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One of the most remarkable and important new classes of

homogeneous catalystsyhich has been developed in recent years
(and which is still growing in scopé¥;cis based on dirhodium
tetracarboxylates and similar paddlewheel species with bridging

For many years, the problem of isolating a paddlewheel
compound, M(O,CR),, with no axial ligands, especially when the
metal is Cr or Rh, for which the MO,CR), compounds have a
very strong affinity for axial ligands, remained unsolved for several

ligands that are stereoelectronic equivalents of a carboxyl group reasons. (1) Merely driving the solvent off of a crystalling(®h-
(e.g., amidato anions). The first such catalysts to be employed wereCR),L or M,(O,CRuL, compound leaves an amorphous product

the acetate, RAO,CCH;)4(H-0), and other RE(O,CR),L, com-
pounds? The acetate itself, the first compound of the entire class
of Rhy*™ compounds, was reported in 196although the simplest

from which structural information cannot be obtained. (2) It is
impractical to design and synthesize a compound with an R group
capable of blocking the axial positions completely. An R group

member of the class, the tetraformate, had been reported, buthat might be able to accomplish this would tend to be so bulky as

incorrectly formulated, a little earligr.As first reported, the
structure], was somewhat imprecise although qualitatively correct;
an accurate structure was published in 1870.

Their role as catalysts is far from the only reason for wide interest
in compounds of the general type RF, (where " is anyn?u,
ligand). Other important features of their chemistry relate to their
potential as therapeutic agefittheir interactions with DNA and
nucleosideg their utility in forming supramolecular structur&and
the exceptional ability of R{{O,CCFs), to function as a powerful
difunctional Lewis acid.

A key factor in stabilizing RE(O,CR)L, compounds is the
formation of a Rr-Rh single bond, and this bond length is generally
in the range 2.342.41 A; mononuclear rhodium(ll) compounds
are almost unknowH

The work reported here, which provides important new data
bearing on the question of electronic structure, begins with the
solution of a synthetic problem. lall previously known RE(O.-
CR), compounds, there has been axial ligation. Even two structur-
ally characterized compounds, RB,CC;H7), and RR(O,CCR)a,

to make the compound nonvolatile and to create a severe solubility
problem in any solvent that is not able to be an axial ligand. (3)
Solubility or volatility alone do not, of course, suffice because, as
noted, these give crystals in which the molecules form self-ligating
chains.

A workable strategy for overcoming these difficulties was found
several years ago and applied successfully to give the first example
of a crystalline C{O,CR), compound that was totally lacking in
axial ligation13 That strategy was to employ an R group that meets
two requirements? (1) It can block the formation of chains of type
I, even though the axial positions are still accessible to many
ligands. (2) This R group renders the(®,CR), compound soluble
in one or more noncoordinating solvents from which crystals may
be grown. In the case of &O,CR),, we used the R group 2,4,6-
triisopropylphenyl. This choice has the added practical advantage
that the needed acid, TiPBH, is commercially available at relatively
low cost. We have now applied our strategy to what we believe is
the second most difficult case, namely, ,RCR),, and have

whose formulas do not have exogenous ligands, have structures irpr_epared the first dirhodium compound without axial ligationzRh

which the molecules form infinite chails2in such a way that

each molecule has its axial sites occupied by oxygen atoms from

its neighbors, as shown ih. This means that all theoretical work
bearing on how axial ligation affects the electronic structure of an
Rh,(O,CR), molecule has been untested by experiment.
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(TiPB)4, 1, where TiPB is the anion of 2,4,6-triisopropyl benzoic
acid. We also report on the structurele?.90acetone, RLTiPB),-
(Me,CQO)+0.90MeCO, for comparison.

The reactio® between NaTiPB and Rh&BH,0 in C,HsOH at
reflux temperature gave a solution with the characteristic green color
of many RB(O,CR),L®, compound¥ with axial oxygen donor
molecules. Thus, this solution presumably containeg RRB),-
(C,HsOH),. After vacuum distillation of the solvent, redissolution
of the solid in acetone, followed by subsequent cooling yielded
1-2.90acetone. The blue-green crystald&f.90acetone were then
placed under vacuum at 13C to drive off both the axial and
interstitial acetone molecules, affording a yellow-green solid. This
solid was recrystallized by slow evaporation of a hexane solution
to yield crystals ofl.1”

In 1, the four carboxylato groups bridge the singly bondeg'Rh
unit, giving the typical paddlewheel arrangement shown in Figure
1. The structure is similar (but not isomorphous) to that of the
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Figure 1. Thermal ellipsoid plot ofl, shown at the 30% probability level.

