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complexes and the similarity of the electronic. spectra!®!!
between diastereomers provide firm evidence for a head-to-
head orientation of ligands in all the complexes studied.
We are aware of only one other study that compares rate
data for technetium and rhenium complexes. The Tc(IV)
complex TcClg2™ exchanges chloride 50 times faster than its
rhenium congener, and TcBrg?~ exchanges bromide 20 times
faster than ReBrg>.)2 Our data show the technetium complex

(10) The UV-vis spectrum of 1a is in good qualitative agreement with the
previously published spectrum; however, the extinction coefficient we
calculate is substantially less. For 1a, er = 424 nm (e 4890 M~! L1);
for 28, A = 421 nm (e = 5050 ML L), For 1b, Ay, = 345 nm (¢
= 5020 M L™); for 2b, Ay, = 342 nm (e = 4390 M~ L°1). The
reaction of TcCl2™ with penicillamine has been reported to give a
product with A_,, = 420 nm (¢ = 4800 M L"), assigned as Tc(IV)
because of its precursor.*® The stereochemistry of the penicillamine was
not reported, but this product is almost certainly 1a or a mixture of 1a
and 2a.

(11) A reviewer has suggested the possibility that the relative stereochemistry
of penicillamine ligands could be mutually trans rather than mutually
cis. If this were the case, the mixed complexes would show static NMR
spectra and the stereochemically pure complexes would show fluxational
behavior. Since 1a is chromatographically identical with the complex
characterized crystallographically as mutually cis by Lock, the mixed
complex 2a must also be mutually cis to account for its fluxional be-
havior. The same argument rigorously proves the rhenium complexes
to also be mutually cis. An alternative structure for the mixed com-
plexes would have neither carboxylate coordinated, but this structure
would not be expected to be fluxional and would not fit our chromato-
graphic data.

2a racemizing 50 times faster than 2b at 25 °C. Very few
direct comparisons exist between the chemistry of technetium
and rhenium,'? and our data demonstrate structural similarities
and kinetic differences between the two metals. The ability
to make such comparisons should prove helpful in the de-
velopment of new ™T¢ imaging agents as well as in the design
of radiotherapeutic agents based on '®Re or '*Re. In addition,
pharmacokinetic studies on the ®™Tc¢ penicillamine complexes
show that stereoisomerism can be a significant concern in the
development of new radiopharmaceuticals.!4
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The product of the borohydride reduction of Rh,Cl,(CO),(dppm), has been reinvestigated and characterized as the dihydrido
species Rhy(u-H),(CO),(dppm),. Under vacuum or N,, the complex rapidly loses H, as it undergoes a first-order decomposition.
The decomposition is inhibited by H,, and solutions of the complex under H, are somewhat stabilized. Under D, the rapid
formation of HD is observed. Solutions of the complex under H, react cleanly with various substrates. With HCl, the
quantitative conversion to Rh;Cl;,(CO),(dppm); is observed. The complex reacts with HBr to form Rh,Br,(CO),(dppm),
and the new complex [Rh,(u-H)(u-CO)Br,(dppm),]Br. Methyl iodide reacts with the complex to form 1 equiv of CH,

and the new complex Rh,(u-H)(u-I)(CO),(dppm),.

Introduction

Molecular A-frames are binuclear complexes of general
structure I in which two d® metal ions are maintained in close,
fixed proximity for the binding and activation of simple sub-
strate molecules.!? The structural integrity of A-frame
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I

complexes is maintained through the use of difunctional

(1) Kubiak, C. P; Eisenberg, R. J. Am. Chem. Soc. 1977, 99, 693.
(2) Olmstead, M. M.; Hope, H.; Benner, L. S.; Balch, A. L. J. Am. Chem.
Soc. 1977, 99, 5502.
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bridging ligands such as bis(diphenylphosphino)methane
(dppm) and a bridgehead ligand, B, which generally consists
of a small molecule or ion such as CO, H*, CNR, SO,, Cl,
S?, and CH,.!® Adducts of A-frame complexes have been
reported in which the addend molecule is bound in the “pocket”
or endo site of the A-frame structure,'®!? and examples of

(3) Kubiak, C. P.; Eisenberg, R. J. Am. Chem. Soc. 1980, 102, 3637.

