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Ru(n*-1,5-cyclo-octadiene)(n’-1,3,5-cyclo-octatriene) (1) is
one of the most versatile zero-valent ruthenium complexes
bearing two labile cyclopolyenes and acts as a potential
precursor for catalytic processes involving bond cleavage
reactions in the presence of suitable Lewis bases. However,
detailed studies of the bond cleavage step had, until now,
been relatively less explored at a molecular level. The
present Perspective is an account of our recent studies
concerning: (1) the reactions of 1 with Lewis bases, (2) car-
bon-oxygen, carbon-sulfur, oxygen-hydrogen, nitrogen—
hydrogen and carbon-hydrogen bond cleavage reactions
by 1 in the presence of tertiary phosphine, (3) selective
sp® carbon-hydrogen bond cleavage by 1 by use of co-
ordination of an anchoring chalcogen atom, and (4)
preparation of an enolatoruthenium(ir) complex derived
from 1 as an active intermediate in chemoselective catalytic
Knoevenagel and Michael reactions.

1. Introduction

Ru(n*-1,5-COD)(1°-1,3,5-COT)"* (1) is an attractive and vers-
atile zero-valent ruthenium complex bearing two labile cyclo-
polyene ligands. It was prepared by E. O. Fischer and Miiller
for the first time in 1963 by the reaction of RuCl; with isopropyl
Grignard reagent in the presence of 1,5-COD and 1,3,5-COT
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under exposure to UV light but the yield was quite poor.2 Many
research groups have been devoted to improving the synthesis
of this attractive complex; Vitulli,® Itoh and Nagashima,* and
Dahlenburg?® finally developed a convenient reduction method
by use of Zn metal making the practical yield up to 90%. 1
has been extensively employed in stoichiometric and catalytic
reactions since the 1980s.° The historical background and
applications of 1 were concisely reviewed previously.”® Many
unique catalyses involving bond cleavage have been developed
by using the combination of 1 with suitable Lewis bases.” How-
ever, the role of the employed Lewis bases in the catalyses is not
clearly understood to date. The major difficulties seem to be
how to choose suitable Lewis bases for certain catalysis. This
may be due to lack of knowledge of the reaction of 1 with
Lewis bases in relation to activity towards the bond cleavage
reaction at a molecular level, though some stoichiometric
reactions of 1 with P(OMe),,!*!! PMe,,'® DPPM,'*"? alkynes !*
or CO™ as well as arenes' or tertiary phosphines'® under
a hydrogen atmosphere have been documented as shown in
Scheme 1.

Since the COT ligand is formally always displaced by the
ligands added in these reactions, initial liberation of the COT
from 1 has been believed to be the first step in both stoichio-
metric and catalytic reactions of 1 in the presence of Lewis
bases, though mechanistic details were not studied at all in
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many cases. This inquiry prompted us to investigate the stoi-
chiometric reactions of 1 with a series of Lewis bases. Herein
we report outcomes of our recent strategic studies concerning
(1) systematic reactions of 1 with Lewis bases, (2) activation
of C-0O, C-S, C-H, N-H and O-H bonds by use of 1 in the
presence of Lewis bases, (3) selective sp* C—H bond cleavage by
1 by use of chalcogen anchor, and (4) synthesis of enolato-
ruthenium(1r) complexes derived from 1 as active intermediates
in catalytic Kndevenagel and Michael reactions.

2. Reactions of Ru(n*-1,5-COD)(n*-1,3,5-COT)
(1) with Lewis bases

2.1. Reactions with mono-dentate tertiary phosphines

Since the steric and electronic factors of mono-dentate tertiary
phosphines are well-defined by Tolman,"”'® we looked at sys-
tematic reactions of 1 with a series of tertiary phosphines.
Treatment of 1 with basic and compact monodentate phos-
phines such as PMe; or PMe,Ph resulted in the immediate
formation of the known mono phosphine adduct Ru(n*1,5-
COD)(n*1,3,5-COT)L [L = PMe, (2a), PMe,Ph (2b)], but
further warming of 2a or 2b at 50 °C for 24-33 h led to the
unexpected substitution reaction of the 1,5-COD ligand with
these phosphines to form di-valent complexes Ru(6-n':1-3-n}-
COT)L; [L = PMe; (3a), PMe,Ph (3b)] in 25-42% isolated
yields, respectively (Scheme 2).1%2°

These complexes 3a-b were fully characterised with their X-
ray structure analyses. The molecular structure of 3b is depicted
in Fig. 1 showing the unambiguous n':n3-co-ordination mode
of the COT moiety.

