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The Os-Os dimer [Cp(CO)OsL was synthesized in good yield by reaction of Cp(&@)l with NaK.
The related Cp* dimer [Cp*(CQDs]L (Cp* = 15-CsMes) was prepared by reaction of Cp*(CQ)sH
with 2,2-azobis(isobutyrylnitrile) (AIBN). In contrast to [Cp(C&)sh, which has only terminal CO
ligands, spectroscopic and crystallographic data indicate that [Cp3(@Dhas two bridging CO ligands.
Reaction of tetraisopropylcyclopentadiene with [(@Q31],; provides Pr,CsH)(CO)%Osl, which can be
converted to'Pr,CsH)(CO)0sH through reduction with NaK followed by treatment with EtOH. Reaction
of (PrCsH)(CO),0sH with AIBN gives [(Pr,CsH)(CO)Os}k, which is much more soluble than [Cp*-
(CO)X0shk. DFT (B3LYP) calculations on these ©8s dimers reveal the energetics of different
geometrical isomers. The anti and gauche isomers of [Cp@€}) with terminal CO ligands, are
significantly more stable than the trans and cis isomers with bridging CO ligands, while the stability of
the anti isomer of [Cp*(CQPs}L is similar to that of its trans isomer. Computations on the energetics
of the isomers with a [§§CFs)s] ligand suggest that the difference observed for Cp and Cp* complexes
is mainly due to electronic rather than steric effects of the Cp groups.

Introduction Results and Discussion

The Fe-Fe-bonded dimer [Cp(C@He} is one of the most Synthesis of [Cp(CO)Os),. The Os-Os-bonded dimer [Cp-
thoroughly studied organometallic dimért.is readily prepared ~ (COXOs], was first reported in 1962 by Fischer and Bittfer,
on a large scale and is commercially available and inexpensive. Put it was obtained in only 1.8% yield. A 40% yield of [Cp-
The analogous Ru complex [Cp(GB)l, is also well-knowrz.  (COROspwas reported from the reaction of [(C40)sCh> and
In contrast, far fewer studies have been carried out on the OsNa CsHs~ in 1967> Herrmann and co-workers reportei58%
analogue [Cp(CQDs} and the Cp* analogue (Cp #5-Cs- y|eId+of [(Ep(CO)gOs]z from the reaction of Cp(CQPsH with
Mes) [Cp*(CO),0s}k has received very little attention. We have PhCPFs f_oIIOV\{ed_by NEE. ) )
begun to study photochemical reactions of [Cp(&®} and The osmium iodide complex Cp(C&sl is readily and
related complexes and have found carbon-to-metal hydrogen’€Producibly prepared from G€O). by a previously reported

: duré and is a convenient, air-stable precursor to [Cp-
atom transfer from hydrocarbons to the Os radical CpfO®y proce ' ; -
We report new synthetic methods for the preparation of [Cp- (CO)Osp. We have found that the reaction of Cp(GO3! with

. . . NaK in THF at room temperature provides an excellent route
*
(C.:O)ZOS.IZ and [Cp_ (COEQS]Z that provide these dimers in to [Cp(COYOsh, which was isolated in 7794% vyield (eq 1).
higher yields than in previous reports. We have also prepared

an analogue with a bulky substituted Cp ligantRCsH)(CO)-

Osh. New synthetic procedures are also reported for the osmium @ @ CO

hydride complexes Cp(C@psH and Cp*(CO)OsH. Compu- | NaK Y [_\\\CO K )
tational studies have been carried out to evaluate the relative /OS\ - \\‘705 og

stabilities of the geometrical isomers of the dimers [Cp({08} o® c | o° c @

and [Cp*(CO}Osb. © o
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using NakK® including the Fe complex [Cp(C@helb. Under
our conditions, further reaction of [Cp(C§Ds} to the osmium
anion [Cp(CO)Os]~ was not observed as a significant byproduct
when the reaction is stopped after all the Cp(&®) is

consumed. At longer reaction times, however, NaK reacts with

the dimer [Cp(CO)Os} to form [Cp(CO¥OsI K™, which has
IR bands at 1889 and 1808 ciin THF. These bands are at
slightly lower energy than those we recently found for
[Cp(COXOs] Li*(DME), which has IR absorptions at 1901 and
1823 cmt in THF2 The differences in the spectra are likely
due to the changes in the cation®(Ks Li*), particularly owing
to differences in ion pairing, which have been analyzked
[Cp*(CO),OsT Li* and were reviewed for other metal carbonyl
anions!®

