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Catalysis at the Interface of Ruthenium Carbene and Ruthenium Hydride
Chemistry: Organometallic Aspects and Applications to Organic Synthesis

Bernd Schmidt!?!
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Soon after the introduction of stable and defined ruthenium
precatalysts for olefin metathesis it was discovered that
double bond migrations may interfere with the metathesis
reaction. This undesired side reaction has been attributed to
the formation of ruthenium hydride species from metathesis-
active ruthenium carbene species in situ. Over the past few
years, several studies have indeed revealed the existence of
pathways leading from ruthenium carbene to ruthenium hy-
dride complexes. Furthermore, a number of examples have
been published recently where typical precatalysts for olefin
metathesis were found to promote non-metathesis trans-

formations efficiently in preparatively useful yields and se-
lectivities, presumably via the in situ formation of ruthenium
hydride species. These results open up a pathway to the de-
velopment of novel catalyzed reaction sequences that com-
bine ruthenium carbene- and ruthenium-hydride-mediated
steps. This paper provides an overview of the field and
covers organometallic aspects as well as synthetic applica-
tions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

1. Olefin Metathesis and Non-Metathesis Side
Reactions

The discovery of stable and defined carbene complexes
of molybdenum!!l and ruthenium!® as efficient precatalysts
for olefin metathesis has made this transformation one of
the most important C—C bond forming reactions.’—#
Molybdenum-based complexes such as 1 are generally
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considered to be more reactive towards highly substituted
and electron-rich double bonds than are ruthenium-based
complexes, e.g., 2. The latter are, however, more stable
towards air and moisture and are more tolerant towards
polar functional groups. A significant improvement of the
metathesis activity of ruthenium carbene complexes was
achieved by the introduction of one N-heterocyclic carbene
ligand.®!%T Ruthenium complexes 3,['11 4,[121 and 5013141 are
examples of these second-generation catalysts and they are
often used when 2 is not sufficiently reactive (Figure 1).
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Figure 1. Stable and defined precatalysts for olefin metathesis

It was recognized early that in cases where 2 catalyses the
metathesis reaction only slowly, rather high catalyst load-
ings are required to obtain preparatively useful rates of con-
version. This observation was attributed to a monomolecu-
lar decomposition pathway of the catalytically active ru-
thenium methylidene species. The structure of the de-
composition  products could, however, not Dbe
determined.!'3! Several reports published over the past few
years indicate that decomposition products of ruthenium
metathesis catalysts might be responsible for undesired side
reactions, especially alkene isomerization. For instance,
Maynard and Grubbs reported that distillation of 6, ob-
tained via ring closing metathesis, often results in the for-
mation of small amounts of isomerization product 7 if ru-
thenium residues are not removed prior to distillation
(Scheme 1, a).l'! Prunet et al. investigated the ring closing
metathesis of diene 8 with a view towards preparing the
carbocyclic moiety of taxol. Only minor amounts of two
cyclized products were obtained: the expected cyclooctene
9 and an unexpected isomer 10, which obviously results
from an isomerization subsequent to the metathesis step
(Scheme 1, b).l'1 A similar observation had previously been
reported by Taylor et al., who attributed the isomerization
of the primary metathesis product to trace amounts of acid
present in the solvent.['® An example where double bond
isomerization occurred prior to ring closing metathesis was
reported by Fiirstner et al.: ring closure of 11 yields the
expected 21-membered macrocycle 12 along with minor
amounts of a 20-membered macrocycle, 13. Formation of
13 is obviously the result of a double bond isomerization
and subsequent ring closing metathesis with liberation of
propene (Scheme 1, ¢).['1 An unexpected outcome of the
attempted double ring closing metathesis of tetraene 14 was
reported by our group: instead of a spirocyclic product, al-
dehyde 16 was obtained in very low yield, but as a single
diastereoisomer, along with unidentified nonvolatile bypro-
ducts. We assume that ring closing metathesis to the six-
membered ring occurs in the first step, followed by ru-
thenium-catalyzed isomerization of the remaining allyloxy
moiety to enol ether 15, which then undergoes a Claisen
rearrangement (Scheme 1, d).?°! An approach to the same
structural motif on a preparatively useful scale was recently
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Scheme 1. Examples for isomerization reactions interfering with
olefin metatheses

developed by Dixneuf et al. using a ruthenium-catalyzed
isomerization/Claisen rearrangement sequence.?!-??!

Different proposals have been made to explain the forma-
tion of products resulting from double bond isomerization.
Nolan, Prunet, et al. have investigated the competition of
ring closing metathesis and double bond isomerization in
some detail for the model system 17.1231 Cyclooctene 18 and
isomerization product 19 were obtained in varying
amounts, and the composition of the reaction mixture de-
pends strongly on the solvent, as illustrated in Scheme 2.
Addition of small amounts of tricyclohexylphosphane ox-
ide (POCy;) completely suppresses the isomerization and
leads to quantitative conversion into 18.

Based on the experimental observations, the authors pro-
posed a mechanism for the isomerization process
(Scheme 3) that involves coordination of the alkene to the
14-electron fragment A. In the resulting ©= complex, B, an
agostic interaction (indicated by a “half” arrow) might fa-
cilitate deprotonation at the allylic position leading to a o-
alkyl/m-allyl complex C, which reacts to give the carbene
complex D. Dissociation of the isomerized alkene regener-
ates the catalytically active species A.[>3!
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Scheme 2. Competing RCM and isomerization processes

MesN_ _NMes
R
GeRu="
PCY3
3
+PCys | - PCys
[T |
R'/\/CHs MesNYNMes H
C[/H-Ru_—::/R R
ci”
A
MesN_ _NMes MesNYNMes
Clirpo =R Cli =R
C|'F§“ I ”\
|/\/CH3 H =
R R
D B
MesNYNMes J
céllh'R”“<
R,N/
o

Scheme 3. Proposed mechanism for alkene isomerization via
n-allyl complexes

This mechanism is a modification of the m-allyl hydride
mechanism (Scheme 4, left cycle), which is one of the two
commonly proposed mechanisms for olefin isomeriz-
ation.”*! In the n-allyl hydride mechanism, an intermediate
G is assumed to form that results from migration of the
hydride from the allylic position of the alkene substrate to
the metal center. Reductive elimination gives the n?> com-
plex H, from which the substrate dissociates to regenerate
the catalytically active species E. The second mechanism
(Scheme 4, right cycle) is believed to occur via a hydromet-
alation/B-hydride elimination sequence, which requires the
presence of a coordinatively unsaturated ruthenium hydride
species I. Coordination of the alkene gives the © complex J,
which undergoes a migratory insertion (hydrometalation) to
give the c-alkyl complex K. B-Hydride elimination leads to
the © complex L, from which the catalytically active species
I is regenerated by dissociation of the isomerized alkene.
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Scheme 4. Mechanistic proposals for double bond isomerization in
alkenes. m-Allyl hydride mechanism (left) and hydrometalation/f-
hydride elimination mechanism (right)

It was stated, by Fiirstner et al., that ruthenium hydride
complexes are formed as byproducts in some cases during
the preparation of second-generation metathesis cata-
lysts.> If these are present as an impurity in the metathesis
catalyst, they might be responsible for the observed iso-
merization reactions. Alternatively, ruthenium hydride spec-
ies might be formed by decomposition of the ruthenium
carbene species under the reaction conditions.

