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Tetramethyloxoosmium(V1) (2a), the first example of methylosmium oxides (CH3)rOsy0,, has been 
synthesized from osmium tetraoxide (la) and dimet,hylzinc (19% yield) or methyltris(isopropoxy)titanium 
(50% yield). A more directed synthesis (60% yield) is methylation of the glycolate osmium(VI) complex 
O=OS(OCH~CH~O)~ (lb), which precursor compound is in turn accessible from la in quantitative yield. 
The thermally labile ethyl derivative tetraethyloxoosmium(V1) (2b), the first well-characterized example 
of its class (CzH&OsyO2, is also reported. The title compound 2a is an orange, air-stable, volatile, crystalline 
compound that melts at 74 O C  without decomposit.ion. The gas-phase average molecular structure of 2a, 
as determined by electron diffraction techniques, is consistent with a theoretical model having C4 symmetry, 
with the most important parameters being r,(Os-C) -. 209.6 (3) pm, r, (Os=O) = 168.1 (4) pm, and L(0OsC) 
= 112.2 ( 5 ) O .  According to PE spectroscopic data,, the d ionization of 2a occurs at 8.55 eV. The title 
compound 2a undergoes irreversible oxidation at +2.2 V, reversible reduction at -1.58 V (cyclic voltammetry). 

I i 

Introduction 
Simple organorhenium oxides such as methyltrioxo- 

rhenium(VII), CH3Re03, have proven effective catalysts 
in olefin oxidation, olefin metathesis, and olefination of 
 aldehyde^.^" In spite of this rather well-established 
high-oxidation-state rhenium chemistry, little is known 
about similar and analogous compounds of any other 
transition Osmium tetraoxide, Os04, like di- 
rhenium heptaoxide, Re20,, is soluble in organic solvents. 
As a consequence of this similarity, one should expect alkyl 
and aryl derivatives of the type R,Os,,O, to be accessible 
as well. Wilkinson et  aL6 have reported the preparation 
of the oxoosmium(VI) complexes [ (CHJ3SiCH2],0sO (12% 
yield), [2,4,6-(CH3)3C8H2]20s02 (29% 1, and [2,6-(CH3)2- 
C6H3]20s02 (44%). Recently, the synthesis of [(CH3),- 
SiCHzl4OsO was improved by Shapley et al. (54% yield), 
who used [P(c8H~4]2[0s02c~]  (two-step preparation GO4 
(ex), 87% yield) as the starting material! However, no 
single example of a methylosmium oxide has become 
known in the literature. In the present paper we describe 
the first successful, directed synthesis of a most simple 
organmmium oxide, (CH3)40s0 (2a). The ethyl deriva- 
tive (C2H6),OsO (2b) has been prepared for the sake of 
comparison with regard to thermal stability. The gas- 
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2b 
phase molecular structure of the novel parent compound 
tetramethyloxoosmium(V1) (2a), determined by electron 
(1) Communication 84: Herrmann, W. A.; Eder, S. J.; Kiprof, P.; 

Rypdal, K.; Watzlowik, P. Angew. Chem. 1990,102,1480; Angew. Chem. 
Znt. Ed. Engl. 1990,29, 1445. 

(2) Reviews on organorhenium and related oxides: (a) Herrmann, W. 
A. J. Organomet. Chem. 1986, 300, 11. (b) Herrmann, W. A. Angew. 
Chem. 1988,100,1296; Angew. Chem., Znt. Ed. Engl. 1988,27,1297. (c) 
Herrmann, W. A. J.  Organomet. Chem. 1990,382,l. (d) Herrmann, W. 
A.; Herdtweck, E.; FlM, M.; Kulpe, J.; Kbthardt, U. Polyhedron 1987, 
6, 1165. (e) Herrmann, W. A. Comments Inorg. Chem. 1988, 7, 73. 

(3) (a) Herrmann, W. A.; Wagner, W.; Volkhardt, V. (Hoechst AG). 
German Patent DE 3940196A1, Prior. Dec 12,1988. (b) Herrmann, W. 
A.; Man, Do; Wagner, W.; Klichler, J. G.; Weichaelbather, G.; Fischer, 
R. (Hoechst AG). German Patent DE 3902357A1, Jan 27, 1989. 

(4) Review on organometal oxides in general: Bottomley, F.; Sutin, L. 
Adv. Organomet. Chem. 1988,28,339. 
(5) (a) Alves, A. S.; Moore, D. S.; Anderaen, R. A.; Wilkineon, G. 