Three PMe,Ph ligands co-ordinate to the two equatorial and
one apical sites in the trigonal bipyramidal geometry. The n':n?-
co-ordination mode of the COT ligand should remain intact
even in solution because the characteristic allylic resonance as
well as the diastereotopic geminal methyl groups in the PMe,Ph
ligand are clearly apparent in the '"H NMR spectrum.
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Of particular interest are the reactions of 1 with basic but
moderately bulky phosphines such as PEt;, PBu; and PEt,Ph.
These reactions at 50 °C also led to the substitution reaction of
the 1,5-COD ligand by phosphines via corresponding mono
phosphine intermediates 2c-e, to give zero-valent complexes
Ru(n*-1,3,5-COT)L,; [L = PEt, (4c), PBu; (4d), PEt,Ph (4de)].*!
The molecular structure of 4c is illustrated in Fig. 1 showing an
n*-co-ordination of the 1,3,5-COT ligand. In solution these
complexes constitute an equilibrium between 4 and (n*-cyclo-
octatrienyl)(hydrido)ruthenium(m) 5 (e.g 4¢ : Sc =8 : 1 at 25 °C),
which was given by the liberation of one of the phosphine
ligands followed by the intramolecular C-H bond oxidative
addition of the 1,3,5-COT ligand. This fact suggests that 4 is
potentially more active toward bond cleavage reactions than
3, since such a simple n*1,3,5-COT tends to dissociate more
easily than n':n*-COT. The variable temperature NMR spectra
of 5c—e suggest the presence of at least two isomers at low
temperature. They are most likely the rotamers by rotation of
the RuHL, moiety as reported for RuCl(n*-CgH,)(PPh;),** or
RuCl(n3-C,Hy)(PPh;),.2

On the other hand, similar treatment of 1 with more bulky
phosphines such as PPh;, P'Pr;, and PCy, gave no reaction at
all. Without exception, all reactive tertiary phosphines quickly
formed mono phosphine adduct 2 at first, followed by the for-
mation of 3 or 4 in the reaction with 1. Therefore, formation of
the mono phosphine adduct is considered as the entry step for
further reactions. The inactivity of these bulky phosphines is
likely due to the negligible formation constant of the mono
phosphine adduct because of the large steric hindrance among
the phosphine and cyclopolyenes in 2 [eqn. (1)].
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As described above, tertiary phosphines do not displace the
COT ligand, but unexpectedly liberate the COD ligand to give
the complex formulated as Ru(COT)L,, in which the formal
oxidation state is two for more compact and electron donating
ligands to give a 6-n':1-3-n*-COT co-ordination mode, but is
zero for PEt,;, PBu,, and PEt,Ph to give n*1,3,5-COT. It is
worth noting that reaction of 4¢ with 5 equiv. of PMe, almost
quantitatively displaces PEt; to PMe,;, during which the co-
ordination mode of the cyclo-octatriene ligand has changed
from n* to n':n*® without formation of any detectable inter-
mediate [eqn. (2)].*
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This haptotropic change clearly indicates that the metal valency
is controlled not by the basicity but the steric factor of the
phosphine employed. On the other hand, the reverse reaction,
from 3a to 4c¢, did not proceed at all. Thus, we can conclude that
the divalent n':3-COT co-ordination with PMe; ligands is
thermodynamically favourable.
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The thermodynamically less stable n*-1,3,5-COT complexes
4 showed further transformation of the polyene ligand. Heating
of 4¢ at 70 °C for 100 h led to the disproportionation reaction
giving a mixture of a cyclo-octatetraene complex Ru(n*-cyclo-
octatetraene)(PEt;); (6¢) and a (cyclo-octadienyl)(hydride)-
ruthenium(ir) complex RuH(n?>-CgH,,)(PEt;), (7¢) in a 1 : 1
ratio (Scheme 2), from which 6¢ was unequivocally isolated by
preferential crystallisation as shown in Fig. 1. Complex 6¢
shows a sharp singlet in the *P{'"H} NMR and the cyclo-octa-
tetraene moiety resonates as a sharp singlet in the '"H NMR
in benzene-dg at 20 °C, but the cyclo-octatetraene resonance
gradually broadened on cooling and collapsed into the base-
line at —80 °C in toluene-dy, while no significant change was
observed for other signals. Thus, the cyclo-octatetraene moiety
in complex 6¢ is considered to rotate on the Ru(PEt;), fragment
as reported for the analogous cyclo-octatetraene complexes
such as Ru(n*-CgHg)(hexamethylbenzene)® or Ru(n*-CgHyg)-
(CO),. >