Apart from alkene isomerization, few other non-metath-
esis side reactions have been reported. A degradation of al-
lylic alcohols that requires stoichiometric amounts of ru-
thenium catalysts has been observed by Hoye and Zhao in
the course of studies directed toward the synthesis of Cal-
lipteloside A (Scheme 5).2°!
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Scheme 5. Stoichiometric degradation of allyl alcohols to ketones

The authors observed that RCM of precursor 20 did not
take place in the presence of the first-generation catalyst 2;
instead, the carbene complex was consumed and the allylic
alcohol moiety was degraded to a methyl ketone. A mecha-
nism was postulated that involves formation of the carbene
complex 21 by reaction of 2 with the less-hindered double
bond of 20, followed by rearrangement to a ruthenium hy-
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dride species 22, keto—enol tautomerization to ketone 23,
and finally reductive elimination to a methyl ketone 24
(Scheme 5).?71 N-Tosyldiallylamine (25) and some other di-
allyl systems have been reported to undergo a cycloiso-
merization to 28 in competition to the expected ring closing
metathesis reaction, leading to 26.1>%2°1 With cationic ru-
thenium allenylidene complexes as precatalysts, isomeriz-
ation products 27 and 29 were also obtained (Scheme 6).3%
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Scheme 6. RCM and competing cycloisomerization

A close investigation into the kinetics revealed that the
RCM product 26 is formed immediately after addition of
the catalyst, while formation of 27, 28, and 29 begins after
an induction period.?% From this observation, Bassetti et
al. concluded that the formation of these products is me-
diated by a decomposition product of the initial metathesis
catalyst, rather than by the catalyst itself or an impurity.
Competing formation of 28 in the metathesis of 25 has also
been observed by Connon and Blechert using precatalyst
5 or a polymer-bound analogue.[*’! Based on NMR-tube
experiments, these authors also attribute the formation of
28 to a decomposition product of the metathesis catalyst.
This decomposition product has been characterized by a
signal in the 'H NMR spectrum at § = —5.05 ppm. Al-
though the decomposition products that cause the cycloiso-
merization side reaction were not identified explicitly as ru-
thenium hydrides, it is not unlikely that such species are
involved in cycloisomerization reactions.[3!-32]

As for any catalytic method, undesired side reactions,
such as those described above, are a serious limitation for
ruthenium-catalyzed olefin metathesis. Over the past few
years, however, some examples for selective non-metathesis
transformations mediated by ruthenium carbene complexes
have been described and a first summary of this field has
been published recently by Alcaide and Almendros.[*’]
Apart from olefin metathesis, ruthenium carbene complexes
apparently catalyze two groups of reactions under certain
circumstances: radical reactions, e.g., atom radical transfer
additions, such as the Kharash reaction,[**33! and reactions
that are normally catalyzed by ruthenium hydrides or in-
volve the formation of ruthenium hydrides during the cata-
lytic cycle.

In this paper, we focus on the interface of ruthenium
carbene- and ruthenium hydride-catalyzed transformations.
The following aspects are covered: a) organometallic re-
lationship between Ru=CR, and Ru—H complexes; b)
selective syntheses catalyzed by or involving ruthenium hy-
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dride species generated in situ from ruthenium carbene
complexes; ¢) combinations of metathesis steps and ru-
thenium hydride-mediated steps in catalyzed sequences.

2. Interconversion of Ru Carbene and Ru
Hydride Species

As outlined in the previous section, it is likely that Ru—H
species resulting from decomposition of metathesis-active
Ru carbene catalysts are responsible for several non-metath-
esis side reactions. This section provides an overview of the
relationship between ruthenium hydride and ruthenium car-
bene species from an organometallic point of view.

Apart from the standard route normally used for the
preparation of ruthenium metathesis catalysts,[% alterna-
tive routes have been devised since the mid-1990s that avoid
the use of hazardous or less conveniently accessible re-
agents. Some of these processes start from ruthenium hy-
dride complexes, either isolated or generated in situ from
other precursors. Propargyl chlorides, for instance, insert
into the Ru—H bond of ruthenium hydride complex 30 to
give the o-vinyl complex 31, which rearranges rapidly to the
metathesis-active carbene complex 32 (Scheme 7, a).[37] The
well-known ruthenium hydride [RuHCI(PPhs;),] also reacts
with propargyl chlorides to give ruthenium carbene com-
plexes.[*¥] Instant routes, starting from easily prepared or
commercially available precursors that are converted into
ruthenium hydrides in situ have also been developed. Treat-
ment of RuCly ¥ or [RuCl,(COD)], “% with hydrogen,
phosphane ligands, and a reducing agent gives ruthenium
hydride complexes that react with alkynes in an insertion/

- e ¢
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Scheme 7. Ru carbene complexes prepared from Ru hydrides and
propargyl chlorides
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rearrangement sequence that finally leads to ruthenium car-
bene complexes (Scheme 7b). Conversion of [RuCl,(COD)],
into a l4-electron ruthenium hydride complex 33 has been
achieved by using 2-propanol as a hydride-donating re-
agent. Protonation of 33 and treatment with phenylacety-
lene gives ruthenium carbene complex 34 (Scheme 7, c).[#!]
A Fischer-type ruthenium carbene complex has been ob-
tained from the same hydride 33 by treatment with ethyl
vinyl ether. The primary insertion product undergoes a re-
arrangement to give a carbene complex that contains a hy-
dride ligand at the ruthenium center.[?!

