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of any C; and C; products points out the inability of the
Zr(I1)-Me bond in the present case to undergo olefin in-
sertion reactions. Furthermore this indicates that reduc-
tive coupling of ethylene is a possible pathway for the
formation of the C, framework (Scheme I). In a following
step, methane elimination together with hydrogen transfer
to the metal center possibly leads to an intermediate bu-
tadiene-hydrido Zr species,'* which forms 2 via ethylene
insertion reaction into the Zr-H bond (Scheme I). To
verify this hypothesis, we have prepared in crystalline form
the unprecedented CpZr(dmpe)(n*-butadiene)H3! (3) by
reacting CpZr(dmpe)(n*-butadiene)Cl (4) with NaH,Al(O-
CH,CH,0CHj,), (Red-Al) (Scheme I). As expected, 3 un-
dergoes fast ethylene insertion into the Zr-H bond giving
2 in quantitative yield (Scheme I). The CH,-elimination
reaction seems a rather specific step in the reaction of 1
with light olefins and apparently not possible for conju-
gated olefins like butadiene.!® Reaction of 1 with buta-
diene led in fact to the formation of CpZr(dmpe)(n*-bu-
tadiene)Me (5) as bright orange crystals.!?

In contrast to 5, complex 2 is rather unstable and slowly
decomposes in solution at room temperature. However,
as shown in Scheme I, 2 acts as homogeneous catalyst for
slow and selective mild condition dimerization of ethylene
to 1-butene (ca. 3 turnovers/day at room temperature,
atmospheric pressure). It is noteworthy that the iso-
structural'” Me (5) and Cl (4) derivatives do not display
any reactivity with ethylene under the same reaction
conditions. Furthermore the absence of C¢ and Cg prod-
ucts, previously observed in the Zr- and Ti-promoted ol-
igomerization of ethylene,'® suggests that the mechanism

(14) An analogous mechanism has been suggested for the catalytic
dimerization of ethylene promoted by Ta and Ti complexes (a) Fellmann,
D. J.; Rupprecht, G. A,; Schrock, R. R. J. Am. Chem. Soc. 1979, 101, 5099.
(b) Cohen, S. A,; Auburn, P. R., Bercaw, J. E. J. Am. Chem. Soc. 1983,
105, 1136.

(15) X-ray structure: Wielstra, Y.; Meetsma, A.; Gambarotta, S.,
manuscript in preparation.

(18) An analogous reaction has been found with propylene, while no
reaction has been observed with isobutene, 2-butene, and 2,3-dimethyl-
2-butene.

(17) The close similarity in the structures of CpZr(dmpe)(4*-butadi-
ene)X (X = Et, Me, Cl) derivatives is deduced from the almost complete
overlapping of the IR spectra.

(18) (a) Datta, S.; Fisher, M. B.; Wreford, S. S. J. Organomet. Chem.
1980, 188, 353. (b) Pez, G. P. J. Chem. Soc., Chem. Commun. 1977, 560.
(c) Erker, G.; Krager, C.; Muller, G. Adv. Organomet. Chem. 1985, 24,
1 and references cited therein.
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in the present system is highly selective, a dominant role
being probably played by the bulky dmpe.

More work to clarify the mechanism of the catalytic
cycle and attempts to characterize possible intermediates
are included in our continuous studies on these systems.
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Summary: The new binary carbonyl Os,(CO),, has been
synthesized by the pyrolysis of Os,(CO)s. The structure
of the compound shows an irregular tetrahedral Os,
skeleton with 14, essentially terminal, carbonyl ligands.
The spectroscopic properties of the cluster suggests it
may be fluxional on the infrared time scale.

We have recently reported the synthesis and structure
of 0s,(CO);;! and Os,(CO) 4,2 the first tetranuclear binary
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Figure 1. Molecular structure of Os,(CO)y, (1).

carbonyls of osmium. Here we describe the synthesis and
structure of Os,(CO)y4, a stable tetranuclear cluster with
14, essentially terminal, carbonyl ligands. The molecules
0s,(CQO), (n = 14-16) represent the first time that three
binary carbonyls of the same metal have been prepared
that differ in the number of CO ligands but have a con-
stant number of metal atoms. Furthermore, tetrahedral
clusters with 14 carbonyl substituents are exceedingly rare.
It had been suggested on the basis of hoth steric® and
molecular orbital* arguments that such clusters would
probably not be stable. However, Shriver and co-workers
subsequently showed with the synthesis of [Fe;M(u-
C0),(C0O)12)* (M = Cr, Mo, W) that these clusters were
indeed capable of existence.?