Synthesis of [Cp*(CO)»Os],. An analogous complex with
Cp* ligands, [Cp*(CO)Osh, has been studied even less than
[Cp(CO)LO0skL. Weber and Bungardt reported the isolation of
[Cp*(CO),0s}k in 3.7% yield from the reaction of QEO)»
and GMesH in refluxing decalin. The attempted preparation
of [Cp*(CO),0s}L (by analogy to eq 1) from the reaction of
Cp*(CO)%0sl with NaK resulted in the formation of
Cp*(CO)X0s K™, which give two broad IR bands at 1870 and
1775 cntt in THF, as the main product together with a low
yield of [Cp*(CO)Os}, which was detected by IR spectroscopy.
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ments set a lower limit of 82 kcal/mol for the ©81 bond (80.1
kcal/mol calculated§. We computed (DFT; B3LYP) that the
bond dissociation energy of the-&1 bond of (CH)>(CN)C—H
is 84 kcal/mol. Thus, the metal-to-carbon hydrogen atom transfer
in the second step of Scheme 1 is roughly thermoneutral. The
computed barrier for this hydrogen atom transfer is 15.7 kcal/
mol. Dimerization of the osmium radical Cp*(C&Ds is
irreversible under these conditions and generates theO3s
bonded dimer [Cp*(CQPs].

Norton and co-workers found that trityl radical substituted
with tert-butyl groups on the para position of the Ph ring can
be used to abstract hydrogen atoms from metal hydrides, and

We believe that the same mechanism is involved as in the casethey reported the kinetics of the metal-to-carbon hydrogen atom

of the reaction of Cp(CQPsl with NaK but that displacement
of iodide from Cp*(CO)Osl by Cp*(CO}Os" is slow, presum-

transfer reaction& The metal radicals formed in this reaction
dimerize, forming M-M dimers. Surprisingly, the reaction of

ably for steric reasons, so that reduction to the osmium anion Gomberg's dimé# (the dimer of PBC*) with Cp*(CO),OsH

is the predominant reaction under these conditions.

When Cp*(CO)OsH is heated with excess 2&zobis-
(isobutyrylnitrile) (AIBN) in hexane at 80C, the dimer [Cp*-
(CO)0s}, precipitates from the reaction mixture and can be
readily isolated in 50% yield (eq 2). Similar yields were obtained

X
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when the synthesis was carried out in benzene (47% yield) or

THF (46% yield).

or Cp(CO)}OsH did not produce the expected-d8s dimers;
a reaction did occur, but the products have not been identified.

The dimer [Cp*(CO)Os} is nearly insoluble in hexane and
has low solubility in THF or CHCI,. In contrast, [Cp(CQ)

Os} is soluble in hexane. This is opposite of the expected trend,
where substitution of Cp by Cp* often increases the solubility
of organometallic complexes. One reason for this difference is
that [Cp(CO)Os}k and [Cp*(COXOs}k have different structures.
The IR spectrum of [Cp*(COPsL in CH,Cl, exhibits a band

at 1708 cm? assigned to a bridging CO ligand, along with a
band for terminal CO ligands at 1909 ch In contrast,
[Cp(COXO0sL has only terminal CO ligands.

The product-forming step in the synthesis of [Cp*(GO3L,
dimerization of metal-centered radicals to generate a metal
metal-bonded complex, is well-precedented for many metal
carbonyl system¥' A major intermediate produced upon
photolysis of [Cp(COYFeL!® is the iron-centered radical Cp-
(CO)Fe, which dimerizes with a second-order rate constant
of k=3 x 1®® M1 s71 at 20°C.18 In contrast, Cp(CQPs
does not cleanly dimerize but rather undergoes reactions that
appear to involve a €H bond on the Cp ring1”

Structure of [Cp*(CO)0s],. The structure of [Cp*-
(CO)%0s}L was determined by single-crystal X-ray diffraction.

The proposed mechanism is shown in Scheme 1. ThermolysisDetails of the crystallographic data are given in Table 1, and

of AIBN produces the radical (CH(CN)C:, which is proposed
to abstract a hydrogen atom from Cp*(GO¥H, producing the
osmium-centered radical Cp*(C&)s. Hydrogen atom transfers

selected bond distances are provided in Table 2. An ORTEP
drawing in Figure 1 shows the molecular structure, which
verifies the bridging CO ligands indicated by the IR spectrum.

from metal hydrides to carbon-centered radicals are well- Bridging CO ligands on third-row metals are less commonly

documented! Such reactions are typically endothermic, since
M—H bonds are normally much weaker thar-B bonds. We
found that the OsH bond of Cp(CO)Os—H is unusually strong
for a transition-metathydride bond; our experimental measure-
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3853.
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2, 249-254; McBride, J. M.Tetrahedron1974 30, 2009-2022.

(14) Meyer, T. J.; Caspar, J. Chem. Re. 1985 85, 187-218.

(15) Bitterwolf, T. E.Coord. Chem. Re 2000 206—207, 419-450.
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7795.