More recently, some pathways leading from ruthenium
carbene to ruthenium hydride complexes have been disco-
vered and investigated mechanistically. Hydrogenolysis of
the first-generation Grubbs catalyst 2 yields, depending on
the conditions, hydride, dihydride, and dihydrogen com-
plexes (Scheme 8).[431 Under hydrogen, the dihydride com-
plex 35 is obtained, which is in equilibrium with a dihydro-
gen complex 36. HCI abstraction from 36 gives the hydride/
dihydrogen complex 30, which is also accessible directly
from carbene complex 2 if a base such as 1,8-(dimethylami-
no)naphthalene is present. Complex 30 had previously been
prepared from a halide-free dihydride complex and di-
chloromethane.*4

H, (1 atm)
clr, ?(:X}O CHLCly
R [RuH;Clx(PCy;)s] == [RuCly(H;)PCy3),]

c
PCya
2 35 36
CH,Cly, Hs (69 bar) Ha,
S [RuHCI(H,)(PCys)s] ‘——J Base
ase

30

Me,N NMe,

Scheme 8. Hydrogenation of first-generation Grubbs catalyst

Ruthenium hydrides containing an additional CO ligand
result from the thermal decomposition of Fischer-type ru-
thenium carbene complexes: treatment of 2 with ethyl vinyl
ether gives carbene complex 37, which upon heating loses
chloroethane to give [RuHCI(CO)(PCys),] (38).14°! The pro-
posed mechanism for this transformation*®! involves forma-
tion of a formyl complex 39 that eliminates chloroethane to
give 40. Re-coordination of the phosphane ligand induces
CO extrusion and formation of 38, which has been charac-
terized by X-ray crystallography (Scheme 9).[4%

The same hydride 38 results when 2 is treated with meth-
anol in the presence of base.[*”! Here, however, a mechanism
is postulated that proceeds via substitution of one chloride
ion by methanol and transfer of two hydrogen atoms to the
benzylidene ligand (which is cleaved from the complex as
toluene). Extrusion of CO occurs from the resulting formyl
complex 42, leading to hydride 38. It should be noted that
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Scheme 9. Thermal decomposition of a Fischer-type Ru carbene
complex

the same product results if other primary alcohols are
used (Scheme 10).
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75°C cln, LY
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Scheme 10. Hydrido-carbonyl complexes formed from ruthenium
carbene complexes and primary alcohols

The analogous reaction of second-generation catalyst 4
also gives hydrido-carbonyl complexes, but with lower selec-
tivity. Dinger and Mol 8] as well as Grubbs et al.,[*”! pub-
lished that 4, upon reaction with methanol, yields hydrides
43 and 38 as a mixture, along with minor amounts of other
hydride complexes (Scheme 11). Grubbs et al. have also
been able to detect 43 as a byproduct formed during the
preparation of second-generation catalyst 4, and they attri-
bute its formation to the use of methanol as a washing sol-
vent.*’l A hydride complex analogous to 43, which bears
an unsaturated N-heterocyclic carbene ligand, has been pre-
pared from 38 by exchange of one phosphane ligand."!

MesN_ NMes CHsOH, NEt3 pesN  NMes
cl Pn  60°C clr Clu, §.O¥8
JRu=" CRu—H + " CRu—H
CI” | oc” | OoC” i
PCy; PCys PCy;
4 43(30-40 %) 38(25 - 30 %)

Scheme 11. Reaction of second-generation catalysts with methanol

No hydride complex results from the reaction of Grubbs
catalyst 2 with allyl alcohol. Instead, the dichloro complex
[RuCl,(CO)(PCys),] is formed in solution. It appears to be
likely that ruthenium hydride species are intermediates in
this process.!l
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The catalytic activity of ruthenium hydride complexes in
a variety of transformations has been documented in re-
views.[’?331 The hydride 38, for instance, which had pre-
viously been prepared® from RuCls;, PCy;, and meth-
anol,>! is an efficient catalyst for hydrogenation,48-30-56:371
isomerization,*’*8! and hydrovinylation.[*®! Similar cata-
lytic activity has been described for hydride complexes bear-
ing a saturated™® or an unsaturated®® N-heterocyclic car-
bene ligand.

3. Transformations Catalyzed by or Involving Ru
Hydrides Generated in situ from Ru Carbene
Complexes

In this section, we present an overview of non-metathesis
transformations mediated by ruthenium carbene complexes
that occur with high selectivity and that are likely to pro-
ceed via ruthenium hydride species.

3.1 Isomerization

Some examples for the isomerization of C—C double
bonds catalyzed by ruthenium carbene complexes have been
reported over the past few years, where the isomerization is
no longer a side reaction but is the strongly preferred or
even exclusively observed pathway. For instance, Rutjes et
al. observed a quantitative isomerization of the allenamide
44 to the conjugated diene 45 (Scheme 12, a).’° The group
of Alcaide has developed a protocol for the deprotection of
allylamines[®2-°11 and allyllactams[®°®¢!] that relies on the
selective isomerization to enamines and enamides, respec-
tively, catalyzed by first-generation catalyst 2. Hydrolysis or
oxidative cleavage liberates the deprotected amines or lac-
tams. The sequence is illustrated for the particularly re-
markable conversion 46 — 48, where the allylamine is selec-
tively isomerized to intermediate 47 in the presence of an
allyl ether moiety (Scheme 12, b). This finding is surprising,
as the deprotection of allyl ethers using a ruthenium met-
athesis catalyst has been reported shortly afterwards by
Cossy et al.®?l The conditions applied in this study are,
however, different from those used by Alcaide et al. For
example, second-generation catalyst 4 catalyzes the iso-
merization of allyl ether 49 to a vinyl ether 50 in chlorinated
solvents at ambient temperature. Cleavage of 50 with aque-
ous HCI yields deprotected alcohol 51 (Scheme 12, c¢).
Highly selective isomerization of allyl ethers in the presence
of catalytic amounts of 4 has also been observed by Wag-
ener et al. for compounds of type 52 under conditions that
are normally used to achieve acyclic diene metathesis poly-
merization (Scheme 12, d).3! No double bond isomeriz-
ation appears to be involved in a recently published conver-
sion of sugar-derived oximes to nitriles that are catalyzed
by first-generation Grubbs catalyst 2. For example, 54 does
not cyclize to the expected RCM product under metathesis
conditions; instead, formal elimination of allyl alcohol oc-
curs to yield the nitrile 55. Remarkably, no isomerization
of the second allyl ether function is observed in this case

1870 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 12. Selective isomerization of allyl ethers and allyl amines
to vinyl ethers and vinyl amines

(Scheme 12, e). It cannot be said, however, whether or not
a ruthenium hydride species plays a role in this transform-
ation.[%4

Mechanistic proposals for double bond isomerization re-
actions have already been discussed above. While Cossy et
al. proposed the presence of ruthenium hydride species and,
thus, a hydrometalation/B-hydride elimination pathway, as
outlined in Scheme 4,121 Wagener et al. favor the rt-allyl hy-
dride mechanism, as they could not observe any metal hy-
dride species by spectroscopic means; the metal hydride-cat-
alyzed pathway, however, could also not be definitely ex-
cluded.[®3]