Pyrolysis of 0s,(CO),;! in hexane at 80 °C affords
0s,(CO)y4 (1) in 94% yield after 20 h.? The structure’ of
1 (Figure 1) shows an irregular tetrahedral framework of
metal atoms with a crystallographic twofold axis passing
through the center of the Os(1)-0s(1B) and Os(2)-0s(2B)
bonds. The Os~Os bond lengths are Os(1)-0s(1B) = 2.834
(1) A, 0s(1)-0s(2) = 2.892 (1) A, Os(1)-0s(2B) = 2.810 (1)
A, 0s(2)-0s(2B) = 2.763 (1) A. Four of the carbonyl lig-
ands are weakly semibridging; these involve a carbony!
attached to an osmium atom of an Os(CO), unit interacting
with an osmium atom of an Os(CO)3 unit. The semi-
bridging contacts are 0s(2)-C(12) = 2.68 (2) A and Os-
(2B)-C(11) = 2.66 (2) A.

The tetrahedral core of the metal atoms is as expected
from polyhedral skeletal electron pair theory.® The var-

(1) Johnston, V. J.; Einstein, F. W. B.; Pomeroy, R. K. J. Am. Chem.
Soc. 1987, 109, 7220.

(2) Johnston, V. J.; Einstein, F. W. B.; Pomeroy, R. K. J. Am. Chem.
Soc. 1987, 109, 8111.

(3) (a) Doedens, R. J.; Dahl, L. F. J. Am. Chem. Soc. 1966, 88, 4847.
(b) Mingos, D. M. P. Inorg. Chem. 1982, 21, 464.

(4) Evans, D. G.; Mingos, D. M. P. Organometallics 1983, 2, 435.

(5) Horwitz, C. P.; Holt, E. M.; Shriver, D. F. Inorg. Chem. 1984, 23,
2491.

(6) The reported yield is of the crude product; it did, however, contain
a trace impurity believed to be OsH,(CO);;. The analytical sample and
the sample used for the spectrum shown in Figure 2 were obtained after
two recrystallizations from CH,;Cly-hexane. Anal. Caled for C1,0,,Osg:
C, 14.58; H, 0.0. Found: C, 14.88; H, 0.0. IR (hexane): »(CO) 2058 (s),
2018 (m), 1938 (vw, br) cm™, ¥C NMR (CHFCl,;/CD,Cl,, 6/1, 0 °C): &
177.1. MS: m/e 1154 (M*),

(7) X-ray diffraction data for Os,(CO)y: M, = 1152.8; monoclinic;
space group C2/c; a = 13.275 (2) A, b = 13.033 (1) A, ¢ = 11.593 (1) &,
8 =90.435 (9)°; V = 2000.5 A3, Z = 4, D 4 = 3.818 g cm™® (an empirical
absorption correction was applied); diffractometer, Enraf-Nonius CAD4F;
radiation, Mo Ke, graphite monochromator (A\(Ka,) = 0.70930 A); scan
range = 0° < 2§ < 50°; reflections = 1301 with I, = 2.5¢(I,); Ry = 0.033,
R, = 0.040; no. of variables = 109.
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Figure 2, (A) Carbonyl stretching region of the infrared spectrum
of 1 in hexane solution. (B) The spectrum of Feg(CO),y under
the same conditions (peak positions are 2047 and 2025 cm™).

iation in the metal bond lengths cannot, however, be ra-
tionalized by the theory in its present state. In each of
the resonance structures shown for 1 in the scheme

1

Os os’ os'
\ os, \os’ I
/ // _— /Os
— /
s Os 0s os Os/ Os/
0s = 0s(CO), 0s's 0s(cOy,

the osmium atoms have an 18-electron count. Although
this is a simple view of the molecule, it accounts for the
variation in bond lengths in 1 and that the Os(1)-Os(1B)
bond is the shortest metal-metal bond. Furthermore,
those bonds that are partially dative are those which are
semibridged by carbonyl ligands. This is expected to offset
the polar character of these bonds.® A similar Os,
framework was found for Os;(CO),3(PMes).1°