(4) Brown, M. P.; Puddephatt, R. J.; Rashidi, M.; Manojlovic-Muir, L.;
Muir, K. W.; Solomun, T. Inorg. Chim. Acta 1977, 23, L33.
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Chim. Acta 1977, 23, L27.

(6) Mague, J. T.; Sanger, A. R. Inorg. Chem. 1980, 18, 2060.

(7) Balch, A. L.; Benner, L. S.; Olmstead, M. M. Inorg. Chem. 1979, 18,
2996.

(8) Balch, A. L.; Hunt, C. T,; Lee, C.; Olmstead, M. M,; Farr, J. P. J. Am.
Chem. Soc. 1981, 103, 3764.
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these compounds have been described as catalysts for homo-
geneous hydrogenation,'>!* hydroformylation,'? and the water
gas shift reaction.'? The synthesis, chemistry, and structure
of these binuclear complexes dating from their initial reports
in 1977 have recently been reviewed.'*

One of the most successful approaches to the synthesis of
A-frame complexes has involved the insertion of small mole-
cules into the metal-metal bond of bis(bis(phosphine))-bridged
systems such as M,X,(dppm), (M = Pd, Pt; X = CI, Br), eq
1, as reported by Balch,? Puddephatt,* and others.!® In this

L N

X—M—M—X —_— M7 M (1)
g
context, we reported in 1980 the BH,~ reduction of the bi-

nuclear complex Rh,Cl,(CO),(dppm), (II) to yield the met-
al-metal-bonded species III as shown in eq 2. This complex

R R NaBH, . 0C-Rh—~Rh~CO

oC w ~Fton U 2
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was observed to react readily with CO and H* to produce the
A-frame complexes IV and V, eq 3, and appeared to be a
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convenient precursor for the formation of A-frame systems.’

In this paper, we describe further studies on the spectro-
scopic and chemical characterization of the complex produced
in eq 2. These studies reveal that the complex initially isolated
is actually a dihydride species that decomposes readily under
N, or vacuum. An investigation into the decomposition re-
action of this species shows that it can be stabilized for up to
several hours under H,. We also describe the reaction chem-
istry of this dihydride complex with protic substrates and with
CH,lL.

Experimental Section

Reagents. Rhodium trichloride hydrate (Johnson-Matthey), bis-
(diphenylphosphino)methane (Strem), sodium borohydride (J. T.
Baker), tetrafluoroboric acid—diethyl ether complex (Aldrich), and
gases H,, D,, CO, and HBr (Matheson CP) were used as purchased.
Tetrahydrofuran and benzene were dried by distilling from sodi-
um/benzophenone. Toluene was distilled from sodium. Ethanol was
distilled from magnesium turnings. Me,SO-d; was dried by storing
over molecular sieves in a drybox.

Physical Measurements. Infrared spectra were recorded on a
Perkin-Elmer 467 grating spectrophotometer calibrated with poly-
styrene film and cyclohexane solution. Samples were either solutions
prepared under N, or Nujol mulls on NaCl plates. 'H and 3P NMR
spectra were recorded on a Bruker WH-400 spectrometer at 400 and
162 MHz, respectively. Chemical shifts are reported in ppm downfield

(11) Kubiak, C. P.; Woodcock, C.; Eisenberg, R. Inorg. Chem. 1980, 19,
2733.

(12) Kubiak, C. P.; Woodcock, C.; Eisenberg, R. Inorg. Chem. 1982, 21,
2119.

(13) Sanger, A. R. Prepr.—Can. Symp. Catal. 1979, 6, 37.

(14) Balch, A. In “Homogeneous Catalysis with Metal Phosphine
Complexes”; Pignolet, L. H., Ed.; Plenum Press: New York, 1984;
Chapter 4.