Polyhedron 1982,1,83. (b) Toom, R. P.; Stavropoulos, P.; Motevalli, M.; 
Humthouse, M. B.; Wilkinson, G. J. Chem. Soc., Chem. Commun. 1985, 
1139. (c) Tome, R. P.; Wilkinson, G.; Motevalli, M.; Humthouse, M. B. 
J. Chem. SOC., Dalton Trans. 1986,2711. (d) Stavropoulos, P.; Edwards, 
P. G.; Behling, T.; Wilkineon, G.; Motevalli, M.; Hurethouse, M. B. J.  
Chem. Soc., Dalton Trans. 1987,169. (e) Stavropuloe, P.; Savage, P. D.; 
Tooze, R. P.; Wilkinson, G.; Huseain, B.; Motevalli, M.; Humthouse, M. 
B. J. Chem. SOC., Dalton Trans. 1987,557. (fl Longley, C. J.; Savage, P. 
D.; Wilkineon, G.; Hussain, B.; Humthouse, M. B. Polyhedron 1988, 7, 
,1079. 
(6) Marshman, R. W.; Bigham, S.; Wilson, S. R.; Shapley, P. A. Or- 

ganometallics 1990, 9, 1341. 
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diffraction techniques, the electrochemistry, and the 
photoelectron spectrum are also reported. 

Rypdal et  al. 

Experimental Section 
All operations were carried out under nitrogen by employing 

standard Schlenk techniques. Diethyl ether was distilled from 
sodium/benzophenone and n-pentane from CaH2 under nitrogen. 
Dimethylzinc was prepared from methylmagnesium iodide with 
ZnC12-(dioxane).7 Methyltris(isopropoxy)titanium(IV) was 
prepared according to established literature syntheses.* For 
chromatography silylated silica (0.063-0.200 mm, Merck No. 7719) 
was used after oxygen elimination in vacuo (4 days, 200 "C). IR 
spectra were obtained on a Nicolet 5DX FT-IR spectrometer and 
NMR spectra on a JEOLJNM-GX-270 or -GX-400 spectrometer. 
Chemical shifts are reported in ppm downfield from TMS for 'H 
and '9c NMR spectra. 1 7 0  NMR data are referenced to external 
water with 6(H20) = 0.0 ppm. A mass spectrometer Varian MAT 
90 was used for the electron-impact mass spectra. Elemental 
analyses were performed by M. Barth and U. Graf in the Mi- 
croanalytical Laboratory of our institute. 

I. Synthesis. Important note! Special care has to be taken 
when working with osmium tetraoxide, which compound is known 
as an extremely poisonous material of high volatility. All ex- 
periments have thus to be carried out in an  effectioe hood. 

(1) Tetramethyloxoosmium(V1) (2a). Method A. To a 
stirred solution of osmium tetraoxide (la) (2.5 g, 9.8 mmol) in 
diethyl ether (50 mL) was added dimethyl zinc (35 mL of a 1.0 
M solution in diethyl ether, 35 mmol) at  -78 "C. The stirred 
mixture was then warmed slowly to room temperature. After 2 
h, the volatile materials were removed under reduced pressure, 
and the dark residue was extracted with n-pentane (2 X 100 mL). 
Concentration of the filtered extracts in vacuo and cooling ov- 
ernight (-78 "C) afforded red-orange needles. Yield: 0.50 g (19%). 
Alternatively, methyltris(isopropoxy)titanium (950 mg, 3.96 "01) 
was used as the methylating agent. I t  was added as an ether 
solution to a stirred solution of 250 mg (0.98 mmol) osmium 
tetraoxide in diethyl ether (10 mL) at  -78 "C. After warming to 
room temperature, the solvent was removed in vacuo. The product 
was column-chromatographed on silylated silica with n-pentane 
at  0 "C and then further purified by means of sublimation in a 
high vacuum at ca. 50 "C. Yields up to 130 mg (50%) are thus 
obtained. 

Method B. The starting compound l b  is prepared from os- 
mium tetraoxide (la) and 1,2-ethanediol in nearly quantitative 
yields according to a published procedure by Griffith et al.lk To 
a solution of the glycolate osmium(V1) complex l b  (660 mg, 2.0 
mmol in 15 mL of diethyl ether) was added dropwise dimethyl 
zinc (12 mL of a 1.0 M solution in diethyl ether, 12 mmol) with 
cooling in an ice bath. After stirring for several hours and slowly 
warming to room temperature, the solvent was removed under 
reduced pressure. The residue was subjected column chroma- 
tography on silylated silica with n-pentane at  0 "C. Yield: 320 
mg (60%). Mp: 74 "C with slow sublimation occurring at  lower 
temperatures. 