As described above, heating of isolated 4c¢ at 70 °C leads to
the disproportionation reaction. However, heating of the
mixture of 1 with PEt; or PEt,Ph under the same conditions
for a longer period mainly caused intramolecular cyclisation
of the cyclo-octatriene ligand into the bicyclic one to form
Ru(n*-bicyclo[4.2.0]octa-2,4-diene)(PEt;); (8¢) (or 8e) in 67%
yield via the n*1,3,5-COT intermediate 4c (or 4e).”! The
molecular structure of the PEt,Ph analogue 8e is depicted in
Fig. 1. The bond distance C(5)-C(8) [1.531(9) A] unambigu-
ously indicates a typical C—C single bond showing formation of

bicyclo[4.2.0]octa-2,4-diene ligand. When the isolated 4¢ was
heated at 70 °C for 3 days in the presence of 1,5-COD or PEt,,
complex 8¢ was mainly formed, while simple heating of 4c gave
6¢ and 7c¢ by disproportionation. The result suggests that the
fate of the 1,3,5-COT moiety is controlled by the presence 1,5-
COD or PEt;. On the other hand, substitution reaction of a
cyclo-octatetraene in 6¢ by free 1,3,5-COT also smoothly took
place to produce a bicylo[4.2.0]octa-2,4-diene complex 8c in
100% yield at 70 °C for 4.5 h without formation of any detect-
able intermediate.* It is also necessary to consider that free
1,3,5-COT consists of an equilibrium mixture of 1,3,5-COT
and a small amount of bicyclo[4.2.0]octa-2,4-diene in solution.?’
By taking into account of these facts, the bicyclic diene is con-
sidered to eventually co-ordinate to ruthenium due to its higher
thermodynamic stability than the other cyclic polyene ligand
probably because of the effective strain relief of the bicyclic
ligand on co-ordination. Thus, we can conclude that once the
1,3,5-COT moiety was released from 4¢ by the assistance of
an appropriate ligand such as 1,5-COD or external PEt,, only
the isomerised bicyclo[4.2.0]octa-2,4-diene preferentially co-
ordinated to the ruthenium to form 8¢ (Scheme 3).2%%

2.2. Reaction of Ru(n*1,5-COD)(n°1,3,5-COT) (1) with
bi- and tri-dentate phosphines
Chaudret and co-workers reported the reactions of 1 with

DPPM to form Ru(n*1,5-COD)(DPPM-k*P,P')(DPPM-
k'P)."> We re-investigated the analogous reaction of 1 with
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Fig. 1 Molecular structures of mono dentate phosphine complexes derived from 1. (a) Ru(6-n':1-3-n3-COT)(PMe,Ph), (3b). (b) Ru(n*1,3,5-
COT)(PEt,), (4¢). (c) Ru(n*-cyclo-octatetraene)(PEt,), (6¢). (d) Ru(n*-bicyclo[4.2.0]octa-2,4-diene)(PEt,Ph), (8e).
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ethylene bridged bidentate tertiary phosphines such as DMPE
and DEPE. The reactions of 1 with 2 equiv. of DMPE and
DEPE initially formed Ru(n*-1,5-COD)(n*1,3,5-COT)(bi-
dentate phosphine-x'P) (2f,g), which then yielded Ru(n*-1,5-
COD)(DMPE-k*P,P')(DMPE-x'P) (9f) or Ru(n*-1,5-COD)-
(DEPE-k*P,P')(DEPE-k'P) (9g) at 50 °C for 2.5 h in 18 and
49% vyields respectively, by the selective release of 1,3,5-COT
(Scheme 4).*

They are basically similar complexes to those reported by
Chaudret,'? but further heating of 9 at 50 °C for 18 h gave an
analytically pure dinuclear complex [Ru(n*-1,5-COD)(DMPE-
K*P,P")],(u-DMPE-k*P,P’) (10f ) and [Ru(n*-1,5-COD)(DEPE-
«*P,P")],(u-DEPE-x*P,P") (10g) in 14 and 41% yields, respec-
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tively. However, addition of DEPE to 10g at room temperature
for 1.5 h reproduced 9g in 72% yield.

