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CO insertion. This dual behavior is in line with the much
greater propensity of M~R’ than of M—H to participate in
intramolecular CO insertion.” It is of further interest that
the related binuclear iron nitrosyl anion [Fey(NO),(u-
PPh,),]?% undergoes alkylation (with R’I) at metal with
subsequent reductive elimination of Fe(PPh,R’) rather
than migratory insertion involving NO.}¥ Details of this
latter study will be reported separately.
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Summary: [(n*-Ph,C,CO)CO),Ru], and [(n*-
Ph,Me,C,COXCO),Ru] , represent a new class of efficient
precatalysts for homogeneous hydrogenation of alkenes,
alkynes, ketones, aldehydes, and anthracene under
moderate conditions. Mechanistic aspects have been
investigated, and a basic catalytic cycle is proposed.

Many transition-metal complexes function as catalysts
in homogeneous hydrogenation reactions.! Newly dis-
covered systems may be of interest if they are either ex-
ceptionally reactive and inexpensive or if they represent
a new class of catalysts carrying interesting mechanistic
principles.

Herein we report on a new class of ruthenium homo-
geneous hydrogenation precatalysts examplified by bis-
[(y*-tetraphenyleyclopentadienone)dicarbonylruthenium]
(1) and Dbis[(n*-2,5-dimethyl-3,4-diphenylcyclo-
pentadienone)dicarbonylruthenium] (2). To the best of

[(n4-Ph4C4C?)(CO)2Ru]2
[(n4-Ph2Me204200)(CO)2Ru]2

our knowledge, complexes carrying cyclopentadienone
(CPD) ligands were not previously recognized as hydro-
genation catalysts. The resistance of the CPD ligand to
hydrogenation is surprising. Complex 1 was recently re-
ported by us to catalyze an interesting dehydrogenation
reaction (eq 1).2 It is a robust, air-stable complex readily
prepared in good yield according to eq 2. An X-ray study®

9RCH,OH — RCO,CH,R + 2H,1 1)
RU3(CO)I2 + Ph4C4CO -
(#-Ph,C,CO)(CO)sRu — 1 + CO (2)
3

of the previously reported* 3 establishes its structural
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Table 1.° Hydrogenation Data for [(»*-Ph,C,CO)(CO),Ru],

cat. % convn®
compd (mmol)  (mmol) solv (mL) time, min (cycles)
l-octene (17.2) 0.01 bulk 10 100 (1720)
2-pentene (46.5)¢  0.025  bulk 15 100 (1860)
cyclohexene 0.025 bulk 15 100 (1976)
(49.4)
cyclohexene 0.025 bulk 60 100 (1976)
(49.4)°
1-methyleyclo- 0.01 bulk 20 100 (1690)
hexene (16.9)
styrene (52.4) 0.019  bulk 720 67 (2760)
trans-stilbene 0.05 toluene (5) 180 93 (186)
(10)
1-hexyne (10) 0.05 toluene (10) 35 100 (200)
4-octyne (10) 0.05 toluene (10) 35 100 (200)
diphenyl- 0.05 toluene (10) 135 100 (326)f
acetylene (10)
anthracene (10) 0.05 toluene (10) 135 1008 (520)
diethyl ketone 0.047  bulk 45 97 (1940)
(95)
cyclohexanone 0.05 bulk 300 98 (1960)
(100)¢
diisopropyl 0.025  bulk 180 88 (1760)
ketone (50)
dibenzyl ketone 0.025  toluene (5) 180 100 (1000)
(25)
acetophenone 0.025  bulk 255 94 (1880)
(50)
benzophenone 0.05 toluene (10) 20 49 (96)
(10)
benzaldehyde 0.05 toluene (10) 10 81 (162)
(10)
pentanal (10)¢ 0.05 toluene (10) 60 100 (200)

¢Conditions: glass-lined autoclave; 500-psi initial H, pressure;
temperature 145 + 1 °C unless otherwise specified. ®Determined
by GC using authentic samples for product identification. ¢ Moles
of products/moles of catalyst. ¢Cis—trans mixture. ¢ Temperature
100 £ 1 °C. /The product contained trans-stilbene (37%) and
1,2-diphenylethane (63%). £A mixture of tetrahydro- and octa-
hydroanthracenes (MS). *The products are benzyl alcohol (95%)
and benzyl benzoate (5%). ‘The products are 1-pentanol (40%)
and n-pentyl n-pentanoate (60%).