Spectroscopic data: IR (CS,) ~ ( 0 ~ 4 )  1013 cm-' (w), v(C-H) 
2965 cm-' (m), 2884 cm-' (w); 'H NMR (270 MHz, toluene-ds, 

~~~ 

(7) Okuda, J. Private communication. 
(8) Clauss, K. Liebigs Ann. Chem. 1968, 71 I, 19. 
(9) (a) Zeil, W.; Haase, J.; Wegmann, L. Imtrumentkd. 1966, 74,W. 

(b) Bastiansen, 0.; Graber, R.; Wegmann, L. Ealzers High Vacuum Rep. 
1969,25, 1. 
(10) Andereen, B.; s i p ,  H. M.; Strand, T. G.; StPilevik, R. Acta Chem. 

Scand. 1969,23, 3224. 
(11) Schafer, L.; Yates, A. C.; Bonham, R. A. J. Chem. Phys. 1971,55, 

3055. 
(12) International Tables for X-ray Crystallography; Kynoch Press, 

Birmingham, England, 1974; Vol. 4. 
(13) Hemann, W. A.; Serrano, R.; Bock, H.; Angew. Chem. 1984,96, 

364; Angew. Chem., Int. Engl. 1984,23,383. 
(14) R. Hoffmann, Program EHT, Icon Version 8.0. Parameters: Dr. 

2. Havlas, Academy of Science, Prague. Private communication to R. 
Hoffmann. 

(15) (a) Collin, R. J.; Jones, J.; Griffith, W. P. J. Chem. Soc., Dalton 
Tram. 1974,1094. (b) Criegee, R. Liebigs Ann. Chem. 1936,522,75. (c) 
Criegee, R.; Marchand, B.; Wannowius, B. Liebigs Ann. Chem. 1942,550, 
99. 
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Figure 1. (a) Theoretical (full line) and experimental (dotted 
line) intensity curves for (CH3),0s0 (2a). Each data set is shown. 
(b) Difference curve between experimental and theoretical in- 
tensity. 

20 "C) 6(CH3) 2.74 ppm (9); {lH)l% NMR (67.9 MHz, toluene-d8, 
20 "C) 6(CH3) 23.91 ppm; 1 7 0  NMR (54.2 MHz, toluene, 20 "C) 
6(0) 512 ppm; E1 MS (70 eV, m/e referenced to '%) 268 (relative 
intensity 16%, [MI+), 253 (4%, [M - CH3]+), 250 (lo%, [M - 

192 (4%, Os); UV/vis (cyclohexane) X, (e, l@ L mol-' cm-') 254 
nm (1.02), 346 nm (0.26). 

Elemental Anal. Calcd for C&,2005 (266.34): C, 18.04; H, 
4.54; 0, 6.01. Found: C, 18.12; H, 4.55; 0, 6.37. 

(2) Tetraethyloxoosmium(V1) (2b). To a stirred solution 
of 1.0 g (3.96 mmol) of osmium tetraoxide (la) in hexane (10 mL) 
was added a solution of diethyl zinc [16 mL of a 1.0 M solution 
in hexanes (Aldrich), 16 mmol) at  -78 "C. The reaction mixture 
was stirred for 1 h at  the low temperature. Silylated silica was 
then added at  -78 "C. The volatile materials were subsequently 
removed under reduced pressure, and the dark residue was 
subjected to column chromatography on silylated silica, with 
n-pentane being the eluent. The temperature was not allowed 
to rise above -10 "C throughout all manipulations! The orange 
solution was concentrated in vacuo. Cooling overnight at  -78 "C 
afforded red-orange needles, which were dried at  -70 "C in an 
oil-pump vacuum. Yield: 150 mg (12%). 

Spectroscopic data: 'H NMR (400 MHz, CDCl,, 20 OC) b(CH3 
4.03 ppm (8 H, q, 3J(H,H) = 7.3 Hz), 6(CH3) 1.51 ppm (12 H, t, 
3J(H,H) = 7.3 Hz); ('H)13C NMR (100.5 MHz, CDC13, 20 "C) 
6(CHP) 40.30 ppm, 6(CH3) 20.29 ppm; CI MS (mle, '@Os) 324 
(relative intensity 41%, [MI+), 308 (9%, [M -CHI]+, 295 (28%, 

- OCH3]+. Elemental analyses could not be obtained due to the 
pronounced thermolability of this compound. 

11. Gas-Phase Electron Diffraction. The GED data were 
recorded on a Balzers Eldiograph KD-G2.e The nozzle and 
reservoir temperature were approximately 25 "C. The electronic 
wavelength was calibrated against the C C  distance (r. = 139.75 
pm) in gaseous benzene. Two sets of data were recorded, one with 
a nozzle-to-plate distance of 50 cm and one with a distance of 25 
cm, four plates in each data set. The plates were subjected to 
photometry, and the data were processed by standard proce- 
dures.1° The s limits used in the final refinements were s = 
20.0-145.0 nm-', with As = 1.25 rim-' (50 cm), and s = 30.0-195.0 
nm-', with As = 2.50 nm-' (25 cm). The backgrounds were com- 
puter-drawn, and finally the intensity curves were averaged within 
each set of data. Complex atomic scattering factors f l s )  were 
taken from ref 11; tabulated values were used for osmium.12 The 
molecular intensity curves for the best model are shown in Figure 
1. 

111. Photoelectron Spectrum. Analogous to the spectrum 
of (q5-C5Me5)Re03,13 the spectrum of 2a has been recorded by 
using the high-performance spectrometer Leybold Heraeus UPG 
200 and calibrated by both the T3 ionizations of Ar and Xe a t  
15.76 and 12.13 eV, respectively. $he tentative assignment by 
a Koopmans analogous correlation, IE," -eJEHMo, is based on 

H20]+), 237 (60%, [M - OCH3]+, 235 (loo%, [M - H2O - CH3]+), 

[M-C,HS]+), 293 (40%, [M-OCHJ+), 265 (100%, [M-CZHI 