The carbonyl stretching region of the infrared spectrum
of 1 in hexane consists of two broad absorptions!! plus a
third even broader absorption that is barely detectable
above the base line (Figure 2).}2 The °C NMR spectrum
of 1 (3CO-enriched) in CHFCl,/CD,Cl, consists of a sharp
singlet even at -130 °C. This behavior is reminiscent of
that of Fe;(CO),; which exhibits a singlet in the 3C NMR

(8) (a) Wade, K. In Transition Metal Clusters; Johnson, B. F. G., Ed.;
Wiley: Chichester, England, 1980; p 193. (b) Johnson, B. F. G.; Benfield,
R. E. Top. Stereochem. 1981, 12, 253. (c) Mingos, D. M. P. Acc. Chem.
Res. 1984, 17, 311.

(9) Cotton, F. A. Prog. Inorg. Chem. 1976, 21, 1.

(10) Martin, L. R.; Einstein, F. W. B.; Pomeroy, R. K. Organometallics
1988, 7, 294.

(11) The peak width at half-height of the absorption at 2058 cm™ is
14.5 em™.. By comparison, for the most intense absorPtion of 0s3(CO),,
(at 2068 cm™) under the same conditions it is 5 cm™1.

(12) Twelve infrared-active carbonyl stretches are predicted for 1 with
C,, symmetry and all CO ligands terminal. For the more symmetric form
with two carbonyls bridging opposite edges of a regular tetrahedron (i.e.,
Dy O8,(u-C0)o(CO),y,) five infrared-active absorptions are expected in the
terminal CO region.
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spectrum to —150 °C.1* The infrared spectra of the two
compounds are remarkably similar in the carbonyl
stretching region (Figure 2). Cotton and Hunter have
proposed that Fe;(CO),, adopts a continuum of different
structures in solution and this is responsible for the
broadness of the infrared absorptions (this interpretation
has, however, recently been questioned!?). Similar argu-
ments could be used to rationalize the broad bands in the
spectrum of 1.

It is conceivable that the CO exchange in 1 is so fast so
as to cause the broadening of the absorptions in the in-
frared spectrum of the compound. The range in the
chemical shifts of the 1*C NMR resonances of chemically
different carbonyls in rigid osmium clusters is usually at
least 10 ppm or ~1000 Hz at an operating frequency of
100.6 Hz. (For example, the chemical shift separation
between the resonances of the axial and equatorial CO
ligands in Os3(CO)y; is 11.9 ppm.®) For two sites un-
dergoing fast exchange, the rate constant required to ob-
serve a detectable broadening (of 0.5 Hz) due to exchange
is given by w(A»)?, where Ay is the chemical shift difference
between the two signals when the molecule is rigid.'? The
sharp singlet in the solution *C NMR spectrum of 1 at
—130 °C therefore suggests that the carbonyls in the com-
pound are undergoing exchange with a rate constant of at
least 3 X 10 s7! at this temperature.’® If it is further
assumed that the rate doubles with every ten degree rise
in temperature, then a minimum rate of ~2 X 10! s ig
estimated for the CO exchange in 1 at 30 °C. This is a rate
approaching that necessary to cause detectable broadening
of infrared absorptions.® From the uncertainty principle,
a rate necessary to cause a broadening of 5 cm™ and thus
coalesce two infrared peaks separated by this frequency
is approximately 9.4 X 10! 572, Dynamic rearrangement
observable on the infrared tlme scale has recently been
reported for some (n*-diene)Fe(CO); complexes.?

Acknowledgment. We thank the Natural Sciences and
Engineering Research Council of Canada and Simon Fraser
University for financial support. We also thank Professor
W. A. G. Graham (University of Alberta) for valuable
discussions.

Registry No. 1, 115227-28-6; Os,(CO);5, 110698-51-6.

Supplementary Material Available: Tables of atomic co-
ordinates, temperature factors, and bond lengths and angles for
1 along with details of the data collection and refinement of the
structure (6 pages); a listing of observed and calculated structure
factors (10 pages). Ordering information is given on any masthead
page.
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(17) Sandstrém, J. Dynamic NMR Spectroscopy; Academic: New
York, 1982; p 18.

(18) For Fe3(CO),,, the rate must be even faster at —150 °C since the
13C NMR resonances of bridging carbonyls are typically 50 ppm to lower
field of those due to terminal carbonyls in iron carbonyl derivatives.!?

(19) Mann, B. E,; Taylor, B. F. *C NMR Data for Organometallic
Compounds; Academic: New York, 1981; p 172.

