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(2)-P(2) = 2.478 (1), and Ru(3)-P(2) = 2.316 (1) A] and the 
overall five-coordinate stereochemistry at phosphorus. Apart from 
the three metal atoms, the two remaining coordination sites at 
P(2) are occupied by two phenyl rings, one of which has undergone 
metalation [Ru(4)-C(30) = 2.151 (3) A] and formation of an 
»?2-arene interaction to Ru(I) [Ru(l)-C(30) = 2.327 (3) and 
Ru(l)-C(29) = 2.335 (3) A]. The stereochemical change at P(2) 
is best described as a transformation from tetrahedral to 
square-pyramidal geometry. The Ru-P bond lengths associated 
with this novel coordination mode are slightly longer than those 
found for normal /i2-ph°sPhido-bridged clusters.3'10 

While the ^3-phosphido metal bonding in 2 is unprecedented 
for a bis(aryl)phosphido group, there are a few examples of 
compounds in the literature where weaker secondary interactions 
to M2-PR2 ligands have been demonstrated. Two clusters, (H)-
Ru3(CO)9(M-PPh2)" and an iron analogue HFe3(CO)9[M-P-
(C6H4OMe)(CH2C6H5)],

12 may have weak M-P contacts with 
a third metal site; HRu3Rh(M-CO)(CO)6(PPh3)2[M-P(C6H4)Ph]13 

has a long Rh-P (phosphido) contact, and Fe3(CO)10(M-RP= 
CH2)

14 contains a coorduiatively stabilized phosphaalkene. Finally, 
insertion of alkynes into metal-phosphinidene (M3- or MrRP) bonds 
affords M-RPjC(R)C(R')) ligands related to that in 2.15 

The 13C NMR shifts of the V>»?2-bound phenyl ring [8 = 98.52 
d (2/PC = 36.8 Hz) C(29), 5 = 143.7 dd (2Jp0 = 40.0, 4.9 Hz) 
C(30)]16 are typical of C8 and Ca shifts for <r-ir-bound alkenyl 
ligands. In solution, 2 undergoes a dynamic exchange process 
which can be frozen out at 193 K. The two isomers (ratio 45:55)6 

differ in the location of the hydride along the Ru(2)-Ru(3) or 
Ru(3)-Ru(4) edges.5 

Heating a C6H14 solution of 2 at 60 0C under a CO purge 
reforms 1 in high yield (Scheme I). Although the involvement 
of bridging ligands via C-H or C-P activation during reactions 
performed under forcing conditions is well documented,17 very 
few examples of facile reversibility of these reaction types are 
known.18 The reversibility of the present ortho-metalation and 
»?2-arene transformation, under mild conditions, is notable. The 
demonstration of a triply bridging mode for a phosphido group 
in 2 provides additional evidence to support the involvement of 
five-coordinate M-PR2 ligands in ligand-exchange processes and 
skeletal rearrangements in phosphido bridge containing clusters. 
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The chemistry of calixarenes has recently become a very active 
area of endeavor.2"5 Of the numerous stimulating findings to 
appear thus far in the literature, one of the most intriguing 
concerns the discovery of certain uranophiles by Shinkai.6,7 It 
was reported that calix[5]arene sulfonate, calix[6]arene sulfonate, 
and the two corresponding derivatives substituted at the base by 
carboxymethoxy groups, 1 with R' = CH2COOH, exhibited 
stability constants for the uranyl ion of K = 1018-4"19-2. Indeed, 
in competition experiments these calixarenes showed selectivity 
factors of 1012"17 for uranyl over the Ni2+, Zn2+, and Cu2+ ions. 
This selectivity was attributed to a moderately rigid calix[6]arene 
structure which was preorganized to match the rather unusual 
pseudoplanar hexacoordination needs of the UO2

2+ ion6'7 as shown 
in 2. However, on the basis of this study this premise appears 
untenable. 

Considering the importance of the abovementioned findings, 
the structural chemistry of derivatives of calix[6]arene has been 
slow to develop. In the available selection8"14 it is difficult to find 
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Figure 1. View of the Na8{calix[6]arene sulfonate) structure illustrating 
the three "up", three "down" sulfonate arrangement of the double partial 
cone conformation. 

general conformational features, apart from the elliptical cone 
conformation exhibited by the parent /?-tert-butylcalix[6]arene.8 

Since our group has found a rich and often surprising inclusion 
chemistry for calix[4]arene sulfonates,15"18 we decided to inves­
tigate the structure of calix[6]arene sulfonate and its alkali metal 
salts. 