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Scheme I 
HO OH 0 

0 

Ib 

EHMO calculations starting from the known gas-phase stiructure 
and using the following parameters for Os within a double- { basis 
set (Slater exponents): 46s) = 8.17 eV (2.452), a(6p) = -4.81 eV 
(2.429), and ~ r ( 5 d )  = -11.84 (5.571 and 2.416 with C1 = 0.6372 and 
C2 = 0.5598)." 

IV. Electrochemistry. All cyclic voltammograms were re- 
corded with an EG&G-PAR 173 potentiostat controlled by an 
Hp-Vectra personal computer. A glassy-carbon working electrode 
of 7 mm2 and a Pt counter electrode of 100 mm2 were used. 
Acetonitrile was purified by refluxing over CaH2 for 6 days, 
distillation, and passing over a 10-cm column of A1203. The solvent 
was N2-saturated. The concentration of (CH3),0s0 was 28 mmol 
1-1 

Results and Discussion 
I. Synthesis. As the most simple organoosmiuin oxide 

known to date, the title complex 2a, tetrumethyloxo- 
osmium( VI), is accessible from either osmium tetraoxide 
(la) or the bis(glyco1ato-0,O) complex lb of hexavalent 
osmium. The first-named route, employing dimethylzinc 
to methylate la, suffers from low yields (19%)l, which 
would preclude extensive studies of this chemistxy. While 
the methyltitanium(1V) reagent as indicated in Scheme 
I gives much better yields (ca. 50%), the workup of product 
is much more tedious in this case, with oily side products 
giving rise to several extractive purification steps of un- 
predictable success. 

Upon consideration of the reduction step that loccurs in 
any alkylation or arylation reaction of osmium tetraoxide 
(Osv111 - Osw or OsIv),5a-f we designed a more straight- 
forward synthesis. It starts with the Osm-precursor com- 
pound lb. This bis(glyco1ato-0,O) complex is most easily 
available in big quantities from the Osv111 oxide la and 
1,2-ethanediol, according to a published procedure by 
Griffith et al.15, It reacts smoothly with dimlethylzinc 
according to Scheme I with formation of 2a. With yields 
around 60%, the workup procedure is very simple, so an 
effective, easy method is at  hand. This glycolate method 
has been successfully used in several other cases concerning 
organic oxides of osmium(V1) and rhenium(VII).l 

The title compound 2a is a red-orange, crystalline, air- 
stable compound that sublimes in an oil-pump vacuum at 
room temperature as orange needles. No gaseous products 
can be detected when the compound is brought in contact 
with water (GC-MS). However, decomposition occurs 
when the pH is raised by addition of sodium hydroxide 
with predominant formation of methane. Attempts of 
thermal decomposition at 200 "C gave only insufficient 
results, with little amounts of hydrocarbons formed during 
the decomposition, the gas being composed of methane 
(65%), ethane (27%), and ethylene (8%). 

For the sake of comparison (0-H abstraction?) we also 
prepared the first ethylosmium compound o f  high oxida- 

Figure 2. Molecular structure of tetramethyloxoosmium(V1) 
(2a).33 

tion states. TetraethyZoxoosmium( VI) (2b) like the methyl 
congener 2a can be column-chromatographed on silylated 
silica (0.063-0.200 mm) at -10 "C. However, temperatures 
of -10 "C and lower are to be maintained throughout the 
entire preparation, workup, and storage. If one does so, 
2b is isolated as orange crystals that melt with decompo- 
sition above ca. -60 "C. The compound is more stable in 
solution. (lH NMR spectra may be recorded at  room 
temperature within a period of no more than 30 min.) 
Upon warming neat 2b from -60 "C to room temperature, 
extensive decomposition occurs. While the solid residue 
is intractable in any solvent, the gases were identified by 
GC-MS as n-butane (48%), ethane (33%), and ethylene 
(17%). This indicates that not only @-hydrogens are in- 
volved in thermal decomposition; radical-type alkyl-os- 
mium bond cleavage seems also to participate in decom- 
position. The methyl complex 2a is completely stable . 
under such conditions (see above). 

2a and 2b are the most simple organoosmium oxides 
known. Other examples include [ ( CH3)3SiCH2]40s0,5a*6 
~is-[(CH3)3SiCH212(CH3)20so,1 (CH3)20s02(PY)2,1 
[ (CH3)20S02(PY) t 13,l [ (CH3)3SiCH2120SO2(PY) 2,l and 
( CH3) 200s0C ( CH3)2C ( CH3)20.1 However, there is no 
alkylosmium complex known in an oxidation state higher 
than +VI, nor has a homoleptic alkyl OsR6 yet been seen. 

11. Electron Diffraction Study. The GED data are 
consistent with a square-pyramidal model of symmetry Cb 
(not considering the hydrogen atoms, otherwise C4). If we 