(17) Bitterwolf, T. E.; Linehan, J. C.; Shade, J.Grganometallic2001,
20, 775-781.
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Table 1. Crystallographic Data and Refinement Information
for [Cp*(CO) ,0s],

formula

formula wt

temp (K)

cryst syst

space group

a(A)

b (A)

c(A)

B (deg)

V (A3

z

u(mmY)

(A

p(calcd) (g cnm3)
total no. of rfins
no. of params
final Rindices ( > 20(1))2
Rindices (all data)

G4H30040%
762.88
293(2)
monoclinic
P21/n
9.792(2)
8.3580(17)
14.374(3)
99.83(3)
1159.1(4)
2
20.601
1.54178
2.186
2386
142
R1=0.0456, wR2=0.1019
0.0558, wR2 0.1076

aR1= 3 ||Fo| — IFll/Z|Fol; WR2= { T [W(IF?| — [F)2/ 3 [WIFo?7} 2

Table 2. Selected Bond Lengths (A) and Angles (deg) for

[Cp(CO),0s],
Os(1)-C(6) 1.855(8) Os(BCp*a 1.923(8)
Os(1)-C(7) 2.043(7) Os(BHOs(1y b 2.7668(7)
Os(1)-C(7)¢ 2.027(8)
C(6)-0s(1)-C(7) 92.7(3)  C(7¥Os(1)-C(7) 94.4(3)
C(6)-Os(1)-C(7}f  94.2(3)  Os(1}C(7)-Os(lf  85.6(3)

aCp* designates the centroid of theMes ring. ® The double dagger
(%) indicates that the parameter is related by the symmetry operatipn

-y+2, -z

(=5

Figure 1. Molecular structure of [Cp*(CQPsL showing 30%

probability ellipsoids.
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reported the crystal structure of [Cp*@sKO)],, which has
bridging nitrosyl ligands and an ©®s distance of 2.539(1)
A2t

Synthesis of [(Pr4sCsH)(C0O),0s],. Complexes with bulky
Cp ligands are often used to prepare metal complexes that have
significantly different steric and electronic properties compared
to those of their Cp analoguésWe have begun to study the
kinetics of carbon-to-metal hydrogen atom transfelrs these
experiments, flash photolysis of a metahetal dimer such as
[Cp(CO)XO0s}L is carried out in the presence of a hydrocarbon
(e.g., 1,4-cyclohexadiene) capable of donating a hydrogen atom
to the photochemically generated metal-centered radical. Our
experiments have been carried out using transient infrared
spectroscopy, and the preferred solvents are saturated hydro-
carbons, to avoid absorbances that more polar solvents often
have. Considering the poor solubility of [Cp*(C&)sL in
hexane, we sought to prepare highly alkylated Cp derivatives
that might exhibit enhanced solubility in hydrocarbons. Hanusa
and co-workers synthesized a variety of interesting calcium
complexes that have cyclopentadienyl ligands substituted by four

observed compared to first- and second-row complexes, butisopropyl groups?>* and this ligand appeared to offer the
there is precedent for bridging CO’s in Os complexes. For characteristics we sought for our osmium complexes.

example, the dinuclear complex £80)'8 was shown by IR

to have a bridging CO.

The Os-Os bond distance of 2.7668(7) A found for [Cp*-
(CO)0s} is longer than that found in the hydride-bridged
complext® [Cp*(CO)(u-H)Os} (2.6733(6) A) but shorter than
that found in [Cp*Brf-Br)Os] (2.970(1) A), which has both
terminal and bridging Br ligand®. Girolami and co-workers

(18) Moss, J. R.; Graham, W. A. G@. Chem. Soc., Dalton Tran$977,

95—-99.

(19) Hoyano, J. K.; Graham, W. A. G. Am. Chem. Sod. 982 104,

3722-3723.

(20) Gross, C. L.; Wilson, S. R.; Girolami, G. $. Am. Chem. Soc.

1994 116, 10294-10295.

[((PrCsH)(CO),0s)h was prepared by the reactions shown
in Scheme 2. Reaction of tetraisopropylcyclopentadiene with
[(CO)sOs(u-1)] 2 for 72 h at 18C°C in toluene led to the isolation
of the osmium iodide compleXRCsH)(CO)0sl in good yield.
This reaction is analogous to that used for the preparation of
Cp(COYO0sl and Cp*(CO)Osl This iodide complex is con-

(21) Brumaghim, J. L.; Priepot, J. G.; Girolami, G.@rganometallics
1999 18, 2139-2144.

(22) Janiak, C.; Schumann, Wdv. Organomet. Chenl991 33, 291—
393.

(23) Williams, R. A.; Tesh, K. F.; Hanusa, T. R.Am. Chem. So&991,
113 4843-4851.