(15) Colton, R.; McCormick, M. J.; Pannan, C. D. J. Chem. Soc., Chem.
Commun. 1977, 823.
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of internal Me,Si for 'H NMR and external 85% H,PO, for *'P NMR.
Samples were prepared on a high-vacuum line and flame sealed under
vacuum, except where stated. Gases were analyzed on a Hewlett-
Packard 5700A gas chromatograph with a thermal conductivity
detector and helium carrier gas (40 mL./min). Gas samples (0.5 mL)
were withdrawn from the reaction flask through septa by using a
gas-tight Pressure-Lok syringe. The following columns were used:
H,, CO, 2 ft X !/, in. 5A molecular sieves and 12 ft X !/, in. Porapak
Q; CH,, CO,, 12 ft X !/, in. Porapak Q. Conductance measurements
were made on DMF solutions of the complexes under inert atmosphere
by utilizing a Barnstead DM-70CB conductivity bridge equipped with
a Barnstead B-10 1.0-cm cell. A working cell constant was determined
from the ratio of the observed specific conductance of 0.02 N aqueous
KCl with the literature value of 0.002768 Q! cm™ at 25 °C.}¢
Typically, equivalent conductances for the complexes in solution were
determined at five concentrations ranging from ca. 5 to 0.1 mM. The
equvalent conductances at 1 mM were then determined from an
Onsager plot of equivalent conductance vs. (concentration)!/2, Ele-
mental analyses were performed by Galbraith Laboratories, Inc.,
Knoxville, TN.

Hydrogen Evolution Studies. The amount of H; produced in the
reaction of VI with various substrates was measured as follows.
Complex VI was partially dissolved /suspended in 2 minimum amount
of dry ethanol under N,. The reacting substrate was quickly added
through a septum, GC measurements were made until a constant
value was obtained for H, pressure. The volume of the gas phase
above the reaction mixture was greater than 100 mL. Therefore, the
withdrawal of 0.5-mL aliquots for sampling did not significantly affect
the amount of H, present.

Preparation of Complexes. All syntheses were routinely performed
under an atmosphere of dry nitrogen with modified Schlenk techniques.
Rh,(CO)5(dppm); (1V), Rh,Cly(CO),(dppm), (II), Rh;Bry(CO),-
(dppm), (IX), and Rhy(u-CO)Br,(dppm), (dppm = bis(diphenyl-
phosphino)methane) were prepared by published procedures.!2!

Rh,H,(CO),(dppm), (VI). Sodium borohydride, 0.025 g (0.66
mmol), is dissolved in 15 mL of dry, N,-purged EtOH and syringed
into a flask containing Rh,Cl,(CO),(dppm),, 0.10 g (0.091 mmol),
under N,. A purple precipitate is formed over a period of 1 h and
then collected under N,. The complex is washed with water followed
by dry ethanol and then dried under a stream of N,; yield 0.083 g
(88%). The air sensitivity and thermal instability of this complex
precluded accurate elemental analysis. IR (Nujol): 1920 cm™, 'H
NMR (C(Dg¢): 7.6 (s, 16 H), 6.9 (s, 24 H), 3.6 (s, 4 H), -7.9 (br
t,J =20 Hz, 2 H) ppm. 3'P{'H} NMR ((CD,),SO): 39.3 (symmetric
multiplet) ppm.

Rh,D,(CO),(dppm); (VI-d;). Rh;H;(CO),(dppm); (V1) is dis-
solved in THF under a D, atmosphere. After the solution is stirred
at room temperature for 15 min VI-d, is precipitated by the addition
of an equal volume of ether. IR (Nujol): 1920 cm™. 'H NMR
(CeDg): 7.6 (s, 16 H), 6.9 (s, 24 H), 3.6 (s, 4 H), ppm.

[Rh, (u-H){(u-CO)Br,(dppm),[Br (VII). Complex VI, 0.10 g (0.097
mmol), is partially dissolved in 10 mL of THF under H,. A stream
of gaseous HBr is passed over the reaction, causing an immediate
clearing and color change to orange-brown. The solution is stirred
under HBr for 30 min. The solution volume is reduced to ca. 5 mL
under vacuum followed by the addition of 15 mL of ether. A yel-
low-orange precipitate forms, which is collected and washed with ether,
resulting in 0.11 g (90%) of the product. Equivalent conductance
(DMF): 92 Q! cm? mol™! [lit.!® (DMF) 65-90 for 1:1 electrolyte].
IR (Nujol): 1810 cm™. 'H NMR (C¢Ds): 7.8 (s, 8 H), 7.7 (m, 8
H), 6.9 (m, 12 H), 6.7 (m, 4 H), 6.6 (m, 8 H), 4.0 (m, 2 H), 3.1 (m,
2 H),-16.3 (m, | H) ppm. *P{*H} NMR ((CD;),SO): 19.8 (sym-
metric multiplet) ppm.