identity. The dimer 1 has, most probably, the structure®

Ru(C0),Ph,C,CO—Ru(CO),Ph,C,CO, similar to that
which was proposed for the Fe analogue.! The similarly
prepared 2 exhibits an IR spectrum [(CCl,) 2032, 2000,
1977, and 1530 cm™!], which resembles that of 1,5 and a
NMR spectrum [(CDCl,) 6 2.06 (s, 6 H), 7.25-7.27 (m, 10
H)] as well as satisfactory elemental analysis.

Both 1 and 2 catalyze hydrogenation of various unsat-
urated substrates (Table I). The following conclusions
can be drawn: (a) Complex 1 is a broad spectrum hydro-
genation precatalyst for alkenes, alkynes, ketones, aldeh-
ydes, and also anthracene. (b) Generally the rates are very
good, exceeding, in several cases, 100 cycles/min under
moderate reaction conditions, with conversions of
90-100%. (c) Hydrogenation can be carried out in the bulk
or in solvent (toluene). (d) Lowering of the temperature
diminishes the rate of the reaction. (e) Alkylacetylenes
are hydrogenated to the corresponding alkanes. No at-
tempts have yet been made to selectively hydrogenate one
bond. (f) Phenyl olefins react slower than alkyl olefins.
(g) No hydrogenolysis was encountered. (h) Esters are
byproducts in the hydrogenation of aldehydes. Thus, an
irreversible bimolecular dehydrogenation (eq 1) of the
primary alcohol to ester’ or alternatively a slow Tish-

(3) Blum, Y.; Shvo, Y.; Chodosh, D. F. Inorg. Chim. Acta 1985, 97,
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chenko-type disproportionation of the aldehyde® competes
with the hydrogenation reaction. (i) Anthracene was
quantitatively converted to tetrahydro and octahydro-
anthracenes identified by MS but not yet fully charac-
terized. v

The following additional experiments were performed:
(a) Competitive hydrogenation of cyclohexanone and cy-
clohexene (bulk; 66 °C) gives an initial rates ratio of 8:1,
respectively, indicating a moderate chemoselectivity.
However, from the table it is evident that cyclohexene is
hydrogenated faster than cyclohexanone. This discrepancy
can be resolved if one assumes that cyclohexanone binds
preferentially (to the complex) but is hydrogenated more
slowly than cyclohexene.®® (b) (»*-Ph,C,CO)(CO);Ru (3)
exhibits catalytic hydrogenation activity that is 3-4-fold
smaller than 1. (¢) Visually the reaction mixtures are pale
yellow and homogeneous. Several terminal reaction mix-
tures were subjected to Maitlis’ procedure,? indicating the
absence of heterogeneous catalytically active material. (d)
The initial hydrogenation rate ratio (cyclohexanone; 70 °C)
with 1 and 2 is 2.7:1, respectively, providing a starting point
for further structural modifications of the CPD ligand.

The identity of the active catalytic species is of basic
importance. A related important question is whether the
CPD ligand is retained by the metal during catalysis or
whether 1 is just another precursor of a catalytically active
ruthenium carbonyl complex.

We are proposing a basic catalytic cycle shown in
Scheme I. The loaded catalyst is the dimer 1. In our
recent report? the dihydride 5 was implicated (IR, NMR)
as an intermediate in the dehydrogenation process (eq 1).
Now we have carried out the following set of experiments:
(1) Hydrogenation of cyclohexanone (1 M) with 1 (5 X 107
M) in toluene at 85 °C and H, (12 atm) was quantitatively
monitored (IR and GC). All along the conversion of
ketone — alcohol the room-temperature IR spectrum of
the reaction mixture exhibits bands of the dimer 1 only
(2040, 2010, 1980, 1970 sh, 1550 cm™). But as soon as all
the substrate was consumed (GC; 60 min), the above
spectrum cleanly changed into that of the hydride 5 (2025,
1965, 1550 vw em™). Clearly, 5 must function as an in-
termediate and the rate of hydrogen transfer (k;) must be
faster than the oxidative addition of hydrogen to 4 (k,).
(2) A solution of 1 (5 X 1078 M) in toluene (no substrate)
was hydrogenated at 85 °C under H, (12 atm). After 90
min a mixture of 1 (43%) and 5 (57%) was obtained (IR).
Three experiments, monitored by IR, were performed at
room temperature with the above solution. Noteworthy
are the exceptionally clean transformations and the ho-