Hydrogen atoms and disordered groups of minor occupancy have been

omitted for clarity. Selected bond distances (A) forRh—Rh, 2.3499(4),
Rh(1)-0, 2.026[2], Rh(2)-0, 2.038[2]. The structure df-2.90acetone is
similar but two axial ligands are found with RO distances (A) of
2.295(3) and 2.32(1). Other relevant distances are—Ri, 2.3700(5),
Rh(1)-Oeq 2.043[3], Rh(2)-Oeq 2.030[3].

chromium and molybdenum analogué4® A major difference is
that1 exhibits an internal twist angle of 13.95vhich is not present

in the Cr and Mo compounds. This is not surprising, as the single
bond in 1 does not entail any nei bonding, while the short,
quadruple bonds found in the chromium and molybdenum com-
pounds assuredly do. Iir2.90acetone, it is clear that, although
TiPB is bulky enough to block the carboxyl oxygen atoms and
prevent the self-association found in RB,CCsH;), and
Rhy(O,CCR),, the axial position itself is not protected from
coordination by acetone.

It is interesting that irl the Rh—-Rh distance of 2.3499(4) A is
only slightly shorter, by ca. 0.02 A, than that h2.90acetone,
(2.3700(4) A). Dichromium complexes have a strong affinity for
such ligands, and the €Cr bond in C(TiPB), is dramatically
shortened by ca. 0.4 A when deprived of axial ligands. Although
the Mo—Mo bond in Mg(TiPB), also shows only a slight
shortening of ca. 0.02 A when compared to J@CCR)L, it is
well-known that dimolybdenum paddlewheel compounds do not
have a strong affinity for axial ligands. It is now seen for the first
time that the RR-Rh bond length is also almost insensitive to the
complete removal of axial ligands, even though the colors of
Rhy(O,CR)L, compounds are very sensitive to the identity of the
ligands L.

Because of the great variety of fascinating and important
chemical properties possessed by®BCR), compounds, and the
presence of RRRh bonding, their electronic structures have been
the subject of extensive investigatiér?! by both experimental and
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Figure 2. Electronic spectra ot (green),1-2H,0 (red), andl-2acetone
(blue) in hexanes. Fot, A(e), nm(M~1 cm™1): 760(251), 430(225), for
1-2H,0: 670(250), 445(164), fot-2acetone: 610(255), 460(123).

EPR?223 spectroscopic confirmation of the Norman and Kolari
results has already been published.

The assignment of the visible and UV spectra ob(®aCR)L »
compounds, which have a great variety of col§rbas been the
subject of several studi@®cThere are always two principal bands,

A at 600-700 nm and B at around 450 nm. The assignment of the
A band to the HOMG-LUMO, x*(Rh,)—0o*(Rhy), transition is
strongly favored on the evidence previously availaBteyhile the
assignment of band B is still uncertain, although it has been
attributed to ar*(Rh—O)—0*(Rh—0O) transition?°¢

Room-temperature electronic spectra far 1-2H,O, and
1-2acetone are displayed in Figure 2. The pale yellow solution of
1in hexanes gives a spectrum that shows a very low-energy peak
at 760 nm. After a drop of water was added, the solution became
pale green in color, and the low-energy peak shifted to 670 nm. A
solution of1-2acetone in hexanes gave a spectrum where the peak
appears at 610 nm. Contrary to ref 16, we observe a much lower-
energy peak for the water adduct (670 vs 587 nm), perhaps
reflecting the different media (hexanes vg®). Band B displays
an inverse behavior from band A: peaks appear at 430, 445, and
460 nm, for the anhydrous, hydrated, and acetone adduct, respec-
tively. The lesser degree of sensitivity of band B toward the nature
of the axial ligand suggests only a small Rh contribution to the
orbitals involved, but we are not prepared to speculate any further.
It should be pointed out, however, that the molar absorptivity of
band B is slightly greater for the RTiPB), compound than for
the bis-adducts, 225 vs 164 (water) and 123 (acetoné)dvh?,
perhaps suggesting some ligand involvement.

The extremely low-energy of band A when there is no ligation
at all provides further, and very persuasive evidence that the
assignment to the*(Rh,)—o*(Rhy) is correct.

Acknowledgment. We thank Johnson Matthey for a generous
loan of rhodium and Drs. Lee M. Daniels and Xiaoping Wang for
crystallographic advice. We are grateful to the National Science
Foundation for financial support. E.A.H. also thanks the NSF for

theoretical methods. The earliest quantitative calculations, by a predoctoral fellowship.

Norman and Kolar?%@produced ar2r*0%7*49*2 configuration for
Rhy(O,CH), and ar?o?027* 40* 2 for Rhy(O,CH)4(H,0),, each with
ao* LUMO and a single bond. The ordering of the bonding orbitals
in the two compounds was attributed to the interaction of the
symmetric and antisymmetric combinations of the tw®hb lone
pair orbitals with the RirRh o ando* orbitals, respectively, which

destabilizes these orbitals relative to those of the anhydrous

compound. This destabilization of thebonding orbital corresponds
to only a slight weakening of the RfRh bond, which is what we
have found comparing the structureslaind1-2.90acetone. Some

Supporting Information Available: Thermal ellipsoid plots of.
and1-2.90acetone and IR and NMR spectra (PDF) and crystallographic
data in CIF format for compoundsand1-2.90acetone. This material
is available free of charge via the Internet at http://www.acs.org.
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