The isomerization of allylic alcohols to ketones, often re-
ferred to as redox isomerization, can be catalyzed by ru-
thenium complexes, and examples for the use of Grubbs
catalyst in this transformation have been published recently.
It is believed that the mechanism of this transformation in-
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volves replacement of a ruthenium-bound chloride ion in
M by the allylic alcohol, giving intermediate N. B-Hydride
elimination gives enone O, which is coordinated to a Ru—H
species and undergoes subsequent migratory insertion into
the Ru—H bond, leading to n? complex P. The complex P
is cleaved from the metal by protonation to yield M and
the ketone (Scheme 13).19]

o X OH
Hac\)L S g

Ru] cl
H +Cr H* +Cr

Ru o) Ru—

\% ;)<R
N

\R*'o J

0

Scheme 13. Proposed mechanism for redox isomerization of allylic
alcohols to ketones

The stoichiometric fragmentation of allylic alcohols to
methyl ketones in the presence of Grubbs catalyst has been
discussed above (Scheme 5).12°! More recently, Gurjar and
Yakambram described a catalytic isomerization of allylic al-
cohols to ketones in the presence of the same catalyst.[°®! If,
for instance, 56 is treated with one equivalent of 2 at ambi-
ent temperature, the methyl ketone 57a is obtained, anal-
ogously to the observations reported by Hoye and Zhao. In
contrast, treatment of 56 with a catalytic amount of 2 in
toluene under reflux induces isomerization to ethyl ketone
57b (Scheme 14).

2 (1 equiv.)
r.t., CHCl3 BnO
(71 %) \/\g/

57a

BnOM N

OH
2 (10 mol%)

56 toluene, 110 °C BnO\/\n/\

(52 %) 0
57b

Scheme 14. Redox isomerization of allylic alcohols vs. fragmen-
tation

Successful isomerization of allylic alcohols is also pos-
sible with significantly lower amounts of catalyst (4 mol %)
in dichloromethane under reflux.l”! A 2:1 mixture of redox
isomerization and fragmentation product had previously
been obtained in an unsuccessful ring closing metathesis
reaction conducted using an extremely high catalyst load-
ing.[681

3.2 Activation of Silanes
Studies in the groups of Marcieniec and Fischer have re-
vealed that styrene reacts with vinylsilanes 58a in the pres-
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ence of ruthenium carbene complex 2! or the ruthenium
hydride complex [RuHCI(CO)(PPhs);] (59)% to give the
same cross-metathesis product 58b and ethylene
(Scheme 15).

R Cat. RN SiR3
©/\" ZSiRy == +CaHq

58a 58b
PCY3
Cat: C"Ru—/ (2); [RUHCI(CO)(PPhy)s] (59)
PCY3

Scheme 15. Cross-metathesis of styrene and vinylsilanes

A mechanism for the ruthenium hydride-catalyzed reac-
tion has been proposed (Scheme 16)!7% that involves inser-
tion of the vinylsilane into the Ru—H bond of Q to give
the c-alkyl intermediate R, which undergoes B-silyl elimin-
ation to give the Ru—Si intermediate S. Ethylene is dis-
placed by styrene, which inserts into the Ru—Si bond to
give a new c-alkyl intermediate T. B-Hydride elimination
regenerates the catalytically active species Q and liberates
the vinylsilane 58. Alternatively, catalysts containing Ru—Si
bonds can be employed in this reaction; these catalysts give
comparable results.[’"

\ SIR3

Z8iR,
)/ [R”]_' \( 57
SiR, H J/SiR3
[RU]/% [Ru]
T R

S|R3 J

/
s

.-—

CyH,

Scheme 16. Mechanism of the silylation of styrene with vinylsilanes
catalyzed by Ru hydride

Naturally, the question arises if the reaction of styrene
and vinylsilanes 58a catalyzed by Grubbs catalyst 2 is a true
cross-metathesisl®! (proceeding via the classical Chauvin
mechanism) or if it proceeds via a ruthenium hydride-cata-
lyzed silyl transfer mechanism. In this case, labeling studies
using [Dglstyrene revealed that, in the presence of ru-
thenium carbene 2, a metathesis mechanism operates that
indeed proceeds via ruthenacyclobutanes.®I7!l Interest-
ingly, this mechanism does not seem to be true for the reac-
tion of vinylsilanes with vinyl ethers. A deuterium labeling
study revealed that, from ethyl vinyl ether 60 and [D,]vinyl-
silane 61, deuterium-free 62 results exclusively if a catalytic
amount of ruthenium carbene 2 is present. This result
strongly suggests that the mechanism outlined in Scheme 16
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works in this case. The ruthenium hydride species required
to initiate the catalytic cycle is formed by reaction of pre-
catalyst 2 with ethyl vinyl ether to give a Fischer-type ru-
thenium carbene complex 64, which then decomposes to a
ruthenium hydride species (Scheme 17). The latter process
has already been discussed above (refer to Scheme 9 for de-
tails).[?!

2 (60 °C) D, D
Eto\/ S - —— Eto\/\SiMe; H'C:C\H
D
60 61 62 63

60

Ph OEt A
[Ru=/ -~ [Ru]="  —— [Ru]—H
X

2 64

Scheme 17. Silylative coupling of vinyl ethers catalyzed by ru-
thenium carbene complex 2

It has recently been demonstrated, that ruthenium car-
bene complex 2 can efficiently catalyze the dehydrogenative
silylation of alcohols (e.g., 65 — 66) and the hydrosilylation
of carbonyl compounds (e.g., 67 — 68) to silyl ethers. If an
o,B-unsaturated aldehyde 69 is employed in the reaction, the
corresponding silyl enol ether 70 is trapped (Scheme 18).[73

\_/ \_/
H thSin, r.t. . B
HO 2 (0.5 mol%) HPhySIO
\EP >95 %
65 66
~ \/

Ph,SiH,, 50 °C

O A 2 (1 mol%) HPh,SIO,,
? >80 % Q
(dr=3:1)
67
SIMezH , 50 °c
- 2 (1 mol%)
(o} \ SlMe2
H > 95 %
H
69 70

Scheme 18. Dehydrogenative silylation and hydrosilylation me-
diated by ruthenium carbene 2

It is not clear what is the catalytically active species in
these transformations, but it is likely that the ruthenium
assists in the cleavage of the Si—H bond, presumably by
oxidative addition of the silane to a metal fragment. Dehy-
drogenative silylation of alcohols and hydrosilylation of ke-
tones are well-known processes and mechanistic proposals
have been reviewed.l’*73! One mechanistic proposal is out-
lined in Scheme 19 in simplified form: the silane undergoes

1872 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

oxidative addition to the metal fragment U, resulting in the
M—Si species V. Dehydrogenative silylation is described in
the right cycle: nucleophilic attack of the alcohol at the sili-
con center leads to formation of a metal dihydride W and
the silyl ether. Reductive elimination of hydrogen regener-
ates the catalytically active species U. Hydrosilylation of ke-
tones might be rationalized by assuming the same M—Si
species V, which reacts with the substrate in an insertion
into the M—Si—bond (intermediate X), followed by re-
ductive elimination of the product and regeneration of the
catalytically active species U.

