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COMMUNICATION 

Anion inclusion within the cavity of 'TT- 

metalated p=t=butylcalix[5]arene 
JONATHAN W. STEED', CARL P. JOHNSON', RAVINDRA K. JUNEJA2, JERRY L. ATWOOD'* and 
ROBERT S .  BURKHALTER' 

'Department of Chemistry, University of Missouri-Columbia, Columbia, MO 65211 (USA) and 2Department of Chemistry, 
University of Alabama, Tuscaloosa, AL 35487 (USA) 

(Received February I ,  1995) 

The X-ray crystal structure of the triiridiump-t-butylcalii[5]arene 
host molecule [(Ir(qs-C~es)},@-t-butylcaliu[5]arene-H)][BF~]s 5 
reveals the deep inclusion of one of the BF, ahions within the bowl 
shaped cavity of the macrocycle. 

INTRODUCTION 

The complexation of anions by non-covalent interactions 
is a relatively unexplored field of endeavor in compari- 
son with the extensive range of cation binding hosts such 
as crown ethers,'.2 cryptands? calixarenes4-' etc. Re- 
cently however, anion binding,'-'' especially by polyam- 
monium based has received considerable 
attention and a number of practical applications such as 
waste water treatment to remove phosphate contami- 
n a n t ~ ' ~ " ~  or inhibition of the energy producing ATP to 
ADP conver~ion'~ by binding the triphosphate residues 
of ATP can be envisaged. 

Re~ently ' '~ '~ we have reported the synthesis and 
complexation behavior of a new range of organometallic 
calix[4]arene (la) based host molecules designed to 
bring about the complexation of anionic guests within 
the bowl shaped calixarene cavity by electrostatic inter- 
actions with the partial positive charge associated with 
7r-metalated phenolic residues of the macrocycle. In the 
case of the water-soluble tetraruthenium host [{Rub- 
~ymene>}~(calix[4]arene-2H)]~+ 2 we have isolated a 
number of anion inclusion species with small anions 
such as BF,, I-, PO:-, SO:- erc. of which the X-ray crystal 
structure of the BF4 salt reveals the deep penetration of 
the anion within the host cavity." The analogous struc- 
ture of the iodide salt reveals a more shallow penetration 
of an iodide ion within the calixarene cavity as a result of 

*To whom correspondence should be addressed. 

the larger size of I-.'' Clearly, in order to obtain selective 
anion recognition, a range of host bowl shapes and sizes 
are necessary and we now report an extension of these 
studies to host molecules with larger cavities based on 
p-f-butylcalix[5]arene lc. 

Previously we have demonstrated that either two or 
four ~ p * 1 2 + "  (cp* = pentamethylcyclopentadienyl) 
moieties may be appended to the carbocyclic rings of 
calix[4]arene l a  to give respectively the di- and tetrairi- 
dium species [ { (Ir(q5-C,Me5)),(C2,H2,+.O4)]"+ (n = 2, 
3a, n = 3, 3b, n = 4, 3c) and [{(Ir(q5-C5Me5)}, 
(C28H2204)]6+ 4. Similarly the p-t-butylcalix[4]arene 
(lb) analogues of complexes 3 may readily be prepared 
in excellent yield, although the p-t-butylcalix[4]arene 

L O H  A" 
n = 4, R = H la 

n = 4, R = t-butyl l b  

n = 5, R = r-butyl l c  
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analogue of 4 could not be synthesized possibly due to a 
steric crowding effect. The X-ray crystal structure of 
3bN0,Me-Et20 (as the tetrafluoroborate salt) reveals 
that the complex exists in the cone conformation but the 
narrow entrance to the bowl shaped molecular cavity 
does not permit the ingress of any BF, anion. Instead the 
host is occupied by a diethyl ether guest molecule. 

Treatment of excess [ ( Ir(Cp*)Cl(p-CI)}2]21 with 
Ag[BF4] in acetone followed by refluxing for 24 h. with 
l c  resulted (after recrystallisation from CH,NO,/Et,O) 
in the isolation of the triiridium species [{(Ir(qs- 
C,Me,)},(C,,H,,0,)][BF4],~0.5CH3NOz-nEt,0 5 (n = 
ca. 2) in 71% yield, resulting from the metalation of 
three of the five carbocyclic rings and loss of one of the 
phenolic protons from the lower rim of the calixarene. 
This enhanced acidity upon metalation has been noted 
previously for complexes 2-4 and various organometallic 
phenol  specie^.^^*^^ The nuclearity of the complex was 
confirmed by a FAB mass spectrum which showed a 
clear molecular ion peak at d z  1964 (the cation in 5 in 
association with two BF, anions) along with major 
fragmentation peaks associated with the loss of one and 
two BFi ions and also loss of one Cp*Ir unit. The 'H 
NMR spectrum of this material was consistent with the 
proposed formulation exhibiting two resonances arising 
from the Cp* protons in the ratio of 2: 1. In the high field 
region fourteen singlet signals were observed, arising 
from the aromatic ring protons and the phenolic hydroxyl 
functionalities suggesting that the two halves of the 
molecule are magnetically unique in solution, possibly as 
a consequence of the deprotonation of only one of the 
hydroxyl functionalities. Addition of a small quantity of 
D,O to the NMR tube resulted in a reduction in intensity 
of four of these signals to give a pattern consistent with 
that expected for the ring protons alone. The NMR data 
are insufficient to distinguish between the two possible 