assume that the methyl groups are twisted in an equal 
manner, this model has six independent parameters, 
namely three bond distances [r,(Os-C), r,(Os=O), and 
r,(C-H)], two bond angles [ ~ ( C o s c )  and L(OSCH)], and 
one torsion angle [~(OOSCH)]. The latter is defined as 
zero when all methyl groups are staggered with respect to 
the osmium-oxo bond. A model of the molecule is shown 
in Figure 2. These parameters along with six root- 
mean-square amplitudes were refined by a least-squares 
fit of a theoretical intensity curve to the two experimental 
curves. Nonrefined amplitudes were fixed at  values de- 
termined by trial and error and experience from similar 
compounds. Too few vibrational frequences are known for 
a force field analysis. The most important geometrical 
parameter values and root-mean-square amplitudes are 
listed in Table I. All least-squares standard errors are 
multiplied by a factor of 2.5 to compensate for the as- 
sumptions made when the model is defined and for sys- 
tematic errors in the experiment. Of the correlation 
coefficients for the parameters of main interest, r,(Os=O), 
ra(Os--C), and ~(00sC) ,  only the ~ ( 0 0 s C )  correlation with 
L(C0sC) is of serious concern (72%). The radial distri- 
bution curve is shown in Figure 3. The most important 
peaks are indicated by bars having length proportional to 
nZiZj/Rij (where the 2's are the atomic numbers, Rij is the 
distance between the two atoms, and n is the multiplicity). 
The R factor (R = [C(lob - 1em)2/~10~2]1/2)  for the best 
model was 5.9%. The second (25 cm) data set contains 
little information about the structure; the listed parameters 
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Table I. Values of Geometrical Parameters and 
hot-Meamsquare Amplitudes (I) for 
Tetramethyloxooemium(V1) (2a)O 

r. 1 
Bond Distances (pm) 

os-c 209.6 (3) 6.1 (6) 
os=o 168.1 (4) 2.9 (1.5) 
C-H 111.0 (4) 7.4 (7) 

Nonbonded Distances (pm) 
0w.H 267 (2) 15 (2) 
o*-c 314 (1) 13 (2) 
C(l)...C(2) 274 (1) 8 (2) 
C(l)-C(3) 388 (1) [11.0]b 

Bond Angles (deg) 
oosc 112.2 (5) 
OsCH 108.7 (1.1) 
C(l)OSC(2) 81.8 (4) 

OOsCH 24 (8) 
Torsional Angles (deg) 

a Leaat-squares standard errors are multiplied by a factor of 2.5 
to compensate for errors introduced when defining the model and 
for systematic errors in the experiment. bValues in square brack- 
eta are not refined. 

c- / I V  I I 
C-H OS=O OS-C OS--H 0-C C(l)--C(3) 

C( l)--C(2) 

r .  pm 

Figure 3. (a) Theoretical (full line) and experimental (dotted 
line) radial distribution curves for (CH3),0s0 (2a). The most 
important peaks are indicated by bars. (b) Difference curve 
between experimental and theoretical radial distribution curves. 
The artificial damping is 40 pm2. 

are mainly determined from the 50-cm data set, having an 
R factor of 4.0%. 

Only very few structures of simple organoosmium com- 
pounds are known. The osmium-methyl bond length of 
209.6 (3) pm is markedly longer than the average osmi- 
um-phenyl distance of 199.4 (1.2) pm observed in Os- 
(c&,)4,b the tolyl and cyclohexyl derivatives Os[2- 
(CH3)C6H4l4 and Os(C6H~1)4?bie the oxo aryl compounds 
[2,4,6-(CH3)3C6H2]20s02 and [2,6-(CH3)2C6H3]20s02,6f 
with values ranging from 197.7 (11) to 206.0 (6) pm. In 
the aryl compounds the 0s-C bond is probably shortened 
by a s-bonding contribution, so reliable comparative data 
are really missing. In the 
Os(II1)-C(alky1) bonds are 214 (2) and 219 (2) pm.& 
Compared to the title compound, however, this particular 
complex is sterically strained. The Os-C distance of 2a 
should be the standard value for a relatively unstrained 
O s 4  single bond. The recently published X-ray crystal 
structure of [ (CH3)3SiCH2]40s0 exhibits Os-C bond 
lengths (ranging from 205.7 (9) to 209.9 (9) pm) similar to 

1 3 3  

12.6 
n 

Figure 4. He I photoelectron spectrum of (CHJ,OsO (%a) with 
tentative EHMO assignment. 

those of (CH3)40s0 (2ah6 In CH3Re03, recently investi- 
gated by GED, the Re(VI1)-C bond is shorter (206.0 (8) 
pm).I6 From the position in the periodic table we would 
expect an Os-C bond to be slightly shorter. CH3Re03 is 
sterically even less strained (CN 4) than 2a (CN 5); in 
addition we compare Re(VI1) with Os(V1). In the more 
crowdeal hexamethyltungsten, W(CH3) the W(V1)-C 

in length between the W-C and the Os-C bonds is as 
expected from the close neighborhood of these elements 
in the periodic table. The OOsC bond angle is wide, 112.2 
( 5 ) O .  In C140s0 (GED) the corresponding OOsCl angle is 
