chemistry Review~ I65 ( 1997/93-161 

P.D, Beer and A.D. K~fe,  J. Incl. Phenom., 5 { 1987} 499-504. 
N.N. Greenwood and A. Earnshaw, in Chemistry of the Elements, Pergamon Press, Oxtbrd, 
1984, p. 368. 
P.D. Beer, Z. Chen, M.G.B. Drew and P.A. Gale, J. Chem. Soc+, Chem. Commun., 111995} 
1851-18520 
P.D. Beer, Z. Chen, A.J. Goulden, A. Graydon, S.E. Stokes and T. Wear, J. Chem. Soc., Chem. 
C o m m ~ . ,  (1993) 1834-1836. 
P.D. Beer, M.G.B. Drew, C. Haz|ewood, D. Hesek, J. Hodacova and S.E. Stokes, J. Chem. Sty., 
Chem. Com mun., (1993) 229-231. 
P,D. Beer, D, He,k+ J.E. Kingston, D.K. Smith, S.E. Stokes and M.G.B. Drew, Organometallics, 
14 { 1995} 3288--3295, 
P.D. Beer. M.G.B. Drew, A. Ibbotson and E.L. Tire. J. Chem. Sot.+ Chem. Commun.. ~1988} 
1498 +° I ~ .  
A.G.S. HOg~rg, J. Am. Chem. So,',., 102 { 1980)64)46- <~50+ 
A.G.S. HOgberg, J. Org. Chem., 45 (1980) 44981-45~. 

Note a d ~  tn ~roof 

In the gap since submission of ~his manu~ript,  there have ~ e n  many exciting developments in the lield 
of calixarene chemistry, We cite below the leading references which have ap~ared  too recently to 
included in the review, In particular we wish to draw attention to the tine review published by Roundtfill 
m l+rogre~s in Inorganic Chemistry [ 151 ], 

O°met+dtared cali,~[ 4larches: Nb I 152 ], °!I'~ [ 152,15] 1, W I 154,155} 
(~dix/4laee~ws ,~d~st~t+#ed uqth t~q~y~'.@i liga~d~, Co i 15~ ], Ru [ 15f~. 157], Re [ 15{~I+ Cu [ 158] 
Gd~r/ 4 /an+m~ ~ sub, muted w#h p+.?;dn+in,~ ,~ Fe [! 5~;~] 
("alixarene°rehm, d ligomls co~+laitW~g N~&m.¢,~', Co ! 1¢,~)1 
C++11+~[4/are~+es awh phosld+,,.+n~ hgaml~, A~+ j 161 ]. PI [ l+~i ] 
(+<]i+++/ "/ ]+P+P/<++ +ff+++P+/+I/~+O + WH+ ,t++y++e+'+ d++;,rmr,+, '+ F¢ [ t+~] 
{?~+t1++¢[ 4]aPefl+++,+ s'ld+M#+led +++ilh lh+d.+ + or lhlm+lhera+ l+d i 16} ]+ Au ~ 161111hS] 
~+++++,'°+'m' ,++Oml+h':,,e,',, + ,+'.+I++./4h+n,m++,, +' R~+ i I~+] 
qal+.+j 4],+n+m~,, + .,,.u+.,,'+'ma,:d .~.i~h +,+,++++' : ~+'o l lrnl 
CoI++~' 14]~,,e.~' ,,,'+d+-s+i+mPPd .,i~h a'i/+ v.,~++,+': Ag i i¢~8 l, Au I i+',rl 
(,~+11+11 +1 +vm+.+ + l~rm+ .+++lh.m+ ~r+++q+.+., F+ i 169 ] 
Res++'++P+.+,tre,Pws +mPl+&xe+: Cu i l 7t+]. A+ I 170]. Ii+ I I TOi 

D,M+ Roundhill, in K+D, Karlin {oJ L Pr~gre~ m !n~rgamc Chemi~tD., Vot, 43+ Wiley. New York. 
I~5° pp. 5~3 59~. 
A, ZmlolIbGero~i+ E. Sohri, L, Gimmini, C l-Io~iani+ A (°hie~i°ViUa and C, Ki~.++oli, J. Chem. 
S~., (7hem. Commun., 11997} 183 184. 
B. C~stellatio, A. Zanotti°G~rom~, E Solan, C. Fh~rimm A. Clu~io.Villa and C. Ri~oli, 
O~gm~omet.aliics, I~ < I~} 4~4 
B. Xu, P.]. Carroll and T.M. S~,age+', AJ~g~. Chum.. Ira. Ed E~gl.. ]5 i I~}6} 21~N 21~}7. 
i°. Gi~'miili, |~; ~flari and C. |:lo~'i,,mi, Chimia, 51i i l~.~l 3]I. 
|LD, |K~+ M.G.IL I)r¢~, D, H~k, M~ Shade m~d F, S~¢mes~ ,!+ Chem. S~.~¢., Chum Commun+, 

F. S~m~s, D+ I-~k~ Z. Chert+ S,W, Ii:~t, M,G+B+ Drew, A,J, Gmdden, A,R. Graydon, A Grieve, 
R,J, Mortimer, T, W~ar, J,S, ~+~i.gim'mm m!d P.D. I~', |no~g. Che.m,, 35 i t9~6} 58685879. 

N. Kob~y~shi, K. M~u~o and T. O~ ,  inorg. Chim+ Acla, 224 ~ lt,n~4} I 3. 
M.J. Grannas+ B.F. Hoskins and R. Rob~m. hlorg+ Chem,  33 i I~)~} }I}7! 11079+ 



C lVi¢ser et at. / Cc, ordinatien Chemistry Reviews 165 (1997) 93~t6t 161 

[1611 

[|62| 
[1631 
11641 
[165] 

11661 
11671 

[1681 
[1691 
117o1 

I. Neda, H.-J. Plinta, A. Fischer, P.G. Jones and R. ~hmutfler, Phosphorus, Sulfur, and Silicon. 
109-110 (1996) 113-116. 
P.D. Beer, M.G.B. Drew, P.B. Leeson and M.|. Ogden, lnorg. Chim. Acta, 246 (1996) 133-141. 
B.R. Cameron and S.J. Loeb, J. Chem. S~., Chem. Commm~., (1996) 2003-2004. 
F. Davis and C.J.M. Stirling, J. Am. Chem. Soc., 117 (1995) 10385-10386. 
B.-H. Huisman, D.M. Rudkevich, F.C.J.M. van Veggel and D.N. Reinhoudt, J. Am. Chem. Soc., 
118 { 1996) 3523-3524. 
J.L. Atwood, K.T. Holman and J.W. Steed, 3. Chem. Soe., Chem. Commun., { 1996) 1401-1407. 
P.D. Beer, M.G.B. Drew, D. Hesek and K.C. Nam, J. Chem. Sot., Chem. Commun., (1997) 
107-108. 
W. Xu, 3.J. Vittal and R.3. Puddephatt, Can. J. Chem., (1996) 766-774. 
R.M. Nielson and J.T. Hupp, inorg. Chem., 35 (1996) 1402-1404. 
W. Xu, 3.J. Vittal and R.J. Puddephatt, lnorg. Chem., 36 (19971 86-94. 