Rh;(u-H)(u-1)(CO),(dppm), (VHI). Complex VI, 0.10 g (0.097
mmol), is partially dissolved in THF, 10 mL, under H,. CH,I, 7 uL
(0.112 mmol), is added with a microliter syringe. After 2 h, the
reaction mixture becomes a clear yellow-brown solution. GC analysis
of the gases over the reaction mixture indicates the presence of 1 equiv
of methane (0.097 mmol). The solvent is removed with a N, stream,
and the resulting brown residue is recrystallized from THF/Et,0;
yield 0.10 g (90%). Anal. Caled for Cs,H,sP;O,Rh,I: C, 53.13; H,
3.87; 1, 12.16. Found: C, 52.71; H, 4.08; I, 12.34. Equivalent

(16) Jones, G.; Bradshaw, B. C. J. Am. Chem. Soc. 1933, 55, 1780.
(17) Sanger, A, R. J. Chem. Soc., Dalton Trans. 1981, 228.
(18) Geary, W. J. Coord. Chem. Rev. 1971, 7, 81.
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Figure 1. 'H NMR spectrum of Rh,(u-H),(CO),(dppm), (VI): a
= residual toluene; b = unknown decomposition product(s); ¢ =
Rh,(CO);3(dppm), (IV); d = dissolved H,.

conductance (DMF): 30 9! cm? mol™!. IR (Nujol): 1965, 1940
cml, 'TH NMR (C¢Dg): 7.8 (m, 16 H), 6.9, 6.8 (m, 24 H), 4.6 (m,
2 H), 3.8 (m, 2 H), ~11.5 (t of q, Jrsy = 24 Hz, Jpy = 12 Hz, 1 H)
ppm. 3'P{{H} NMR ((CD;),SO): 24.2 (symmetric multiplet) ppm.

Results and Discussion

Reduction of Rh,Cl,(CO),(dppm), by Borohydride. The
sodium borohydride reduction of Rh,Cl,(CO),(dppm), (1I)
in dry ethanol results in the precipitation of a deep purple solid
originally postulated? to be complex III. The IR spectrum of
this solid shows a single »(CO) band at 1920 cm™! which is
unchanged when the reduction is carried out with NaBD, or
after a solution of the complex has been placed under a D,
atmosphere. In the initial characterization of this complex,
we reported that no hydride resonances were observed in its
'H NMR spectrum. However, the spectrum showed very
broad resonances in the aromatic region uncharacteristic of
other dppm complexes, suggesting that significant solution
decomposition of the purple product had occurred. This
proposal was supported by an observed color change of the
complex solution from purple to brown over the period of 1
h and by the fact that the complex did not react quantitatively
with substrates under N,, especially after solutions of the
complex had been allowed to stand for short periods (15-30
min). In these reactions, evidence for the formation of sig-
nificant amounts of Rh,(CO);(dppm), (IV) was obtained.

More extensive characterization of the purple product of
eq 2 thus appeared to be in order. The 'H NMR spectrum
of the complex recorded immediately after dissolution under
H, is shown in Figure 1. This spectrum reveals a cleaner
aromatic region consisting of two resonances at 7.6 and 6.9
ppm corresponding to ortho and meta + para phenyl protons,
respectively, a resonance at 3.6 ppm assignable to the dppm
methylene group, and a previously unseen resonance in the
hydride region of the spectrum at —7.9 ppm. The hydride
resonance is a broadened triplet (Jgyy = 20 Hz, Jpy < 2 Hz)
and integrates to 1 H/dppm ligand. The triplet is unchanged
down to —80 °C in toluene solution. On phosphorus decou-
pling, the triplet remains intact and does not appear to sharpen,
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Figure 2. Concentration of VI vs. time plotted as In (hydride inte-
gral/calibration standard integral) vs. time (h).

indicating that the P-H coupling is small. The remaining
resonances in the spectrum are due to decomposition products
including Rh,(CO);(dppm), (IV), which appears at 7.56 and
4.20 ppm.