108.3 ( L ~ ) O . ~ *  This angle reflects the strong repulsion of 
the methyl groups from the osmium-oxygen double bond 
compared to methyl-methyl repulsions. 

The square pyramid is the most common coordination 
geometry for other organometals of electronic d2 configu- 
ration. For example, the related ReV complexes ($- 
C&le4EtJReBr3(CH3)1g and ( ~ ~ - C f i e ~ ) R e ( C H 3 ) ~ ~  have the 
same structure. While these compounds behave as Lewis 
acids, forming adducts with triphenylphosphane, e.g. 
(-r15-C5Mt?5)ReC14[P(c6H5)3] ,21 no base addition reactions 

bond i even longer: 214.6 (3) pm (GED).' b' The difference 

(16) Hei*rmann, W. A.; Kiprof, P.; Rypdal, K.; Tremmel, J.; Blom, R.; 
Alberto, R.; Behm, J.; Albach, R. W.; Bock, H.; Solouki, B.; Mink, J.; 
Lichtenberuer. D.: Gruhn. N. E. J. Am. Chem. SOC.. in Dress. 

(17) H&l&d, A.; Ha"e1, A.; Rypdal, K.; Vo1den;H. V. J. Am. 

(18) Hanen, K.; Hobson, R. J.; Holwill, C. J.: Rice, D. A. h r R .  Chem. 
Chem. SOC. 1990,112,4547. 

1986, 25, 3259. 
(19) Herrmann, W. A.; Felixberger, J. K.; Herdtweck, E.; Schifer, A.; 

Okuda, J. Angew. Chem. 1987, 99, 466; Angew. Chem., Int. Ed. Engl. 
1987. 26. 466. 

(20) Flixl, M.; Herdtweck, E.; Wagner, W.; Kulpe, J.; Hiirtar, P.; 
Herrmann, W. A. Angew. Chem. 1987,99,787; Angew. Chem., Int.  Ed. 
Engl. 1987,:?6,787. 

(21) Herrio.ann, W. A.; Voss, E.; Kijsthardt, U.; Herdtweck, E. J. Or- 
ganomet. Chsm. 1985,294, C37. 

(22) Part 1.23 of Photoelectron Spectra and Molecular Properties. Part 
122: Bock, M.; Meuret, J. J. Organomet. Chem. 1990,398, 65. 

(23) Review: Bock, H.; Ramsey, B. G. Angew. Chem. 1973,85, 773; 
Angew. Chem., Int. Ed. Engl. 1973, 12,734. 

(24) Gleiter, R.; Hyla-Krystin, I.; Ziegler, M. L.; Sergeeon, G.; Green, 
J. C.; Stahl, L.; Erat ,  R. D. Organometallics 1989,4298 and literature 
quoted therein. 

(25) Lichtenberger, D. L.; Copenhaver, A. S. J.  Chem. Phys. 1984,91, 
663. 
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Tetramethyloxoosmium( VI)  

could be achieved with the title compound 2a. For exam- 
ple, neither tertiary phsophanes nor amines react with 2a. 
No 170 NMR shift is observed upon addition of any of 
these potential ligands to solutions of 2a, in marked con- 
trast with the behavior of CH3ReOp2va 

111. Photoelectron The molecule 
(CHJ40s0 contains 42 valence electrons, which, according 
to a useful rule of thumb [x ( l sH  + n p ~  + mdM)/2 = IEnv 
(He I)],29 should give rise to n = 15 ionizations within the 
He I measurement region. The photoelectron spectruma 
(Figure 4) exhibits three isolated bands at low energy and 
a tremendous ionization hill between 11 and 16 eV, re- 
sulting from a t  least 12 overlapping ionizations, as esti- 
mated from the approximate intensity ratio of 1:1:1:12. 
Due to the unpredictable and widely differing electronic 
relaxations of individual radical-cation states of medium- 
sized organometallic compounds,u only a tentative though 
plausible assignment can be suggested. It is based on a 
double-f EHMO calculation for the gas-phase electron 
diffraction structure of C4 symmetry. Accordingly (cf. 
Figure 4), the ground state of the (CHJ40s0 radical cation 
X(2B) at  8.55 eV should arise from d electron ionization 
a t  the (formally) hexavalent metal center. The next two 
bands at  9.55 and 9.97 eV, respectively, are Koopmans 
correlated to the two a ionizations from the Os(d,,, 
d,,)/O(p,, p,) multiple bond, with the calculated degen- 
eracy (Figure 4, 5e) being removed presumably due to 
spin/orbit coupling. For the assignment of the PE spec- 
tnun of osmocene,m a spin/orbit coupling constant f = 0.38 
eV has been used, which would satisfactorily explain the 
observed split, IE3V - IE2’ = 0.42 eV, in the PE spectrum 
of tetramethyloxoosmium (Figure 4). Further support is 
provided by a relativistic EHMO calculation,26 which yields 
for the highest occupied orbitals the eigenvalues -11.2, 
-12.2, -12.4, and -13.2 eV. Although the calculated split 
of only 0.2 eV is too small, nevertheless, the degeneracy 
of the e-type orbital is removed. The succeeding two 
peaks, recognizable in the low-energy flank of the ioniza- 
tion represent M +  states with predominant contributions 
from Os(d,z+,d,z)/C(p) bonds (Figure 4,4b and 6a). The 
remaining and strongly overlapping bands between 12 and 
16 eV are assigned b an approximate Koopmans corre- 

the title compound. They generate radical-cation states, 
in which the positive charge is delocalized over the u- 