isomers of 5 (either rings A, C and D or rings A, B and 
C may be metalated) but it seems likely that the cationic 
metal centers will be as widely separated as possible (as 
in the case of complexes 3) which would favor the ACD 
isomer. 

The supramolecular chemistry of 5 was investigated 
by X-ray cry~tallography.'~ The structure of 5 is shown 
in Fig. 1 along with the atom numbering scheme 
adopted. The structure consists of a p-t-butylcalix[5] 
arene monoanion with two adjacent rings (C and D) 
bound to Cp*Ir moieties as well as the distal ring, A. 
There are three types of supramolecular interactions in 
the structure: i) inclusion of nitromethane in a disordered 
fashion along the crystallographic twofold rotation axis, 
ii) inclusion of a large amount of disordered diethyl ether 
in the pocket formed at the base of the molecule by the 
protrusion of the Cp* methyl groups below the lower rim 
of the calixarene and, most importantly, iii) the incorpo- 
ration of one of the BF; anions within the large bowl 
shaped cavity of the metalated host. The anionic guest is 
situated in proximity to the metalated pair of phenolic 
residues (C and D) with shortest F*..C contacts F(2A)- 
C(3C) 2.93 A and F(3A)-C(lD) 3.09 A, based on the 
rigid group refinement adopted for the BF, anion. These 
distances are consistent with those observed for 2 (2.85, 
2.86,3.06 and 3.11 A") in which the guest anion refined 
freely. The fluorine atom F( 1 A) penetrates most deeply 
into the cavity although there are no short F * - C  contacts; 
F(lA)...centroid distances for rings B and E 3.88 and 
3.66 A respectively. The rather disordered nature of the 
included anion contrasts with that observed for the 
structure of 2 ' *  in which the guest is extremely rigidly 
held, and probably results from the size mismatch 
between the small BF, anion and the large cavity and the 
flat potential energy surface represented by the pair of 
metalated rings. This suggests that metathesis experi- 
ments may prove fruitful in which BF, is replaced by 
larger anions such as polyphosphates. 

As observed for 3b, the atom C(1) in each of the 
metalated rings is notably above the plane formed by 
C(2)-C(6) with a long Ir-C(l) distance of 2.52(2) 8, av. 
compared to 2.22(2) 8, av. for Ir-C(2-6), consistent with 
the proposed oxocyclohexadienyl nature of the coordi- 
nated phenolic fragment." Also interestingly, the con- 
formation of the calixarene itself is quite regular with the 
phenolic residues forming angles of 40.9'4 1.7" with the 
plane containing O( 1A)-O( 1E). This contrasts with the 
structure of the parent ligand l c  and a range of structures 
of p-sulfonatocalix[5]arene in which two rings invariably 
lay flatter (at an angle of ca. 25-35' to the plane of the 
phenolic oxygen atoms) while the other three are more 
upright (60-80°).2s-27 This almost certainly arises from 
the presence of the bulky Cp* rings which would cause 
unfavorable steric interactions in a more irregular con- 
formation. 
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Figure la. 

Figure lb. 

Figure 1. X-ray crystal structure of [{(Ir(q5-C,Me5)),(C,,H,0,)][BF,],.0.5N0,Me.nEt,0 5 (n = ca. 2) along with the included tetrafluorobo- 
rate anion a) top view, b) side view. Selected bond lengths: Ir(A)-C(1A) 2.53(2), Ir(A)-C(2-6A) 2.22(2) av., Ir(C)-C(1C) 2.54(2), Ir(C)-C(2-6C) 
2.22(2) av., Ir(D)-C(ID) 2.48(2), Ir(D)-C(2-6D) 2.23(2) A av. 
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CONCLUSION 

While the poor size complementarity between BF, and 
the calix[5]arene cavity results in less tight anion binding 
than that observed for calix[4]arene complexes such as 2, 
this work establishes i) that anionic guests may be 
included in organometallic hosts in which not all the 
rings are metalatrd and ii) that anion selectivity based 
upon shape and size considerations may be introduced in 
the next generation of organometallic host molecules. It 
is also noteworthy that the crowding of the upper rim of 
the calixarene with bulky t-butyl groups does not prevent 
entry of the anion. 
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