When 1 equiv of CO is added via a gas-tight syringe to a
freshly prepared ethanolic suspension of the purple product,
the formation of Rh,(CO),(dppm), (IV) is observed. Analysis
of the gases above the suspension shows an amount of H,
corresponding to 1 mol of H,/mol of complex, assuming a
binuclear formulation. Similarly, the reaction of a freshly
prepared ethanolic suspension with HBF, leads to the evolution
of 1 equiv of H, with concomitant production of Rh,(u-
H)(CO),(dppm),* (V), while reaction with excess HCI leads
to the production of 2 equiv of H, and quantitative recovery
of the dichloride complex, Rh,Cl,(CO),(dppm), (II). A
freshly prepared ethanolic suspension of the purple product
is also observed to react with CH;I to yield 1 equiv of CH,
and a monohydride complex as described below. These results
indicate that the purple complex initially isolated from the
BH, reduction of Rh,Cl,(CO),(dppm), is a previously un-
recognized binuclear dihydride species. On the basis of its IR
and 'H NMR spectra, we assign this complex to have structure
VL

- H\
0C-Rh_ _Rh—CO

\H/

VI

The evolution of H, in the reactions of VI with different
substrates suggested that solutions of VI might be stabilized
by placement under H,. This is indeed the case. When dis-
solved in THF under H,, VI reacts with protic substrates and
with CH;I to give higher yields of complex products, making
most of the reactions nearly quantitative in metal complex.
However, even under H,, decomposition is still seen to occur,
as discussed below.

Decomposition of Rh,(u-H),(CO),(dppm), (VI). The de-
composition of VI in toluene-d; under vacuum was examined
by using 'H NMR spectroscopy. The disappearance of the
hydride resonance follows first-order kinetics as shown in
Figure 2 and yields a k; of 7.8 X 10 s™!. Similar results are
obtained when the sample is prepared in the absence of am-
bient light. The rate of decomposition of VI is significantly
reduced at lower temperatures. For example, under vacuum
at =50 °C the intensity of the hydride resonance after 1 h
corresponds to only 20% decomposition compared with 96%
decomposition after the same time at ambient temperature.

One of the products of the decomposition of VI is Rh,-
(CO);(dppm); (IV), which, on the basis of 'H NMR inte-
gration, forms to the extent of 0.5 mol of IV/mol of VI. The
remainder of VI is converted into several species that have not



4210 Inorganic Chemistry, Vol. 23, No. 25, 1984

been definitively characterized but that exhibit broadened
resonances in the 'H NMR spectrum and a broad »(CO) at
1950 cm™.

The degree of stabilization of VI when dissolved in tolu-
ene-dg under H, relates directly to the pressure of the H,
atmosphere. This was examined over the range of 0.2-0.9 atm.
The observed decomposition under H, shows an inverse de-
pendence on H, pressure and follows approximately first-order
kinetics during the intermediate stage of the reaction with k.
=12 X105 at 0.21 atm of Hy, kg = 9 X 107 571 at 0.40
atm of H,, and kg = 6 X 107° s at 0.76 atm of H,.
However, the reaction deviates from first-order behavior during
both its early and latter stages. Initially, VI decomposes more
rapidly than predicted by a first-order decay and is 50% de-
pleted after ca. 30 min. After long periods of time (>4 h),
the decomposition rate is slower than first order with traces
of VI still observed after 2 weeks under 1 atm of H,. The
decomposition mixture formed under H, is similar to that
formed under vacuum except that smaller amounts of IV are
produced (0.15-0.25 equiv compared with 0.5 equiv under
vacuum). The *'P NMR spectrum of VI after 2 weeks shows
resonances at 34 ppm (a four-line pattern but not a quartet
with ~23-Hz coupling), 28 and 24 ppm (broad and unre-
solved), 19.4 ppm (symmetric pattern due to Rh,(CO),-
(dppm),), and 10 and -9 ppm (poorly resolved triplets with
~70-Hz coupling).