(7) Blum, Y.; Shvo, Y. J. Organomet. Chem. 1984, 263, 93.

(8) (a) Ito, T'; Horino, H.; Koshiro, Y.; Yamamoto, A. Bull. Chem. Soc.
Jpn. 1982, 55, 504. (b) We thank the reviewer for proposing this inter-
pretation. The initial rates of hydrogenation of cyclohexanone in the
separate and the competition experiments are similar.

(9) Hamlin, J. E.; Hirai, K.; Millan, A.; Maitlis, P. M. J. Mol. Catal.
1980, 7, 543.

(10) Concentrations were evaluated from experimentally measured IR
absorption coefficients of 1 and 5 and are accurate to £5%.
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mogeneity of the solutions at all times. (a) A slow trans-
formation of 5 — 1 was observed when the above solution
was kept under nitrogen. A composition of 1 (57%) and
5 (43%) was obtained after 25 min and 100% of 1 after
4 h. Thus, 5 is also capable of a slow thermal release of
H, (k_;) that is by far slower than the chemical transfer
of H, (k;) (experiment 1). (b) A second portion of the
original solution was purged with nitrogen (5 min) to re-
move soluble hydrogen gas. Subsequent addition of a drop
of cyclohexanone has instantaneously changed the original
mixed composition IR spectrum to that of 1 only; a minute
quantity of cyclohexanol was recorded (GC). In the
present experiment the oxidative addition of hydrogen (k,)
and the transfer of hydrogen (k;) were separated and
carried out stoichiometrically. Again the latter step proved
to be a fast process. (c¢) Experiment b was repeated with
a third portion of the original solution, but nitrogen was
now substituted with CO gas. Again a slow thermal
transformation of 5 — 1, accompanied by even slower
formation of (Ph,C,CO)(CO);Ru (~1% at 0.5 h), was re-
corded. Subsequent addition of a drop of cyclohexanone
induces an instantaneous disappearance of 5, resulting in
a composition of 1 (98%) and (Ph,C,CO)(CO);Ru (7%).
The capturing of 4 with CO upon the stoichiometric re-
duction of cyclohexanone with 5 supports the intermediacy
of 4 in the hydrogenation cycle.

From the linear plots of cyclohexanone reduction vs.
time with H, and D,, the ratio ky/kp = 1.18 £ 0.07 was
determined. Therefore, we are led to the conclusion that
the dissociation of the dimer 1 (k,) is the slowest step in
our cycle. This conclusion is supported by the observation
of an induction period where hydrogenation was slowed
down (55 °C). The following relationship can now be
established: kg > ky > ky; k_; > ky; ky > ko,

The above results confirm that the CPD ligand is re-
tained by the various catalytic species during hydrogena-
tion. Furthermore the absolute intensities of the IR bands
(CO) of 1 during hydrogenation (experiment 1) are con-
stant within experimental error (£5%). Also TLC analyses
of the hydrogenation reaction mixture have indicated the
absence of tetracyclone and its hydrogenation products.
It is noteworthy that free tetracyclone is hydrogenated with
1 at a rate comparable to that of cyclohexanone. There-
fore, the present class of complexes differs in its mode of
action from known monoene and diene complexes which
do exchange their olefinic ligands with substrates during
hydrogenation.!!

The interaction of the coordinatively saturated hydrido
complex 5 with the substrate (ketone) is yet unclear. This
problem must await the detailed knowledge of the struc-
ture of 5, which may exist (or react) in the tautomeric form
{n5-Ph,C;OH)(CO),RuH. In this form the proton and the
hydride can be transferred to the carbonyl of a ketone, thus
circumventing the intervention of a 16-electron interme-
diate prior to the reduction step.