H OS|R3
OSIR3 +HSIR [M]\
R1 R2

S\ M2 % ROSIR,
\Sle
R1)J\ v

Scheme 19. Simplified catalytic cycle for transition metal-catalyzed
dehydrogenative silylation of alcohols (right) and the hydrosilyl-
ation of ketones (left)

3.3 Transfer Hydrogenation/Dehydrogenation

It was described in the 1970s that the ruthenium complex
[RuCl,(PPhs);] catalyzes the transfer hydrogenation of satu-
rated and unsaturated ketones to secondary alcohols or
saturated ketones, respectively, using secondary alcohols as
a source of hydrogen.[’® More recently, cyclopentadienyl
complexes of ruthenium have attracted considerable interest
as precatalysts.l””-78] Catalyzed transfer hydrogenation and
dehydrogenation have been reviewed,!””! and especially en-
antioselective variants have attracted considerable atten-
tion.®% The simplified mechanistic picture outlined in
Scheme 20 is sufficient to highlight the basic principles of
these catalytic transformations. In a transfer hydrogenation,
ketone 72 is reduced by an excess of a hydrogen-donating
agent (e.g., 2-propanol or other primary or secondary al-
cohols) to give alcohol 71. If the hydrogenating agent is 2-
propanol, one equivalent of acetone is formed. The reverse
reaction is a transfer dehydrogenation, where hydrogen is
transferred from alcohol 71 to acetone (or another hydro-
gen acceptor). The reaction of ruthenium chloro complexes
A’ with the alcohols provides an entry into the catalytic
cycle: in the transfer hydrogenation, A’ reacts with 2-propa-
nol to give an alkoxo complex B’, which undergoes re-
ductive elimination of acetone with simultaneous formation
of a ruthenium hydride species C’. Insertion of ketone 72
into the Ru—H bond gives alkoxo complex D’, which reacts
with 2-propanol (present in a large excess, e.g., as a solvent
or co-solvent). The hydrogenated product 71 results and B’
is regenerated (Scheme 20, right cycle). In a transfer de-
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[Ru]—Cl
Mo
- "Her
[RuI—0, HO_ H
B Rz>< (Ru]—0
HO_ H o)

PN
[Ru] c LT Rul— o o

0 "HCI" D'

)J\ [Ru]—H\_/C—‘
c

Transfer dehydrogenation

0] Rul~0 0O
- /lk [Ru]— >< )j\

[Ru]—H
c

Transfer hydrogenation

Scheme 20. Simplified mechanisms of transfer hydrogenation and transfer dehydrogenation

hydrogenation (Scheme 20, left cycle) entry into the cata-
lytic cycle is possible by substitution of a chloride by the
substrate 71. Alkoxo complex D’ results, which undergoes
reductive elimination of 72, giving the ruthenium hydride
species C’, which inserts the hydrogen acceptor (e.g., ace-
tone, which has to be present in large excess) giving alkoxo
complex B’. Isopropanol is cleaved from B’ by reaction
with the substrate. When alcohols are used as hydrogen-
donating agents, addition of a base is necessary to facilitate
formation of the alkoxo complex. This fact has been omit-
ted for simplicity in Scheme 20.

Grubbs catalyst 2 and other ruthenium complexes have
recently been employed successfully in a transfer dehydro-
genation/aldol condensation/double transfer hydrogenation
sequence discovered by Cho, Shim, et al.B!l As outlined in
Scheme 21, primary alcohols, e.g., 1-butanol (73), react
with acetophenone (74) in the presence of a catalytic
amount of 2 and KOH to give alcohol 75. This result can
be understood by assuming a transfer dehydrogenation of
73 to give butanal (76), which then undergoes an aldol con-
densation with 74, yielding enone 77. Enone 77 undergoes

f

O

2 (5 mol%); ©)K(74)

KOH, Dioxane, 80 °C

HO (70 %)
73 75
T ®
(o]
- HZO
78

©) Transfer dehydrogenation
(@ Aldol condensation
® Transfer hydrogenation

Scheme 21. A transfer dehydrogenation/aldol condensation/double
transfer hydrogenation sequence
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two subsequent transfer hydrogenations to give the final
product 75 (Scheme 21).

Later, the same authors demonstrated that the sequence
does not necessarily require a ketone such as 74. If 1-pheny-
lethanol is used instead of acetophenone in the presence of
1-dodecene as a hydrogen acceptor and [RuCl,(PPh;);] as a
catalyst, the same coupling product 75 is obtained.!®?! This
reaction has been applied to a synthesis of quinolines,
which is outlined in Scheme 22: amino alcohol 79 and al-
cohol 80 are coupled in the presence of a catalytic amount
of either [RuCl,(PPhs);] or Grubbs catalyst 2 and excess 1-
dodecene to give the quinoline 81.831 The reaction proceeds
via transfer dehydrogenation of 79 and 80 with 1-dodecene
as the hydrogen acceptor, giving 82 and 83, followed by al-
dol condensation to give 84. From 84, water is eliminated
to give the quinoline 81 (Scheme 22).