The inverse dependence on H, pressure for the decompo-
sition of VI is consistent with a mechanism involving an
equilibrium between VI and the metal-metal-bonded species
III, which then decomposes irreversibly as shown in eq 4. The

5
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rate law for this mechanism predicts an inverse first-order
dependence on H, pressure with which the data are consistent.
The formation of a metal-metal-bonded species by the elim-
ination of H, from two metal hydrides has ample precedent,
such as in the formation of the Rh(0) dimer Rh,(CO),(PPh,),
from RhH(CO),(PPh;), under a stream of N,."° The ligand
donor set in this example is essentially the same as that in VI.
The formation of IV in the decomposition presumably arises
by the reaction of III with other species to obtain an additional
CO ligand.

H/D Exchange. Under D,, complex VI undergoes facile
H/D exchange as evidenced by rapid loss of the hydride
resonance while all other resonances in the 'H NMR spectrum
are maintained. Concomitant with the loss of the hydride
resonance are the appearance and growth of both a 1:1:1 triplet
at 4.42 ppm (C¢D¢, J = 42 Hz), which is due to HD,20 and
a singlet at 4.46 ppm, which is due to H,.2° The formation
of HD cannot be achieved by a simple intramolecular reductive
elimination of H, from VI and reversible oxidative addition
of D, to I1I and thus indicates that equilibria in addition to
that shown in eq 4 must exist between binuclear species and
H,. While no species other than VI and the decomposition
products is observed directly, HD formation can be envisioned
via two possible pathways. The first involves an intermolecular
reductive elimination of HD from VI and VI-d,. The second
is shown in eq 5 and involves oxidative addition of D, to VI
to yield a Rh(I)-Rh(III) intermediate that can then reductively
eliminate HD while deuterating the hydride position. Equation
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m Dy, oCy m/co -HD. Q

- - I\ . | -
Ov—Rih\H,Rh o) . REH//FT = 0o¢ F?h\H,Rh ®© (5)

5 thus corresponds to a intramolecular H/D exchange.

Reactions of Rh,(u-H),(CO),(dppm), (VI) with Substrates.
Essentially two sets of reaction conditions were employed.
Reactions that were done to quantify the amount of H, pro-
duced were performed on suspensions of the complex in ab-
solute ethanol under N,. Reactions that were nearly quan-
titative in metal complex conversion were performed by using
solutions of VI in THF under H,.

As noted above, ethanolic suspensions of VI react instantly
with HBF, to yield 1 equiv of H, and V as its BF,™ salt and
with excess HCI to yield 2 equiv of H, and the chloro complex
II. Similarly, an ethanolic suspension of VI reacts with gaseous
HBr to yield 2 equiv of H; and Rh,Br,(CO),(dppm), (IX)
as identified by comparison of the IR and 'H NMR spectra
with literature values.!  In this case, the new complex
[Rhy(u-H)(u-CO)Br,(dppm),]Br (VII) is also produced,
giving a combined metal complex yield of 95% (IX:VII ~ 1:1).
The identity of complex VII is based on comparison of its IR
and 'H NMR spectra with those of similar complexes. The
IR stretch for the bridging carbonyl ligand occurs at 1810
cm™!, which is identical with that reported for {[Rh,(u-CO)-
I(CO)(dppm),]12?%* and lies well within the range of values
reported for other u-CO—-dppm bridged binuclear complexes
(1755 em™ for Rh,I,(u-CO)(dppm),,22® 1868 cm™! for
[Rh3(CO),(u-CO)(u-Cl)(dppm),]BPh,,?> and 1870 cm™! for
[Rhy(u-H)(4-CO)(CO),(dppm),]PF,'?). The 'H NMR
spectra of VII exhibits typical phenyl and methylene reso-
nances for the dppm ligands of A-frame type molecules,'? and
the hydride resonance located at —16.3 ppm is a multiplet that
is similar in appearance to the hydride resonance of [Rh,(u-
H)(u-CO)(CO),(dppm),]PF located at —9.6 ppm. The up-
field shift of the hydride resonance on going from a trans-CO
to a trans-Br ligand is well documented for terminal hydrides
and may be similarly valid for bridging hydride ligands.