(24) Burkey, D. J.; Alexander, E. K.; Hanusa, T. ®rganometallics
1994 13, 2773-2786.
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verted to the hydride comple¥P(CsH)(CO)0sH in excellent
yield through reaction with NaK in THF followed by treatment
with EtOH. Reduction of PryCsH)(CO),0sl with NaK produces
(PPryCsH)(CO)0s K, which exhibits broad IR absorptions for
CO ligands at 1864 and 1768 cfin THF. Protonation of this
osmium anion by EtOH results in the formatidRi{CsH)(CO),-
OsH. The dimer [Pr,CsH)(CO)0s} results from reaction of
(PPryCsH)(CO)0sH with AIBN in hexane, analogous to the
synthesis of [Cp*(COsL (eq 2).

The IR bands for the CO ligands ofR{CsH)(CO)Os}, at
1919 and 1718 crmt in CH.Cl, are about 10 cm' higher in
energy compared to those of [Cp*(Cks}, and they indicate
the presence of bridging CO ligands, as found in [Cp*(£X3}.

The dimer [{Pr,CsH)(CO)0s}k is much more soluble in hexane
than is [Cp*(CO)YOsh. The 13C NMR spectrum of [Pry-
CsH)(CO)0s}) exhibits resonances @t 114.1 and 105.5 for
the Cp ring carbons that are substituted'By groups, and a
resonance ab 78.3 is assigned to the CH of tHer,CsH ring.

A very broad resonance at 205.1 is observed for the CO
ligands. This chemical shift is significantly downfield of the
resonances normally observed for terminal CO ligands bound
to Os: e.g.0 184.4 that we found forPrCsH)(CO)OsH, o
185.5 reportet for [Cp(COXOsh, andd 186.3 reported for
Cp*(CO)0s(CH).° The broad resonance could be due to
exchange between terminal and bridging CO ligands. Efforts
to freeze out this process at lower temperatures were not
successful; the CO ligands were not observed int#ieNMR
spectrum at-35 °C, due to the low solubility of the complex

at this temperature. Photochemical and other reactivity studies
of this complex are currently being carried out. Crystals of
[((PryCsH)(CO)Os]L, were obtained but appear to be twinned;
therefore, a crystal structure could not be obtained.

Synthesis of Cp(COYOsH. Graham and co-workers reported
the isolation of Cp(CQPsH in 31% yield from the reaction of
(C0O),0sBr with TICp at 220°C .26 The remarkable stability of
this complex is evident from the high temperatures used in its
synthesis. Herrmann and co-workers repdreed8-50% yield
of Cp(COYOsH from the reaction of Na@Els) with [(CO)s-
OsCb],. We found that Cp(CQPsH can be isolated in 70%
yield from the reaction of Cp(C@Psl with ‘BuLi (eq 3). It

(lbs Cl)s + )k + Lil 3)
o'l 1N,
C C

N c
o}

'BuLi

—_—

o} o}

o]

was formed in 56-60% yield from reduction of Cp(CQPsl
with NaK, followed by treatment with EtOH, analogous to that
described above fofRr,CsH)(CO)0sH.

Synthesis of Cp*(CO}OsH. Graham and co-workers found
that Cp*(COYOsH could be isolated in 65% yield from the
reaction of Og(CO);» with excess pentamethylcyclopentadiene
at 200 °C. We found that photolysis of the osmium butyl
complex Cp*(CO)OsBu leads to Cp*(CQDsH, which was
isolated in 94% yield” By analogy to the preparation of Cp-
(CO),0OsH discussed above, reaction of Cp*(G0O3! with
BuLi or with NaK, followed by treatment with EtOH, provides
a convenient route to Cp*(C@psH (55-65% isolated yield).

(25) Howell, J. A. S.; Rowan, A. J. Chem. Soc., Dalton Tran$98Q
503-510.

(26) Hoyano, J. K.; May, C. J.; Graham, W. A. Borg. Chem.1982
21, 3095-3099.

(27) Cheng, T.-Y.; Bullock, R. MOrganometallics2002 21, 2325~
2331.
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Figure 2. Calculated relative energieAG) of [Cp(CO)%0Os} at
298.15 K.

Computational Studies on Isomers of [Cp(CO)Os],.
Numerous studies have examined the factors that influence the
relative energetics of isomers of [Cp(CBgL and [Cp-
(CO)Rul.. The iron complex [Cp(CQFe}l exists mainly in
the form with bridging CO ligands, while [Cp(C&Ru]. is found
to have the all-terminal and bridging forms in equilibrium. In
general, the bridging forms are more stable than the terminal
isomers. These equilibria are affected by temperature, solvent,
and pressure, and an excellent discussion of these studies is
provided in Bitterwolf's reviewt>

As discussed above, the IR spectrum of the [Cp(03)
dimer showed no evidence for a bridging CO ligand, indicating
that [Cp(CO)Os} only exists in the terminal forms, in sharp
contrast to its iron and ruthenium analogues. The relative
energies of geometrical isomers of [Cp(GO3L were evaluated
using DFT calculations at B3LYP level of theory. Consistent
with the experimental observations, the structures with all
terminal CO ligands (anti and gauche) have much lower energies
than the bridging structures (cis and trans).