2 or [RuCly(PPhz)s]
(2 mol%), 1-dodecene

(5 equiv.), dioxane
NH, HO KOH, 80 °C (69 %) ‘\/\/‘

@

Q\O ‘ .0
NH, 0 0 -H,0
NH,
82 83 84

(@ Transfer dehydrogenation
(@ Aldol condensation

Scheme 22. Quinoline synthesis based on Ru-catalyzed transfer de-
hydrogenation

3.4 Hydrovinylation

When Yi et al. investigated the utility of cationic carbene
complex 86 in an intermolecular enyne metathesis reac-
tion,!®4 they observed the selective formation of hydrovinyl-
ation, rather than enyne metathesis products.>* Alkyne 85,
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for instance, is converted selectively into conjugated diene

88, rather than 87 (Scheme 23).
+-

86 (3 mol%) 87

02H4

=
75°C
NF
85 L.
88

- ©1 %) O
CI/"'Rl!I—-—- BE,

oc” 4
PCY3

86

Scheme 23. Hydrovinylation mediated by carbene complex 86

While enyne metathesis reactivity relies on metal carbene
species, a hydrovinylation pathway can be rationalized by
assuming a ruthenium hydride as the catalytically active
species. There is indeed a close relationship between cat-
ionic ruthenium carbene complexes of type 86 and ru-
thenium hydride complexes [RuHCI(CO)L,] (L = phos-
phane ligand). For instance, it has been demonstrated by
Esteruelas et al. that hydride 89 reacts with enyne 90 in an
insertion reaction to give vinyl complex 91a, which can be
protonated to give a cationic carbene complex 92, which is
the PiPr; analogue of 86 (Scheme 24).13% The PCy; complex
86 was prepared analogously from [RuHCI(CO)(PCys),]
(38), which is, interestingly, the final product resulting from
reaction of Grubbs catalysts with vinyl ethers or primary
alcohols (refer to Schemes 9—11 for details).[>¥

L L L
Cly 0 |, +HBF, ¢, T
oc” Ru-H oc” Ru CHj oc” Ru CHj;
L L L
H CHs
BF4
L = PiPr;: 89 L = PiPr3: 91a L =PiPr;: 92
L = PCy,: 38 L = PCy;: 91b L = PCy,: 86

Scheme 24. Synthesis of cationic ruthenium carbene complex 92

Yi et al. proposed a mechanism for the ruthenium car-
bene-catalyzed hydrovinylation reaction that assumes the
presence of 38 as the actual catalytically active complex
(Scheme 25). According to this proposal, 86 eliminates
[PHCy;3]BF,4 by deprotonation of one terminal methyl
group of the carbene ligand to give coordinatively unsatu-
rated E’, which would then insert ethene (giving F’). From
F’, triene 93 is eliminated in a PB-hydrogen elimination to
give coordinatively unsaturated hydride G'. The alkyne 85
inserts into the Ru—H bond and ethene is coordinated. The
resulting vinyl complex H' undergoes a migratory insertion
to give alkyl complex I', from which the hydrovinylation
product 88 is cleaved by B-H elimination (Scheme 25). This

1874 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

- [PCy,HIBF PCy; == PCy,
8 [PCysHIBF, ), | . Clug,

6 — Ru
oc” N\ oc”

\_\< m

E F 3

L
\
PCy;, /\ 9

g Ph—==—Ph (85)
27 ph oc & *
Ph HC=CH,
88
PCY3
Cl/"Rlu Ph
PC oc”
Cln ¥ | X‘Ph

oc” RL% 2
Ph Ph
"

Scheme 25. Proposed catalytic cycle for ruthenium hydride-me-
diated hydrovinylation

mechanism is supported by the following observations: a)
[PHCy;]BF, was observed by spectroscopic means; b) the
S-methyl group in 86 is acidic and deprotonation affords
91b (Scheme 24); c) 86, 91b, and 38 are all catalytically ac-
tive, which suggests that G’ is indeed the entry point into
the catalytic cycle.’4

Very recently, the hydrovinylation catalyzed by either 86
or 38 has been extended to conjugated dienes.®®! It has been
noted previously that the efficiency of 38 can be enhanced
significantly by the addition of HBF,.’® The catalytic sys-
tem 38/HBF, has, for instance, been used to promote the
transformation 94 — 95 outlined in Scheme 26.
__ 38/HBF,

(2 mol%)

CaH,

(88 %)
BnO

Scheme 26. Hydrovinylation of conjugated dienes catalyzed by 86
or 38

4. Ru Carbene and Ru Hydride-Mediated Steps
in Reaction Sequences

4.1 Isomerization, Followed by Metathesis

The selective isomerization of one or both double bonds
in a certain metathesis substrate can sometimes facilitate
the synthesis of the precursor and significantly enhance the
flexibility of a synthetic strategy by making various ring
sizes accessible from the same set of starting materials. This
principle has recently been exploited in the synthesis of
benzo-fused heterocycles.®7-881 From substituted benzal-
dehyde 96, for instance, metathesis precursor 97 is available
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by reductive amination in two steps. Compound 97 can be
cyclized to the eight-membered azacycle 98 in the presence
of ruthenium carbene complex 4, or isomerized to 99 in the
presence of the aforementioned ruthenium hydride complex
[RuHCI(CO)(PPh3);3] (59). RCM of 99 catalyzed by 4 yields
the six-membered azacycle 100. Isomerization of one
double bond gives access to the seven-membered azacycles:
96 is converted into its corresponding tosylamine, followed
by ruthenium hydride-catalyzed isomerization of the double
bond. The resulting compound 101 is converted in two
steps into the metathesis precursor 102, which is then cy-
clized using ruthenium carbene complex 4 to give the seven-
membered azacycle 103 (Scheme 27). The efficiency of 59
in the catalysis of double bond isomerizations has also been
demonstrated for allylamides®! and «,B-unsaturated es-
ters.[0]

(0]
J
HsCO AN
QiPr
96
j l Ts
SNTs NN
HsCO = HaCO x
OiPr OiPr
101 97
Ts © ®
"\l/\/ Ts
Ts l
HsCO & S N
OiPr
102 mco@ HyCO 7
OiPr OiPr
99 98

Scheme 27. Combination of Ru—H-mediated isomerization and Ru
carbene-mediated RCM. Key: a) Allylamine, TsOH (cat.), 110 °C;
NaBH,, MeOH, 0 °C; TsCl, Et;N, DCM, room temp. (93% over-
all). b) 4 (5 mol %), toluene, 60 °C (quant.) ¢) 59 (0.5 mol %), tolu-
ene, 110 °C. d) 4 (5 mol %), toluene, 110 °C (76% from 97). e)
Tosylamine, toluene, 110 °C; 59 (1 mol %), toluene, 80 °C. f)
NaBH,, MeOH, 0 °C (98%); NaH, THE, room temp., allyl bromide
(64%). g) 4 (5 mol %), toluene, 60 °C, (quant.)

A similar sequence has been exploited for the synthesis
of indoles. In this case, however, the isomerization catalyst
is generated in situ from the metathesis catalyst 4 by ad-
dition of vinyloxytrimethylsilane as an additive.’!! It is not
fully clear what happens to the ruthenium carbene complex

Eur. J. Org. Chem. 2004, 1865—1880 wWWww.eurjoc.org

4 upon addition of vinyloxytrimethylsilane, but the authors
report that the carbene functionality disappears and styrene
is formed. An example for the application of this protocol
is outlined in Scheme 28: allyl amide 104 can be cyclized to
the expected RCM product 105 using ruthenium carbene
complex 4. In the presence of vinyloxytrimethylsilane, how-
ever, isomerization to enamide 106 occurs under otherwise
identical conditions. Enamide 106 can be cyclized under
normal RCM conditions to give indole 107.