The ionic nature of VII is evident from conductivity mea-
surements. When VII is further reacted with HBr and CO,
IX is formed quantitatively. Complex IX is also formed when
the known complex Rh,(u-CO)Br,(dppm),?? is reacted with
gaseous HBr. In these reactions with HX the presence of
highly coordinating X~ drives the removal of both hydride
ligands from VI whereas reaction of VI with the noncoordi-
nating acid HBF, results in the removal of just one hydride
ligand.

Complex VI in THF solution under H, is also observed to
react with CH;1. GC measurements on the gas phase above
the reaction mixture reveal the presence of 1 equiv of CH,
based on metal complex. Methane presumably arises from
the coupling of the methyl group of CH,I with one of the
hydride ligands of VI. The metal complex product is Rh,-
(u-H)(u-1)(CO),(dppm), (VIII), which exhibits a hydride
resonance at —11.5 ppm. This resonance is a triplet of quintets
with Jpyy = 24 Hz and Jpy = 12 Hz as shown by collapse of
the resonance to a triplet, J = 24 Hz, on phosphorus decou-
pling. In addition, the 'H NMR spectrum exhibits dppm
phenyl resonances at 7.8, 6.9, and 6.8 ppm as well as dppm
methylene resonances at 4.6 and 3.8 ppm typical of A-frame
type molecules. The complex also exhibits terminal CO
stretches in the IR spectrum at 1965 and 1940 cm™!, similar
to the known complex Rh,(u-H)(u-CO)(CO),(dppm),* 2 in

(19) Evans, D.; Yagupsky, G.; Wilkinson, G. J. Chem. Soc. A 1968, 2660.

(20) Kubas, G.J; Ryan, R. R,; Swanson, B. I.; Vergamini, P. J.; Wasserman,
H. J. J. Am. Chem. Soc. 1984, 106, 451. Nageswara Rao, B. D ;
Anders, L. R. Phys. Rev. 1965, 140, A112.

(21) Mague, J. T; Sanger, A. R, Inorg. Chem. 1979, 18, 2060.
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which »(CO) bands are observed at 1970 and 1955 cm™.
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The structural results by X-ray crystallography are reported for three uranium alkoxides, two of which are new compounds.
All three are dinuclear in the solid state, and they contain the following combinations of oxidation states: [U(IV),U(IV)],
[U(V),U(IV)] and [U(V),U(V)]. K[U,(OCMe,)s]-C¢H,4: monoclinic, P2,/¢, a = 10.713 (3) A, b = 25.990 (8) A, ¢
=19.480 (6) A, 8 = 91.13 (5)°, Z = 4. U,(OCMe,),: orthorhombic, Pbem, a = 13.749 (7) A, b = 19977 (1) A, c =
16.923 (8) A, Z = 4. Uy(OCHMe,),y: triclinic, P1, a = 10.974 (3) &, b = 12.226 (3) A, ¢ = 10.002 (2) &, & = 111.56
(2)°,8=110.09 (2)°, vy = 67.87 (2)°, Z = 1. The first two contain confacial bioctahedra with U..U distances of 3.631
(2) and 3.549 (1) A, respectively. The U,(OCHMe;,),, molecule consists of edge-sharing octahedra with a U-U distance
of 3.789 (1) A. The terminal alkoxide groups in all three compounds display nearly linear U-O-C arrangements, with
U-O-C bond angles between 160 and 176°. This appears to be a general feature of uranium alkoxides and suggests a
high degree of O m — U contribution to the metal-oxygen bonds.

Introduction

It is now well established that the group 6 transition ele-
ments chromium, molybdenum, and tungsten, and especially
the last two, have a pronounced tendency to form metal-metal
bonds.! In particular, molybdenum and tungsten in their
oxidation states III-V regularly exhibit bonds of orders 3, 2,
or 1 in the presence of alkoxide ligands. We therefore reasoned
that if uranium, formally a group 6 element, were to have any
tendency to resemble molybdenum and tungsten in forming
metal-metal bonds, this tendency might well manifest itself
in the structures of uranium alkoxides. We recognized, of
course, that for uranium the nature of the valence shell is
somewhat different because of the participation of the 5f
orbitals. It is known that the radial extent of these wave
functions brings them significantly into or beyond the same
spacial region as the 6s and 7p shell and there is evidence from
photoelectron spectroscopy and electronic absorption spectra
that 5f orbitals partlclpate in some forms of bonding to the
actinide elements.?