framework with varying contributions from u(OsC), UGH), 
and u(Os0) bonds. 

As concerns photoelectron spectra of analogous alkyl- 
metal oxides, on which an additional comparison of 
equivalent radical-cation states by perturbation argu- 
mentsn could be based, the single case known to us is that 
of methyltrioxorhenium.28 Its first ionization energy 
amounts to 11.78 eV, clearly indicating that CH3Re03 due 
to its formal Re(+VII) center contains m d electrons. The 
radical-cation g_round state of the C3” molecule is tenta- 
tively assigned X(2A1), i.e. to a predominant contribution 
of the &Re) bond, and closely followed at  12,O eV by a 
band of double intensity, presumably due to an A(%) state 
arising largely from the a(Re0) bonds. At  first sight, the 

(26) Lob, L. L., Jr.; Pyykkoe, P. Chem. Phy8. Lett. 1969,62,333. We 
are grateful to Prof. Pyykkoe, Abo, Finland, for kindly providing his 
program. 

(27) Review: Bock, H. Angew. Chem. 1977,89,631; Angew. Chem., 
Int. Ed. Engl. 1977,16,613. 

(28) Spectra and other data see ref. 16. Synthesk Herrmann, W. A.; 
Kuchler, J. G.; Felixberger, J. K.; Herdtweck, E.; Wagner, W. Angew. 
Chem. 1988,100,420; Angew. Chem., Int. Ed. Engl. 1988,27,324. See 
also: Herrmann, W. A,; Kuchler, J. G.; Herdtweck, E.; Kiprof, P.; 
Weichselbaumer, G. J.  Organomet. Chem. 1?89,372,351. Herrmann, W. 
A.; Weichselbaumer, G.; Herdtweck, E. Ibid. 1989, 372, 371. 

lation, IEnV = -eJEHM B , to less characteristic ionizations of 
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I A I 

7- 

-2000 -1600 0 1000 2000 3600 

Potential E vs. Ag/AgCI [mV] 

Figure 5. Cyclovoltammogram of (CH3)40s0 (2a) in aceto- 
nitrile/O.l M [(n-C4H&4N] [PF,]. Potentials are referenced versus 
AgJAgClJB M KCl; the scan rate is 200 mV s-l. 

Scheme I1 
R 

alkylation n+/ 
OX;”) - OxM, 

‘0 R 

observed shift of the a-metal-xo ionization by 2.5 eV from 
9.5 eV for (CH3),0s0 (Figure 4) on substituting three 
methyl groups by two oxygen centers to 12.0 eV for 
CH3Re03 seems to be a reasonable assumption, although 
the two molecules differ in composition, structure, and 
symmetry. 

IV. Electrochemistry. As another probe for the 
stability of the title compound, we investigated the redox 
properties by cyclic voltammetry. In acetonitrile, 
(CH3)40s0 can be quasi-reversibly (AE I 186 mV, i w / i p  
I 0.7) reduced to the corresponding anion at  -1.58 V vs 
Ag/AgCl, and above 2.2 V it is irreversibly oxidized. 
Considering E,(Ag/AgCl) = 0.208 V vs NHE, these po- 
tentials can be compared with the electrochemical couples 
Sn2+ + 2e- = Sn (-1.583 V vs Ag/AgCl) and O(g) + 2H+ + 2e- = H20 (2.213 V vs Ag/AgCl) in aqueous solution.29 

A comparison with two other recently published com- 
plexes of metal d2 configuration, tetrakis(2-methyl- 
phenyl)m~lybdenum(IV)~~ and tetrakis(norbony1)molyb- 
denum(IV),3l reveals analogous features for all three com- 
pounds: a reversible wave at  negative potentials, an ir- 
reversible wave at  positive potentials. However, the oxi- 
dation of the title compound (CH3)40s0 (2a) occurs a t  
substantially higher potentials (2.2 V as compared to 0.6330 
and 1.25 V,,l respectively). The reduction waves of 
(CH,) Os0 ( E ,  2red = -1.58 V) and (C6H4-o-CH3)4M~ 
(E,j2J = -1.89 4) are assigned to single-electron transfers, 
as shown for 2a by comparison with ferrocene, to the 
corresponding d3 anions. By way of contrast, the reversible 
wave of tetrakis(norbornyl)molybdenum(IV) (-0.15 V vs 
Ag/AgCl) has been interpreted as an oxidation of this 
complex.31 To our surprise, [ (CH3)3SiCH2]40s0 and [ (C- 
H3),SiCH2I4RuO behave completely different in cyclo- 
voltammetry. While they show one-electron oxidations at  
1.19 and 1.20 V, respectively, no reversible reduction waves 
are observed.6 

~ 

(29) Handbook of Chemistry and Physics, 61th ed.; CRC Press: Boca 

(30) Arnold, J.; Wilkinson, G.; Hussain, B.; Hursthouse, M. B. J.  

(31) Kolodziej, R. M.; Schrock, R. R.; Davis, W. M. Inorg. Chem. 1988, 

Raton, FL, 1980. 

Chem. SOC., Dalton Trans. 1989, 2149. 

27, 3253. 
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Conclusion 
Alkylation of glycolate-0,0 derivatives of metal oxides 

is a better, more direct way to organometal oxides, espe- 
cially when the metal is in the correct oxidation state 
(Scheme 11). As we show in other cases,' a glycolate ligand 
is replaced by two alkyl groups much more selectively than 
an oxo group. This rule should be kept in mind with 
attempts to synthesize other organometal oxides, a class 