4 (5 mol%) HyCO X
—
| (90 %) H3CO N
H,CO CH3O Ts

HaCO N
CHO Ts 4(5mol%) HsCO f
104 2 0TMS  H,CO

(1.0 equiv.) CH3O Ts
4 (5 mol%)
H,CO A toluene 110°C
HyCO N (83 % from 104)
CH,0 T8
107

Scheme 28. Indole synthesis based on an isomerization/RCM
sequence

An example of isomerization and RCM occurring in a
single step has been reported previously. Enamide 108, in
the presence of ruthenium carbene complex 3, is cyclized to
110 and not to the expected seven-membered ring.[*”! Prob-
ably, under the reaction conditions, 3 is incompletely con-
verted into an isomerization catalyst, which mediates the
isomerization to 109 faster than it mediates ring closing
metathesis. Compound 109 is then cyclized by 3 to give the
cyclic enamide 110 (Scheme 29).

‘ 3 (cat) -

80 °C, Toluene =
A S ®
N N Ts
Ts Ts
108 109 110

Scheme 29. Isomerization/RCM mediated by a single site catalyst

4.2 Metathesis, Followed by Isomerization

Ring closing metathesis of enol ethers or enamines is
sometimes disadvantageous, because more-active (and less
conveniently accessible) catalysts are required and high di-
lution has to be applied in most cases to suppress intermo-
lecular metathesis. These problems normally do not arise
in the cyclization of allyl ethers or allyl amines. Therefore,
strategies have been developed that combine ring closing
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metathesis followed by isomerization of the primary met-
athesis product. For instance, ruthenium-catalyzed RCM
followed by a rhodium-catalyzed isomerization has been ap-
plied to the synthesis of trams-fused polyethers by van
Boom et al. (Scheme 30, a)®? and by Hirama et al.
(Scheme 30, b).°

® | o (1) 2 (3 mol%) H
\L £ 0_WOCH; rt (93%) O_OCHy
|
o] ﬁj””OBn (2) [RhCI(PPhg)s) (o\/‘[g"”oan
H Sen (cat.), DBU, EtOH, H OBn
50 °C (60 %)
it ~OCHj,4 7))
'OBn
(1) 2 (5 mol%) H

\\\/\H O~ oB

_ L rt(95%) O, ogn
ﬂ \ !
O’ TOBn (zé[Rhg(;’E’E[)ss(]:o O; X OBn
OB (10 mol%;), 0B
OBn E1OH (55 %) "
H
(1) / o J‘\\\OBH (2)
o'z Y OBn
H OBn

Scheme 30. Ru-catalyzed RCM and Rh-catalyzed isomerization
(two-step procedure)

Ruthenium hydride complexes, e.g., [RuH,(PPhs),], can
also be used to mediate the isomerization of cyclic allyl
ethers to cyclic enol ethers.®l In combination with olefin
metathesis, this process has been exploited by Trost et al.
for the synthesis of nucleosides.”> Thus, diallyl ether 111 is
cyclized to 112, which — after protection — isomerizes to
enol ether 114 in the presence of dihydride complex
[RuH,(CO)(PPhs);]. From 114 and related compounds,
non-natural nucleosides, such as 115, were synthesized in
one step (Scheme 31).

2 (2 mol%) [RuHéCO)I(;I)”hg)s]
1, (79-84 %) ,m\_ :O mol7 \ 0
HO J/ _ Ro/m,. /
(98 %)
111 R=H: 112 PSCI 114
R =TBDPS: 113 ;;81[1/0?0
Cl
N X one step
4
m\ O fN | N/)
HOTY )Y

115

Scheme 31. Ru carbene-catalyzed RCM and Ru hydride-catalyzed
isomerization (two-step procedure)
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An olefin metathesis/isomerization sequence proceeding
via a single-site ruthenium catalyst has been developed in-
dependently by Snapper et al.’l and by our group.l’’! Both
protocols require modification of the ruthenium carbene
catalyst after the metathesis step is complete (presumably
to a ruthenium hydride species) and have been applied to
the synthesis of cyclic enol ethers. In Snapper’s protocol,
an isomerization catalyst is obtained from the metathesis
catalyst 4 by changing the reaction atmosphere from argon
to a 95:5 nitrogen/hydrogen mixture. Under these con-
ditions, less than 10% of hydrogenation products are
formed. Scheme 32 illustrates the sequence for the synthesis
of five-, six-, and seven-membered cyclic enol ethers
117a—c from acyclic allyl ethers 116a—c.[°l

(1) 4 (10 mol%)

o.  DCM,rt, Ar
( N (2 Ha/No(5 - 95)
"| 65-70 °C, 20h
(1
n
not isolated
116a (n = 0) (n=0:46%) 117a
116b (n = 1) (n=1:61%) 1];b
116¢c (n=2) (n=2:54 %) ¢

Scheme 32. Snapper’s protocol for a Ru-catalyzed RCM/isomeriz-
ation sequence (one-step procedure)

Our protocol differs mainly in the generation of the ru-
thenium hydride species. We found, that addition of substo-
ichiometric amounts of inorganic hydrides, such as NaH
or NaBH,, to a completed metathesis reaction induces the
formation of a species that catalyzes olefin isomerization at
elevated temperatures. High regioselectivity was observed
for dihydropyrans: for instance, application of the protocol
to 118 gives 119 along with less than 10% of the thermo-
dynamically preferred regioisomer where the double bond
is in conjugation with the furyl moiety. For other examples
of six-membered cyclic enol ethers, this regioisomer is not
detectable. For dihydrofurans, significantly lower regioselec-
tivities were observed: while ortho-methoxy-substituted 120
gives regioisomers 121a,b as an 8:1 mixture, only a 3:1 ratio
of 123a,b was obtained from meta-substituted 122
(Scheme 33). The difference might be attributed to steric
factors.7!

We have recently demonstrated the usefulness of the met-
athesis/isomerization sequence for organic synthesis. In an
approach to the carbon skeleton of cyclic diarylheptanoid
natural products (126),1°8! dihydropyran 125 was required.
Compound 125 was conveniently obtained from allyl
homoallyl ether 124 using the RCM-isomerization se-
quence. Heck reaction of 125 using an electron-rich aryldia-
zonium salt gives 126 as a single regio- and diastereoisomer
in good yield (Scheme 34).°%1
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(1) 2 (5 mol%)
toluene, r.t.