(20) (a) Muetterties, E. L. Inorg. Chem. 1965, 4, 769. (b) Cohen, B.;
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(21) Drago, R. S. Physical Methods in Chemistry; W. B. Saunders:
Philadelphia, 1977; p 86.
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Summary: Laser flash photolysis of the phenyl-substi-
tuted digermanes (Ph,Me;_, Ge), results in Ge-Ge bond
homolysis to give germyl radicals and probably a ger-
mylene.

The photochemistry of organosilicon compounds having
a o(Si-Si)—-7(C-C) conjugated system has been the subject
of considerable interest in recent years.! However, there
have been few reports on photochemical studies of the
germanium analogue.? We describe herein the first laser
photolysis studies on the aryl-substituted digermanes
(Ph,Me;_,Ge), (1-3, n = 1-3, respectively). Photolysis of
the phenylated digermanes causes germanium-germanium
bond homolysis which leads to the formation of a germyl
radical and probably a germylene.

Laser flash photolysis® (A = 266 nm, pulse width 5 ns,
power 10 mJ/pulse) of 1-3 (103 M) in THF at 293 K gave
two well-separated transient absorption bands as shown
in Figure 1. Careful examination of the transient peak
at shorter wavelength shows that this is composed of the
two components (half-life in THF and hydrocarbon media,
t1/2 <5 us and t;5 > 20 s, respectively). The former is
reasonably assigned to that of the aryl-substituted germyl
radical Ph, Me, ,Ge* (n = 1-3) from comparison of spectral
characteristics with those of the germyl radical reported.*®
The experimentally determined decay constants of these
transient species are summarized in Table I and are de-
pendent on the concentrations of the employed phenylated
digermanes. This is reasonably attributed to the addition
of the generated germyl radical to the aromatic ring on the
germanium.”® The assignment of the shorter lived tran-

(1) Vinyldisilane: (a) Sakurai, H.; Kamiyama, Y.; Nakadaira, Y. J.
Am. Chem. Soc. 1976, 98, 7424, (b) Ishikawa, M.; Fuchigami, T.; Ku- -
maka, M. J. Organomet. Chem. 1976, 117, C58. Aryldisilane: (c) Ishi-
kawa, M.; Fuchigami, T.; Sugaya, T.; Kumada, M. J. Am. Chem. Soc.
1975, 97, 5923. (d) Ishikawa, M.; Fuchigami, T.; Kumada, M. J. Orga-
nomet. Chem. 1976, 118, 139. (e) Sakurai, H.; Nakadaira, Y.; Kira, M.;
Sugiyama, H.; Yoshida, K.; Takiguchi, T. J. Organomet. Chem. 1980, 184,
C36. (f) Shizuka, H.; Okazaki, K.; Tanaka, M.; Ishikawa, M.; Sumitani,
M.; Yoshihara, K. Chem. Phys. Lett. 1985, 113, 89. Ethynyldisilane: (g)
Sakurai, H.; Kamiyama, Y.; Nakadaira, Y. J. Am. Chem. Soc. 1977, 99,
3879. (h) Ishikawa, M.; Fuchigami, T.; Kumada, M. J. Am. Chem. Soc.
1977, 99, 245. (i) Ishikawa, M.; Kawakami, H.; Fukui, K.; Ueki, Y.;
Shizuka, H. J. Am. Chem. Soc. 1982, 104, 245.

(2) Sakurai, H.; Sakamoto, K.; Kira, M. Chem. Lett. 1984, 1379.

(3) Sakaguchi, Y.; Hayashi, H.; Nagakura, S. J. Phys. Chem. 1982, 86,
31717.

(4) Hayashi, H.; Mochida, K. Chem. Phys. Lett. 1983, 101, 307.

(5) Chatgilialogu, C.; Ingold, K. U.; Lusztyk, J.; Narzan, A. S.; Scaiano,
J. C. Organometallics 1983, 2, 1332.

(8) Mochida, K.; Wakasa, M.; Ishizaka, S.; Kotani, M.; Sakaguchi, Y.;
Hayashi, H. Chem. Lett, 1985, 1709.

(7) Sakurai, H. Free Radicals; Kochi, J. K., Ed.; Wiley: New York,
1973; Vol. II, Chapter 25.

(8) Sakurai, H.; Nozue, I.; Hosomi, A. J. Organomet. Chem. 1974, 80,
71.
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