of compounds that is still missing for most transition 
metals. We have recently also been successful with this 
general procedure in organorhenium chemistyea Further 

(32) Herrmann, W. A.; Watzlowik, P.; Kiprof, P. Chem. Ber., in press. 

work with these and other metals is in progress. 
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Synthesis and Structure of a Highly Branched Polycarbosllane 
Derived from (Chloromethy1)trichiorosilane 
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A highly branched hydridopolycarbosilane has been prepared by Grignard coupling of (chloro- 
methyl)trichlorosilane, followed by reduction with lithium aluminum hydride. Trapping studies show that 
the initial step in the polymerization is a nearly quantitative formation of the Grignard compound C13- 
SiCH2MgC1. This Grignard compound undergoes head-to-tail (Si-C) coupling almost exclusively, and due 
to its trifunctional SiC1, "tail", a complicated, branched, polycarbosilane polymer results, which contains 
the following structural units: SiC13CHz-, -SiClzCHz-, >SiClCH,-, and >SiCHz-. The chloropolywbosie 
undergoes side reactions with ether, leading to incorporation of small amounts of ethyl and ethoxy 
functionality. During the reduction step the ethoxy groups are eliminated, yielding a polymer with the 
approximate formula [SiHl.&~.15CH2]n, which has been characterized by 'H, I3C, and %i NMR, Et, GPC, 
and elemental analysis. This polymer is of interest as a precursor to near-stoichiometric silicon carbide. 

Introduction 
Highly branched silicon-containing polymers have been 

previously reported in conjunction with studies on silicon 
carbide precursors. Schilling et al.' have investigated 
several systems in which various mixtures of Me,SiCl, 
Me2SiC12, and H2C=CHSi(Me)C12 were treated with po- 
tassium, resulting in the formation of complicated, 
branched polysilanes. The branching was induced by re- 
action of the vinyl groups with potassium, leading to for- 
mation of SiCH2CHSi2 units in the polymer. Baney2 has 
prepared polymers composed of complicated arrangements 
of fused polysilane rings. These polymers are prepared 
by treating mixtures of partially chlorinated disilanes of 
the general formula MeeICl1Siz (z = 2-4) with Bu4PCl at 
elevated temperatures. Krinel.3 reported the formation of 
polymeric byproducts during the "reverse Grignard" re- 
action of (chloromethy1)dichloromethylsilane employed to 
prepare various cyclic carbosilane compounds. These 

(1) (a) Schilling, C. L., Jr.; Wesson, J. P.; Williams, T. C. J. Polym. 
Sci., Polm. Symp. 1983, 70, 121. (b) Schilling, C. L., Jr. U. S. 4,414,403 
and 4,472,591. (c) Schilling, C. L., Jr.; Williams, T. C. Polym. Pre. Pr. 
1984, 25, 1. 

(2) (a) Baney, R. H.; Gaul, J. H.; Hilty, T. K. Emergent Process 
Methods for High Temperature Ceramics. Mater. Sci. Res. 1984,17,253. 
Baney, R. H.; Gaul, J. H.; Hilty, T. K. Organometallics 1983, 2, 860. 
Baney, R. H. U. S. 4,310,481, 4,310, 482, and 4,310, 651. 

(3) Kriner, W. A. J .  Org. Chem. 1964, 29, 1601. 

byproducts were presumably branched polycarbosilanes 
but were not investigated in any detail. 

We report herein the characterization of a novel poly- 
carbosilane with a highly branched structure. Due to the 
complex nature of this polymer, precise naming is difficult. 
The polymer isolated from the initial Grignard coupling 
reaction and its LiAlH4-reduced analogue will be referred 
to as chloropolycarbosilane and hydridopolycarbosilane, 
respectively. The theoretical "average" formulas for these 
polymers would be [SiC1,CH2], and [SiH2CHz],; however, 
due to their highly branched nature and side reactions with 
the ether solvent, the actual structures are much more 
complicated. The hydridopolycarbosilane is potentially 
useful as a precursor to silicon carbide ceramics, as it has 
nearly a t  1:l Si:C ratio and undergoes facile thermal 
cross-linking reactions leading to high ceramic yields. 

Experimental Section 
General Procedures. AU manipulations involving air-sensitive 

materials were carried out in oven-dried glassware by using 
standard inert-atmosphere techniques.' Solventa were distilled 
under nitrogen from appropriate drying agentsSb Magnesium 
powder (No. 50 mesh) was reground by using a modified pepper 

(4) Shriver, D. F.; Drezdon, M. A. Manipulation of Air-sensitive 

(5) Gordon, A. S.; Fort, R. A. The Chemist's Companion; Wiley New 
Compounds, 2nd ed.; Wiley: New York, 1985. 

York, 1977. 
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