The calculated OsOs bond distances in the anti and gauche
isomers (both 2.877 A) are slightly longer than those in the cis
and trans isomers (2.798 and 2.793 A). The bond lengths
between the osmium center and the carbon atoms of the bridging
CO groups in the cis and trans forms are longer than the Os
CO bond lengths of the terminal CO groups (2.068 and 2.068
A vs 1.873 and 1.866 A), a trend previously observed in the
CO-bridged Fe and Ru dimet%Since the computed energy
difference between two nonbridged isomers, the anti and gauche
rotamers, is only 2.4 kcal/mol (Figure 2), it is expected that
both isomers would be present in solution at room temperature.
The calculated IR CO absorption frequencies for the anti isomer
are 1938 cm! (1597) and 1967 cm (1121); those for the
gauche isomer are 1941 cin(1039), 1943 cm! (258), 1968
cmt (526), and 2010 crt (1061) (relative intensities shown
in parentheses; see Figure 3).

The IR spectrum of [CpOs(Cgl} in hexane has two major
bands at 1932 and 1969 cfmalong with a less intense band at
2015 cntl. The predicted IR spectra of the anti and gauche
rotamers in a ratio of 50:1 (derived from the energy difference
of 2.4 kcal/mol at 298.15 K) matches well with the experimental
spectrum (Figure 4). In THF, a much higher intensity was

(28) (a) Bryan, R. F.; Greene, P. J..Chem. Soc. A97Q 3064-3068.
(b) Bryan, R. F.; Greene, P. T.; Newlands, M. J.; Field, DJSChem.
Soc. A197Q 3068-3074. (c) Mague, J. TActa Crystallogr., Sect. @995
51, 831-833. (d) Jaworska, M.; Macyk, W.; Stasicka, Eruct. Bonding
2004 106, 153-172.
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Figure 4. Experimentally measured and computed IR spectra of
[CpOs(CO)],: (top) calculated for 50:1 anti:gauche (blue) and
experimentally observed in hexane solution (red); (bottom) calcu-
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Table 3. Comparison of Crystallographic and
Computational Values for Geometric Parameters of

trans-[Cp*(CO) ,0s},

bond length (A) or angle (deg) exptl (X-ray) calcd
Os—0s 2.7668(7) 2.817
Cp*—0s? 1.928(7) 1.993
0Os—CO 1.855(8) 1.863
c-0 1.151(10) 1.170
Os—CO(by 2.043(7) 2.068
C—0(b) 1.197(9) 1.196
Os—C(b)-Os 85.7(3) 85.8

aThe distance from Os to the centroid of the Cp* riigb) represents
the bridging CO ligand.
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Figure 5. Calculated relative energieAG) of [Cp*(CO),0s}, at
298.15 K.

and compared the result with the geometric parameters deter-
mined by crystallography. The computed bond lengths and
angles are all in good agreement with the experimental data
(Table 3).

The relative energies of geometrical isomers of [Cp*-
(CO),0s}L were also evaluated. The bridged trans isomer (which
is experimentally observed) was computed to lie 3 kcal/mol
higher than that of the nonbridged anti isomer (Figure 5). The
bridged and nonbridged isomers with the Cp* ligands in cis
and gauche configurations are at higher energy, presumably due
to the steric repulsion of the Cp* ligands being close to each
other. The smaller range of energies computed for these Cp*
complexes compared to those of the Cp system above suggests
that the Cp* ligands make the relative energies of the unbridged
and bridged isomers closer. To further identify the origin of

lated for 1:1 anti:gauche (blue) and experimentally observed in THF this effect of Cp~ ligands, we calculated the energies ot{(C

solution (red).

(CR3)5)(CO)0sh, a hypothetical Os dimer with a perfluoro Cp*
ligand. The results show that the nonbridged anti isomer is 10.1

observed for the high-energy band, indicating a larger amount kKcal/mol more stable than the trans isomer. To the extent that

of the gauche isomer in this more polar solvent. A ratio of 1:1

the steric factors of Cp* and (CFs)s) are similar3! the major

anti:gauche was estimated from the relative intensities in THF contribution that causes the difference in energy between the

solution (see Figure 4). The more polar gauche isomer is signif-

icantly stabilized in the more polar solvent. Manning studied
the IR spectra of the iron dimer [CpFe(CGR)in several solvents

and found an increasing cis:trans ratio as the solvent polarity

was increaseéf Similar observations were made by McArdle

and Manning for the ruthenium analogue [CpRu(ge?¥°
Computational Studies on Isomers of [Cp*(CO)Os],. We

have calculated the molecular structurdrahs[Cp*(CO),Osb

anti and trans isomers is likely the result of an electronic effect.

