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affinity is demonstrated for compounds 2 and 3, no conclusions
can be drawn regarding the role of iodine or the C-4 stereo-
chemistry in the sequence specificity of calicheamicin v,'. The
simple footprinting techniques used to determine these interactions
and the power of synthesis to produce a variety of oligosaccharides
and glycopeptides should facilitate further studies in this new and
important area of molecular recognition.!2
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(12) A number of partial oligosaccharide fragments of calicheamicin v,
were studied using the footprinting techniques described in this paper, and in
each case no specific binding was observed.
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Bridging five-coordinate phosphines and phosphido ligands have
long been implicated as intermediates in organometallic processes,
including ligand exchange.! Yet to date only one example of a
- or uy-PR; ligand has been reported.? By analogy, five-co-
ordinate u;-phosphido (u3-PR,) groups should be accessible from
their p,-counterparts. While exploring the chemistry of the
electron-rich cluster Ru,(CO),;(u,-PPh,), (1),>* we discovered
a remarkably facile transformation via overall two-electron loss
to the novel molecule (u-H)Ru,(CO),o(x-PPhy)[us-n'(P),n!-
(P),n'(P),n',n*-{CcH,JPPh] (2). Cluster 2 contains an example
of a five-coordinate phosphido bridge bound simultaneously to
three metal atoms. We also describe a unique, reversible phosphido
orthometalation and n?-arene coordination process.

Heating an n-heptane suspension of 1 at reflux for 5-6 h results
in a remarkably smooth conversion to a single brown product 2°
in near-quantitative yield (90%) (Scheme I). The *'P{'H} NMR
spectrum® of 2 at 298 K consists of two singlet resonances, one
at low field (8 = 214.31 ppm) the other at high field (§ = 59.57
ppm) relative to those of the parent cluster 1 (8 = 119 ppm). The
high-field resonance in 1 reflects a considerable elongation of the
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Figure 1. Perspective view of the molecular structure of (u-H)Ru,-
(CO)1o(u-PPhy) (ke (P),n' (P) ' (P),n' m?{CeHLJPPh] (2) showing the
atomic numbering. For clarity, only the ipso carbon atoms of the non-
interacting phenyl rings are shown. Selected bond lengths and angles:
Ru(1)-Ru(2) = 2.829 (1) A, Ru(1)-Ru(4) = 2.905 (1) i, Ru(3)-Ru(4)
= 2.885 (1) A, Ru(2)-Ru(4) = 2.916 (1) A, Ru(2)-Ru(3) = 2.908 (1)
A; Ru(1)-P(2)-Ru(3) = 121.6 (1)°, Ru(1)-P(2)-Ru(2) = 68.3 (1)°,
Ru(2)-P(2)-Ru(3) = 74.6 (1)°, Ru(1)-P(2)-C(29) = 61.4 (1)°, Ru-
(3)-P(2)-C(20) = 111.9 (1)°.
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9Reagents: (i) 97 °C, n-heptane; (ii) CO, 60 °C, n-hexane.

Ru-Ru vectors bridged by the phosphido ligands,’ a fact consistent
with the unusual electronic structure of this flat 64-electron
butterfly cluster.” Thus, the lower field 3P shift of 2 was con-
fidently attributed to the formation of an electron-precise structure
containing a u-PPh, group bridging a normal metal-metal bond.*
Conversely, the remaining *'P resonance suggested a severe
structural rearrangement at this phosphorus atom. These spec-
troscopic features coupled with the observation that the conversion
of 1 to 2 is reversible (vide infra) prompted a single-crystal X-ray
study. The molecular structure (Figure 1)® identifies 2 as (u-
H)Ru,(CO),o(s-PPh;) [1s-1' (P),n"(P), 1 (P),n',n*{CsH,JPPh].
With a 62-electron count the butterfly structure of 2 is compatible
with the polyhedral skeletal electron count. The net loss of two
electrons from 1 yields a framework with metal-metal bond lengths
[2.828 (1)-2.910 (1) A] and a dihedral angle [117.9°] more
consistent with other butterfly structures.® The reduction in the
phosphido-bridged Ru-Ru bond length [Ru(1)-Ru(2) = 2.828
(1) A] accounts for the low-field 'P shift of the u-PPh, bridge
P(1) [6 = 214.31].10

The most unusual features of 2 are the triply bridging nature
of the phosphido ligand P(2) [Ru(1)-P(2) = 2.567 (1), Ru-
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(8) Deep brown crystals of (H)Ru4(CO),,[P{C¢H,4JPh] 2 from (C,H;),0
at 298 K are triclinic, space group P1, with a = 10.287 (1) &, b = 11.122 (1)
A, c=15934 (1) A, o = 89.67 (1)°, 8 = 81.66 (1)°, and v = 81.11 (1)°
at 150K, V= 1781.3 (4) A%, deiq = 1.966 g cm™, and Z = 2. Data were
collected via w scans on an LT2-equipped Nicolet-Siemens R3m/V diffrac-
tometer with graphite monochromated Mo Ka (A = 0.71073 A) radiation in
the 26 range 4.0-55°. A total of 8238 reflections were collected, of which 7350
were observed {F > 6.00(F)]. The structure was solved by Patterson and
Fourier methods and refined by full-matrix least-squares techniques to yield
R = 0.0202 and R,, = 0.0261.
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(10) Carty, A. J.; MacLaughlin, S. A.; Nucciarone, D. Phosphorus-31
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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
n*-arene interaction to Ru(1) [Ru(1)-C(30) = 2.327 (3) and
Ru(1)~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 u,-phosphido-bridged clusters.>!°

While the us-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 u,-PR, ligands have been demonstrated. Two clusters, (H)-
Ru;(CO)g(u-PPhy)!! and an iron analogue HFey(CO)o[u-P-
(C¢H,OMe)(CH,C4Hs)1,!2 may have weak M--P contacts with
a third metal site; HRu;Rh(u-CO)(CO)(PPh;),[u-P(C4H,)Ph]!?
has a long RheP (phosphido) contact, and Fe;(CO),o(u-RP=
CH,)™ contains a coordinatively stabilized phosphaalkene. Finally,
insertion of alkynes into metal-phosphinidene (u4- or u,-RP) bonds
affords u-RP{C(R)C(R")} ligands related to that in 2.!*

The >C NMR shifts of the 5',7°-bound phenyl ring [3 = 98.52
d (Mpc = 36.8 Hz) C(29), 6 = 143.7 dd (3Jpc = 40.0, 4.9 Hz)
C(30)]'¢ are typical of C; and C, shifts for o-m-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)°
differ in the location of the hydride along the Ru(2)-Ru(3) or
Ru(3)-Ru(4) edges.’

Heating a C¢H, solution of 2 at 60 °C 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,!” very
few examples of facile reversibility of these reaction types are
known.!® The reversibility of the present ortho-metalation and
n*-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 u-PR, 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* 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.®’ It
was reported that calix[S]arene sulfonate, calix[6]arene sulfonate,
and the two corresponding derivatives substituted at the base by
carboxymethoxy groups, 1 with R = CH,COOH, exhibited
stability constants for the uranyl ion of K = 10'#4-192, Indeed,
in competition experiments these calixarenes showed selectivity
factors of 10217 for uranyl over the Ni*, Zn?*, and Cu?* 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 UO,?* ion%’ 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 selection®4 it is difficult to find
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