The infrared stretching bands of both the ring and the
metal-coordinated carbonyls of 2 are shifted to lower fre-
quencies compared to those of 1. This indicates a more
electron-rich CPD ring in 2 and consequently a more
tightly bound dimer which may account for its lower
catalytic reactivity compared to that of 1.
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Summary: The reaction of (methoxymethylmethylene)-
pentacarbonylchromium with 8-hepten-1-yne in aceto-
nitrile proceeds to give two isomeric bicyclo[3.2.0]hep-
tan-6-ones that are substituted in the angular position «
to the carbonyl with either an E (10) or Z (11) 2-meth-
oxypropenyl group. The reaction with the corresponding
tungsten complex fails. The reaction in THF gives a
complex mixture of products, the two major of which are
the E isomer 10 and a trisubstituted furan. There are two
reasonable mechanisms to account for the formation of
the bicycloheptanones. A methanol-trapping experiment
provides evidence for a pathway involving initial reaction
of the carbene complex with the acetylene functionality
to give a vinylcarbene complex intermediate followed by
carbon monoxide insertion to give a vinylketene complex
which is then trapped intramolecularly by the olefin to give
the bicycloheptanones.

It is well established that chromium Fischer carbene
complexes such as 1 will react readily with unactivated
acetylenes.! Although the heteroatom stabilized chro-
mium carbene complexes such as 1 are unreactive with
unactivated olefins,? group 6 carbene complexes (probably
in high oxidation states) have been strongly implicated in
the olefin metathesis reaction which is general for a variety
of olefins.’

We envisioned a process outlined in Scheme I in which
the reaction of an unactivated olefin with a low-valet group
6 carbene complex may be made more favorable. The

(1) (a) Détz, K. H. Angew. Chem., Int. Ed. Engl. 1984, 23, 587. (b)
Wulff, W. D.; Tang, P. C.; Chan, K. S.; McCallum, J. S,; Yang, D. C;
Gilbertson, S. R. Tetrahedron 1985, 41, 0000.

(2) Fischer, E. O.; Détz, K. H. Chem. Ber. 1972, 105, 1356.

(3) Banks, R. L. In “Catalysis”; The Royal Society of Chemistry:
London, 1982; Vol. 4, p 100.
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reaction of complex 1 with an enyne such as 2 would be
expected to proceed first with the acetylene functionality
to give the intermediate vinylcarbene complex 3¢ in which
the intramolecular reaction with an olefin is not only fa-
vored entropically but also by the anticipated increased
reactivity of this nonstabilized chromium carbene com-
plex.*® According to the accepted mechanism for olefin
metathesis,® the olefin should add to give the chroma-
cyclobutane derivative 4 which can undergo scission to
regenerate either 3 or the new olefin 9. This type of in-
tramolecular metathesis has recently been observed for
tungsten complexes.®! Metallacyclobutane intermediates
(W, Cr) have also been demonstrated to undergo reductive
elimination to glve cyclopropanes from both inter-%*5 and
intramolecular’ reactions of carbene complexes with ole-
fins. The presence of the vinyl group in intermediate 4
may allow for a 1,3-migration of chromium to give the
isomeric #'-allyl species 5. Resonable fates for this in-
termediate would be reductive elimination to give the
bicyclooctene derivative 7 or carbon monoxide insertion
and reductive elimination to give the cyclohexenone de-
rivative 6, which would be analogous to the product we
haw?3 obtained from the reaction of la with 1,6-heptadi-
yne.®®

This analysis proved to be only partly correct. The
reaction of 1 with enyne 2 does generate intermediates that
lead to intramolecular reaction with the unactivated olefin;
however, none of the anticipated products indicated in
Scheme I could be observed. Instead, the reaction of the
methyl complex 1a with enyne 2 in acetonitrile produces
the two bicycloheptanones 10 and 11 in 45% yield. The
olefin geometry in each case was assigrnied by NOE dif-
ference 'H NMR spectroscopy. Hydrolysis of the mixture
of 10 and 11 gave only the angularly substituted dione 12.
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