Experimental Section

General Considerations.All manipulations were carried out
under an atmosphere of argon using Schlenk or vacuum-line
techniques or in a Vacuum Atmospheres drydekNMR chemical
shifts were referenced to the residual proton peak of@pat 6
5.32. Elemental analyses were carried out by Atlantic Microlab Inc.

(29) Manning, A. R.J. Chem. Soc. A968 1319-1324.
(30) McArdle, P.; Manning, A. RJ. Chem. Soc. A97Q 2128-2132.

(31) Gassman, P. G.; Mickelson, J. W.; Sowa, J. R.JJAm. Chem.
S0c.1992 114, 6942-6944.
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(Norcross, GA). NMR spectra were recorded on a Bruker Avance to which they were attached. A common isotropic thermal parameter
spectrometer (400 MHz foH). THF, diethyl ether, toluene, and  was refined for all the hydrogen atoms. A Fourier absorption
hexanes were dried by passage through drying columns made bycorrection was applied.

Glasscontour, Inc. (www.glasscountour.com).,CHwas distilled Preparation of (Pr,CsH)(C0O),0sl. Os(CO)» (0.90 g, 0.99
from Cahp. Tetraisopropylcyclopentadie CpOs(CO)l,” and mmol) and } (0.38 g, 1.50 mmol) were charged into a 100 mL
Cp*Os(CO}” were synthesized according to published procedures. glass bulb with a Teflon valve, and toluene (50 mL) was added.
NaK alloy was prepared by placing Na and K (22% Na to 78% K After the mixture was degassed under vacuum, the bulb was sealed
mole ratio) in a flask under argon and heating until a liquid was and heated to 186C for 24 h. The mixture was then cooled to
formed. It was filtered through a coarse frit and stored in a dl’ybOX. room tempera’[ure, and tetraisopropylcyc|0pentadiene (117 g’ 4.99
Other reagents were Obtained fl’0m A|dI’ICh a.nd Used Wlthout further mm0|) was added under Ar. The mixture was degassed by pump”"lg

purification.
Preparation of [Cp(CO),0s],. CpOs(CO)I (1.00 g, 2.28 mmol)
was dissolved in THF (50 mL) under Ar, and NaK alloy (0.32 g)

on the solution, and the bulb was sealed and heated t6.8&@ain.
After 72 h, the reaction mixture was cooled and the solvent was
removed. The resulting residue was recrystallized from hexane to

was added. The mixture was stirred at room temperature, and thepbtain {Pr,CsH)(CO)O0sl (1.17 g, 1.93 mmol, 65% yield) as an
reaction was monitored by IR spectra. After 1 h, all of the starting ajr-stable yellow solid. IR (toluene): 2019 (s), 1965 (s)émR
CpOs(CO)l was consumed. The excess NaK was removed by filtra- (THF): 2017 (s), 1962 (s) cm. 'H NMR (CD.Cl,): ¢ 5.19 (s,
tion to give a yellow solution. The solvent was evaporated, and 1H, GH), 2.89 (sept, 2H, BMe,, J = 7 Hz), 2.87 (sept, 2H,
the resulting yellow residue was extracted with € (3 x 10 CHMe,, J= 7 Hz), 1.39 (d, 12H, CMle,, J = 7 Hz), 1.27 (d, 6H,
mL). After the CHCI, was removed, [CpOs(Cég)} (0.67 g, 1.08 CHMe,, J =7 Hz), 1.19 (d, 6H, CMe,, J = 7 Hz). 3C{ *H} NMR
mmol, 94% yield) was obtained as an air-stable yellow compound. (CD,Cl,): ¢ 179.3 (CO), 110.9 and 109.4 (Cp rif@¢Pr), 77.5
It is necessary to stop the reaction as soon as the starting CpOs{Cp ring CH), 25.6, 25.2, 24.9, and 23.9 (Gk€,), 24.5 CHMe)).

(CO)l is consumed, since long reaction times can reduce the yield Anal. Calcd for GH,g0,0sl: C, 37.62; H, 4.82. Found: C, 37.61;
because [CpOs(Cg)} reacts with NaK to form [Cp(CQDs[ K ™. H, 4.77.