By following the procedure of Gilman* for the preparatlon
of [U(OCMe,),],, we obtained a previously unreported type
of UY compound, K[U(O,CMe;),] (1). Though it is formally

(1) (a) Cotton, F. A.; Wilkinson, G. “Advanced Inorganic Chemistry”, 4th
ed.; Wiley: New York, 1980; pp 844-883. (b) Cotton, F. A.; Walton,
R. A. “Muitiple Bonds Between Metal Atoms”; Wiley: New York,
1982. (c) Cotton, F. A.; Chisholm, M. H. Chem. Eng. News 1982, 60
(June 28), 40-54.

(2) Edelstein, N, M. In “Organometallics of the f-Elements”, Proceedings
of the NATO Advanced Study Institute; Marks, T. J., Fischer, R. D,
Eds.; D. Reidel Publishing Co.: Dordrecht, 1979.

(3) (a) Veal, B. W.; Lam, D. J. In “Lanthanide and Actinide Chemistry
and Spectroscopy”; Edelstein, N. M. Ed.; American Chemical Society:
Washington, DC, 1980; ACS Symp. Ser. No. 131, pp 427-441. (b)
Denning, R. G.; Norris, J. O. W.; Short, I. G.; Snellgrove, T. R;
Woodwark, D. R. Ibid. pp 313-330.

(4) Jones, R. G; Karmas, G.; Martin, G. A; Gilman, H. J. Am. Chem. Soc.
1956, 78, 4285.

an ionic compound, 1 is soluble in hexane where, at 5 °C, it
is slowly and spontaneously transformed into the U'Y/UY
compound U,(O,CMe;), (2). We have also obtained the
previously known UY/UY compound U,(OCHMe,),, (3). The
crystal and molecular structures of all three of these com-
pounds have been determined and are reported here.

Experimental Section

Standard high-vacuum, Schlenk, and inert-atmosphere glovebox
procedures were used throughout this study. Solvents were dried over
Na/K alloy and distilled under argon. The alcohols were dried over
activated molecular sieves and degassed by pump—freeze procedures.
Commercial UCI,, purified by the procedure of Marks,’ was used.

Preparation of the Compounds. U,(O-i-Pr),, (3) was prepared by
alcohol exchange from [U(OC,Hs);], following published procedures.®
Single crystals of suitable size were grown by slow sublimation as well
as by slowly cooling a saturated solution in 2-propanol to 5 °C. We
did not notice a significant difference in crystal habit or diffraction
quality between the two batches.

Uranium(IV) tert-butoxide, in our hands, was obtained as green
K [U,(O-t-Bu)]- C6H14, when following Gilman’s procedures.*? It
has been noted before® that the preparation is not always reproducible
and that U(V) alkoxides may be obtained instead of the expected
U(IV) compounds. We attribute these difficulties to the relative
instability of the U(IV) compound in solution. Only after we es-
tablished dry and anaerobic conditions very carefully and did not allow

(5) Marks, T. J.; Seyam, A. M. J. Organomet. Chem. 1974, 67, 61.

(6) Jones, R. G.; Bindschadler, E.; Karmas, G.; Martin, G. A., Jr.; Thirtle,
J.R,; Yoeman, F. A.; Gilman, H. J. Am. Chem. Soc. 1956, 78, 4289.

(7) During early attempts, when using commercial UCl,, a different type
of U(IV) oxo alkoxide was obtained: U;O(OCMes))5. A structure
determination revealed that it is isostructural with MoO(O-neopentyl)
(Chisholm, M. H.; Errington, R. J.; Folting, K.; Huffman, J. C. J. Am.
Chem. Soc. 1982, 104 2035) except for the M-M distances, which with
UsU = 3.576 (1) A are outside the range for metal-metal bonding.
See: Cotton, F. A,; Marler, D. O.; Schwotzer, W. Inorg. Chim. Acta
1984, 95, 207.

(8) Bradley, D. C.; Kapoor, R. N.; Smith, B. D. J. Inorg. Nucl. Chem. 1962,
24, 863.
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