In the stability constant studies by Shinkai on calix[6]arene 
sulfonate, 1 with R = SO3H and R' = H, the pH was set at 9.5 
with an ammonium buffer.6'7 There are contradictory reports in 
the literature concerning the value of the pK^'s of the sulfonic acid 
and phenolic protons, making it unclear whether an 8-, 9-, or 10-
anion would be expected at basic pH.19 However, the compound 
which crystallizes at this pH20 is the (calix[6]arene sulfonate}8". 
In view of this confusion surrounding the pATa values for calix-
[6]arene sulfonate,19 we redetermined the protonation constants 
via a potentiometric titration.21 Iterative computer refinement21 

revealed that only two phenolic groups have ionizable protons with 
p#a values of 4.76 (3) [/3„ = 4.76 (3)] and 3.44 (4) [/S12 = 8.02 
(4)]. These values compare favorably to those reported by Scharff, 
Mahjoubi, and Perrin, who determined pK^ values of 5.02 and 
3.45,19 and are comparable to the second two values of 3 and 4 
reported by Shinkai.19 Shinkai's first pK^ value of 1 is reasonably 
assigned by us to removal of a sulfonate-bound proton. Arene-
sulfonic acids are highly acidic and typically show pATa values near 
1.0 (p̂ Ta of benzenesulfonic acid = 0.7); therefore they are com­
pletely dissociated in the pH range examined here.22 From our 
experimental p.Afa values, one can easily rationalize the formation 
of the jcalix[6]arene sulfonate}8" ion under our experimental 
conditions. 

In the solid state23 (Figure 1), Jcalix[6]arene sulfonate}8" adopts 
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a structure that may be described as a double partial cone;2'24 that 
is to say, the anion resides on a crystallographic center of inversion 
and presents three adjacent SO3 groups "up" and three "down", 
as shown schematically in 3.25 This conformation appears to be 

stabilized by intramolecular hydrogen bonding between the three 
phenolic oxygen atoms and the two remaining hydrogen atoms 
on each half of the molecule, as shown in 3. The corresponding 
0~0 separations are 011-021 (2.64 (1) A) and 021-031 (2.50 
(1) A).26 The strong hydrogen bonding noted here may account 
for the relative nonacidity of the last four phenolic protons as 
evidenced by our pK^ studies. While the complex in which two 
phenolic oxygen atoms are deprotonated is the species present at 
basic pH, it is interesting to note that the parent acid exhibits 
essentially the same double partial cone conformation.27 

From scrutiny of Figure 1 it is clear that calix[6]arene sulfonate, 
in either the acidic or basic form, is not preorganized into a 
pseudoplanar hexacoordination geometry appropriate for the 
uranyl ion.28 The ellipsoidal cone conformation found for p-
tert-butylcalix[6]arene has been replaced by the new double partial 
cone geometry shown in 3. Strong uranyl ion coordination can 
only be realized by a metal ion-induced calixarene reorganization. 
We have prepared a uranylcalix[6]arene sulfonate complex and 
find that binding constant studies are complicated by competitive 
uranyl hydrolysis. Future studies on this system are in progress. 
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group PlJc with a = 13.741 (2), b = 12.356 (3), c = 20.729 (2) A, /3 = 
101.45 (I)", and Daloi = 1.61 g cm"3 for Z = 2. Refinement based on 3091 
observed reflections led to R = 0.091. 

(24) The conformation found in the title compounds has some structural 
features similar to those found for the metal-coordinated calix[6]arenes in refs 
U and 12. The conformation was described as a "hinged-3-up-3-down" 
conformation in ref 3, p 218. However, in view of the existing partial cone 
nomenclature in calix[4]arene chemistry and in view of the close structural 
similarity between the partial cone conformation and that of the title com­
pounds (Rizzoli, C; Andreetti, G. D.; Ungaro, R.; Pochini, A. / . MoI. Struct. 
1982,82, 133; Hamada, F.; Bott, S. G.; Orr, G. W.; Coleman, A. W.; Zhang, 
H.; Atwood, J. L. / . Incl. Phenom. 1990, 9, 195), the term double partial cone 
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100.37 (4)°, and A»icd = 1.52g cm-3 for Z = 2. Refinement based on 1187 
observed reflections led to an R value of 0.129. The rather high R value in 
for this structure and for the one of the sodium salt may be attributed in part 
to a large number of disordered water molecules in the crystal lattice. 

(28) The solid-state conformation is assumed to reflect that of the solution 
state. This premise is especially reasonable in view of the large number of 
water molecules which surround the calix[6]arene in the solid-state structure. 