"HNMR (THF-ds): 0 5.45 ﬁS’_@Hs)- IR (hexane): 2015 (w), éiﬁg Preparation of (iPr4CsH)(CO),0sH. (PLCsH)(CO)OsI (0.28
(s), 1932 .(S) cm. IR (CH,Cly): 2003 (m), i]?neo (s). 1920 (s) g, 0.46 mmol) was dissolved in THF (20 mL), and then NaK (0.25
IR (THF): 2002 (s), 1959 (s), 1921 (s) cfn g) was added. After the mixture was stirred at room temperature

Ii’reparation of [Cp*(CO):0s). (a) Preparation in THF. for 2 h, the excess NaK was removed by filtration. Then EtOH (1
Cp*Os(COYH (0.20 g, 0.52 mmol) and AIBN (0.17 g, 1.03 mmol) 1y \was added to the solution, and the mixture was stirred at room

were charged into a 100 mL Schlenk tube, and THF (25 mL) was temperature for 5 min. The solvent was removed, and the resulting
vacuum-transferred into the tube. The Schlenk tube was sealed an esidue was extracted with hexanex® mL). The extracts were

heated to 70°C. The solution was stirred at this temperature for . bined and filtered through a small amount of silica gel. The

36 h and then cooled to room temperature. The solvent was payane was removed to obtaiPi4CsH)(COY0sH (0.22 g, 0.46
removed, and the resulting residue was washed with acetone an%mm 100% vield) as a white solid. IR (THF): 2071 (w ’Gsl)
dried under vacuum at room temperature for several hours to give 1 gg '(S CO). 1930 (s, CO) cih IR ('CHZCIZ): 2072 W O's—H)'
[Cp*Os(COY], (0.090 g, 0.12 mmol, 46% vyield) as an air-stable 1993 (s, CO), 1926 (s, CO) crh IR (hexane): 2073 (w, OsH),
yellow solid. This solid is almost insoluble in hexane or acetone 2004 (s, CO), 1943 (s, CO) crh 'H NMR (CD,Cl,): ¢ 5.02 (s
and slightly soluble in CbCI, or THF. 1H, GH), 2.81 (sept, 2H, BMe,, J = 7 Hz), 2.72 (sept, 2H,
(b) Preparation in Hexane. Cp*Os(CO}H (18.5 mg, 0.048 CHMe,, J = 7 Hz), 1.37 (d, 6H, CiMey, J = 7 Hz), 1.36 (d, 6H,
mmol) and AIBN (8.0 mg, 0.048 mmol) were charged into a 50 CHMe,, J = 7 Hz), 1.22 (d, 6H, CMe,, J = 7 Hz), 1.19 (d, 6H
mL Schlenk tube, and hexane (15 mL) was added to the tube. TheCHMezl J=7 Hz)] 1422 s 1H Oé). 13C{1H}’NMR (C’Dz-,

Schlenk tube was sealed and heated td@Gor 4 days. During
this time, the solution turned yellow, and a yellow solid precipitated
from the solution. After the mixture was cooled t610 °C
overnight, the yellow solid was collected by filtration, washed with
acetone, and dried under vacuum at room temperature to give
[Cp*Os(COY], (9.2 mg, 0.012 mmol, 50% vyield). A crystal of
[Cp*(CO),0sL was grown by layering hexane over a H,
solution of [Cp*Os(CO)], at —10°C. *H NMR (CD,Cl,): ¢ 1.94
(s, GMes). 13C{*H} NMR (CgDg): 6 211.1 (CO), 99.1CsMes),
8.6 (GMes). IR (CH:Cl,): 1909 (s), 1708 (s) cmt. IR (THF): 1911
(s), 1718 (s) cm. IR (toluene): 1910 (s), 1719 (s) cth

Collection and Reduction of X-ray Data. X-ray data sets were
collected on a crystal of [Cp*Os(Cg)). A yellow prism of [Cp*Os-
(CO)], was coated with Vaseline and sealed inside a glass capillary.
Diffraction data were obtained using an Enraf-Nonius CAD-4
diffractometer with copper radiation, and a graphite monochromator

indicated monoclinic symmetry with systematic absences consistent

with space grougP2;/n. Crystal data and information about the
data collection and refinement are provided in Table 1.
Determination and Refinement of the Structure.The structures
were solved by standard heavy-atom Patterson mef&ddsthe
least-squares refinemefitanisotropic temperature parameters were
used for all the non-hydrogen atoms. The hydrogen atoms were
placed at calculated positions and allowed to “ridesn the atom

(32) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467-473.
(33) Sheldrick, G. M. SHELXL Version 5; Siemens Analytical Instru-
ments, Inc., Madison, WI, 1994.