\ (2) then add % %
NaH (30 mol%)
95%
119a 119b
(119a:119b =11.5: 1)

OCHs (1) 2 (5 mol%) OCH3 OCH3
o toluene r.t.
— R (2) then add
NaH (30 mol%)
120 (79 %) 121a 121b
(121a:121b=8.0: 1)
OCHj3 OCH, OCH;,
(1) 2 (5 mol%)
o) toluene, r.t.
> 2 (2) then add
NaH (30 mol%)
(64 %)
122 123a 123b

(123a:123b=3.0: 1)

Scheme 33. Schmidt’s protocol for a Ru-catalyzed RCM/isomeri-
zation sequence (one-step procedure)

@ﬁl

2 (5 mol%), then
NaH (30 mol%)
toluene rt.to 110 °C

(80%)

124 H3CO
(o}
|

H 125
H3;CO OCHj,3
\©\/0/,_ O
P OCH,| "
BF4
126 Nz
(1.1 equiv.)

Pd,(dba)sCHCl; (2 mol%)
(83 %), dr>95:5

Scheme 34. Application of the RCM/isomerization sequence

4.3 Olefin Metathesis, Followed by Hydrogenation

Quite often in the synthesis of a target molecule, the
C—C double bond constructed by olefin metathesis has to
be hydrogenated in a subsequent step. Routinely, this is
achieved by hydrogenation in the presence of palladium on
charcoal in a two-step procedure. More recently, Cossy et
al. published a single-step procedure using two compatible
catalysts (metathesis catalyst 5 and hydrogenation catalyst
PtO,) to selectively hydrogenate cross-metathesis prod-
Ucts, [100.101]

Sequential olefin metathesis/hydrogenation mediated by a
single-site ruthenium catalyst was first applied to metathesis
polymerization products. Watson and Wagener reported the
ruthenium carbene-catalyzed homogeneous acyclic diene
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metathesis of a,o-dienes. Absorbing the catalyst on silica
after completion of the polymerization reaction gives an ac-
tive hydrogenation catalyst, presumably a ruthenium hy-
dride species.'?l Ruthenium carbene-catalyzed ring open-
ing metathesis polymerization (ROMP) has been combined
with an atom radical transfer polymerization and a hydro-
genation reaction by Grubbs et al.l'%1 It was proposed by
the authors that, under hydrogen at elevated temperatures,
residual  ruthenium  species are converted into
[Ru(H,)HCI(PCys3),] (30), which is the actual hydrogenation
catalyst (refer to Scheme 8 for details). Similarly, Fogg et al.
described a ROMP/hydrogenation sequence using ru-
thenium carbene complex 2. These authors demonstrated
that, after completion of the hydrogenation reaction, a met-
athesis-active carbene complex can be regenerated by ad-
dition of a propargyl chloride (refer to Scheme 7 for the
synthesis of ruthenium carbene complexes from hydrides).
Thus, a cycling between hydrogenation and metathesis ac-
tivity is possible in principle.['%4195] Application of an ole-
fin metathesis/hydrogenation sequence to low-molecular
weight products has been reported by Grubbs et al. and is
outlined for two examples in Scheme 35. Ring opening/ring
closing metathesis of cyclopentene 127 yields the primary
metathesis product 128, which, under hydrogen at 70 °C,
is selectively converted into the tetrahydrofuran 129. The
ruthenium hydride 30 was detected in the reaction mixture
(Scheme 30, a). A short synthesis of (R)-(—)-muscone con-

j U%m m
129
(1) 4 (cat.) (2) add
40°C, H, (1 atm.)
CICH,CH,CI { o o }70"0
not isolated
® o
[ Ee———
\ i 2
AN
130 -}-Muscone (133)
4 (cat.) H,
(74 %) {100 %)
OH
o
NaOH, \)j\/
(76 %)
131 132
not isolated not isolated

Scheme 35. Olefin metathesis/hydrogenation sequences
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tains an additional transfer dehydrogenation step
(Scheme 30, b): diene 130 is cyclized by a catalytic amount
of 4 to give 131. Subsequently, the ruthenium catalyst is
used to mediate a transfer dehydrogenation with pentane-
3-one as the hydrogen acceptor to the macrocyclic ketone
132. The remaining C—C double bond is finally hydrogen-
ated in quantitative yield, giving (R)-(—)-muscone (133) in
56% overall yield.[10¢)

Scheme 36 highlights two further examples for the appli-
cation of the sequential metathesis/hydrogenation protocol:
cyclic dinucleotide 134!'°71 and the natural product (R)-(+)-
muscopyridine 135.1'%1 The C—C bonds constructed by
RCM and hydrogenation are indicated by wavy lines.

RCM/

Hydrogenatlon
=
|
N i,
—V 1)1‘
RCM/ ‘T

Hydrogenation

134 135

Scheme 36. Application of sequential RCM/hydrogenation

In the examples described so far, activation of the met-
athesis catalyst for hydrogenation has been achieved by hy-
drogenolysis at elevated temperatures. We explored the
alternative method of activation by using inorganic hy-
drides as additives (outlined above for the RCM/isomeriz-
ation sequence; refer to Scheme 33 for details) for the RCM/
hydrogenation sequence. When a substoichiometric amount
of NaH is added to a metathesis reaction, hydrogenation
occurs even at ambient temperature under hydrogen. In
contrast, no hydrogenation is observed under hydrogen at
ambient temperature in the absence of hydride additives. In
the presence of protic functional groups, it is even possible
to generate the hydrogen in situ by using excess NaH. This
point is illustrated by the synthesis of cyclopentanes (e.g.,
137) from diallylcarbinols (e.g., 136) (Scheme 37).1%%]

4 (2 mol%) -
then add NaH E
(4 equiv.) HO OH
(75 %)

137

Scheme 37. Activation of Ru metathesis catalysts for hydrogenation
reactions at ambient temperature by addition of hydrides

1878 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5. Conclusions and Perspective

The examples discussed in this review illustrate that a
close relationship exists between ruthenium hydride- and
ruthenium carbene-catalyzed transformations. Ruthenium
hydrides can serve as precursors for ruthenium carbene
complexes, but ruthenium carbene complexes can also be
converted into ruthenium hydride complexes by reaction
with hydrogen or by decomposition. This organometallic
relationship is probably responsible for several undesired
side reactions, especially olefin isomerization. It also opens
up, however, completely new and unforeseen applications
of ruthenium-based metathesis catalysts. Combinations of
ruthenium carbene-mediated (metathesis) steps and ru-
thenium hydride-mediated (e.g., isomerization, hydrogen-
ation, and transfer hydrogenation) steps to sequences will
most likely broaden the scope of ruthenium-catalyzed olefin
metathesis beyond the high level that has already been re-
ached today.
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