Cly): ¢ 184.4 (CO), 111.5 and 109.5 (Cp rirg'Pr), 73.4 (Cp
ring CH), 26.4, 25.9, 25.4, and 25.0 (Gh&,), 25.2 CHMe,).
Preparation of [({Pr4CsH)(CO),0s). (PryCsH)(CO)OsH (0.73
g, 1.52 mmol) was dissolved in hexane (60 mL), and AIBN (0.35
g, 2.13 mmol) was added. The solution was sealed into a 100 mL
glass bulb with a Teflon valve and heated to°80for 72 h. Yellow
crystals precipitated. The solution was concentrated to 30 mL, and
[((Pr,CsH)(CO),0sY (0.37 g, 0.39 mmol, 51% vyield) was collected
by filtration as a air-stable yellow solid. IR (GBIl,): 1919 (s),
1718 (s) cm. IR (THF): 1922 (s), 1726 (s) cm. IR (hexane):
1928 (s), 1731 (s) cnt. tH NMR (CD,Cly): 6 4.48 (s, 2H, GH),
2.88-2.93 (m, 8H, GiMe,), 1.42 (d, 12H, Chle,, J = 7 Hz),
1.37 (d, 12H, CHe,, J = 7 Hz), 1.23 (d, 12H, CMle, J =7
Hz), 1.02 (d, 12H, Ci¥e,, J = 7 Hz).*H NMR (CgDg): 0 4.70 (s,
2H, GH), 3.10 (sept, 4H, BMe,, J = 7 Hz), 2.88 (sept, 4H,
CHMe,, J = 7 Hz), 1.57 (d, 12H, CMle, J = 7 Hz), 1.27 (d,
12H, CHMe,, J = 7 Hz), 1.24 (d, 12H, CHNle,;, J = 7 Hz), 1.09
(d, 12H, CHMe,, J = 7 Hz). IH NMR (THF-dg): 6 4.56 (s, 2H,
CsH), 2.96 (sept, 4H, BMe,, J = 7 Hz), 2.94 (sept, 4H, BMe,,
J=7Hz),1.45(d, 12H, CMe,, J =7 Hz), 1.39 (d, 12H, CMle,,
J=7Hz),1.25(d, 12H, CMle,, J= 7 Hz), 1.05 (d, 12H, CMle;,
J =7 Hz).13C{'H} NMR (THF-dg): 6 205.1 (br, CO), 114.1 and
105.5 (Cp ringC-Pr), 78.3 (Cp ringCH), 24.5, 23.5, 22.6, and
19.8 (CHVey), 21.9 CHMey). Anal. Calcd for GgHsg040s: C,
47.58; H, 6.09. Found: C, 47.61; H, 6.15.

Preparation of Cp(C0O),0OsH. CpOs(COjl (1.02 g, 2.32 mmol)
was charged into a 200 mL Schlenk tube, angDE{100 mL) was
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added into the tube under Ar. The solution was cooled 18 °C,
andBuLi (1.7 M solution in pentane, 4.1 mL, 6.97 mmol) was
added dropwise into the solution over about 10 min. The mixture
was stirred at=78 °C for 2 h and then slowly warmed to room
temperature. After it was stirred at room temperature for 30 min,
the mixture was cooled te-78 °C again and 5 mL of ethanol was
added to kill off the exces8uLi. The solvent was removed, and
the resulting residue was extracted with & (3 x 5 mL). The
extracts were combined and filtered through a small plug of silica
gel. After the CHCI, was removed, a brown oil was obtained. The
oil was purified by vacuum sublimation at room temperature, and
CpOs(CO)H (0.51 g, 1.63 mmol, 70% yield) was obtained as a
white solid at—78 °C, which melted to become a colorless oil at
room temperaturelH NMR (CD,Cl,): ¢ 5.46 (s, 5H, GHs),
—14.49 (s, 1H, OsH)H NMR (C¢Dg): 0 4.48 (s, 5H, GHs),
—14.12 (s, 1H, OsH)!H NMR (THF-dg): 6 5.52 (s, 5H, @Hs),
—14.47 (s, 1H, OsH). IR (hexane): 2089 (w,€18), 2021 (s, CO),
1960 (s, CO) cmt. IR (THF): 2081 (w, Os-H), 2009 (s, CO),
1943 (s, CO) cml. IR (CH,Cly): 2083 (w, Os-H), 2011 (s, CO),
1944 (s, CO) cmt,

An alternative way to prepare Cp(COsH is to reduce Cp-
(CO)Osl with NaK in THF and then protonate the resulting Os
anion, as described in the synthesis'Bf4CsH)(CO),OsH. Isolated
yields of 56-60% were obtained using this procedure.

Preparation of Cp*(CO),0OsH. Cp*Os(CO}H was synthesized
through the reaction of Cp*Os(C@)with ‘BuLi in ether, using a

Organometallics, Vol. 25, No. 9, 2008215

Frequency calculations were used to characterize the stationary
points as minima or transition-state structures, as well as to
determine zero-point energies (ZPEs). The reported frequencies are
scaled by 0.968
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