When complex 1 reacts with a tridentate phosphine TRI-
PHOS, the least hindered central phosphine of the TRIPHOS
initially co-ordinates to the ruthenium centre to form Ru-
(n*1,5-COD)(n*-1,3,5-COT)(TRIPHOS-x'P") (2h), and then
further reaction at room temperature for 50 h resulted in the
formation of a 1,5-COD complex, Ru(n*1,5-COD)(TRI-
PHOS-«3P!, P2, P*) (9h) in 85% yield by concomitant liberation
of 1,3,5-COT ligand (Scheme 4).3° The five-co-ordinate com-
plex 9h shows a fluxional behaviour in solution due to rapid
rotation of the 1,5-COD ligand at room temperature.

As shown above, bi- and tri-dentate phosphines selectively
displace the 1,3,5-COT ligand in 1 to form the corresponding
zero-valent 1,5-COD complexes.

2.3. Reaction with other ¢-donors

Contrary to the phosphine ligands, 1 did not react at all
with nitrogen donors such as NEt;, pyridine, 4-dimethylamino-
pyridine (DMAP), N,N,N’,N’-tetramethylethylenediamine,
and 2,2'-bipyridine. These nitrogen donors are generally
considered as good o-donors but poor m-acceptors,®! while
phosphine donors behave as good m-acceptors as well
because of their low-lying c* (and d) orbitals.®> Therefore,
this fact suggests that 1 acts as a n-base reflecting the zero-
valent d® properties. Consistently, 1 readily reacted with n-
accepting ligands such as CO, CN'Bu or P(OPh), as shown in
Scheme 5.3
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As reported by Sandrini and co-workers,'* treatment of 1
with CO initially gave a mono carbonyl complex Ru(n*-1,5-
COD)(n*1,3,5-COT)(CO) (2i). Further reaction gave Ru(6-
n":1-3-n3-COT)(CO), (3i) and Ru(n*-1,5-COD)(CO), (9i) with
concomitant formation of 1,3,5-COT followed by eventual
formation of Ru,;(CO),, (11) in 44% yield.

Similar treatment of 1 with CN‘Bu initially gave a mono iso-
nitrile complex Ru(n*1,5-COD)(n*1,3,5-COT)(CN‘Bu) (2j)
and then yielded a COD complex Ru(n*1,5-COD)(CN‘Bu),
(9j) in 58% yield with liberation of 1,3,5-COT.**** The molecu-
lar structure of 9j shows that one of the isonitrile ligands has
significant contribution as carbene reflecting strong back
donation from the Ru(o) centre. Unexpectedly, the prolonged
reaction displaced the 1,5-COD ligand in 9j by 1,3,5-COT to
liberate 1,5-COD to form Ru(6-1n':1-3-1°-COT)(CN'Bu); (3j) in
56% yield. Addition of free CN'Bu to the reaction mixture
effectively suppressed the process of 9j to 3j suggesting the
prerequisite dissociation of CN‘Bu ligand in 9j giving a co-
ordinatively unsaturated species for the reaction. Thus, 9j
and 3j are considered as kinetic and thermodynamic products,

respectively. Further treatment of 9j with excess CN‘Bu gave a
homoleptic complex Ru(CN'Bu); (12) in 28% yield.*
Treatment of 1 with P(OPh), also gave Ru(n*-1,5-COD)(n*-
1,3,5-COT){P(OPh),} (2k) at the initial stage, which then gave a
mixture of Ru(n*1,5-COD){P(OPh),}; (9k), and Ru(6-n'n?-
COT){P(OPh),}; (3k).** Further treatment of these complexes
with excess amount of P(OPh), resulted in the orthometallation

to give Ru{P(OC,H,)(OPh),},{P(OPh);}, (13)* with evolution
of hydrogen gas, probably via in situ formed homoleptic com-
plex Ru{P(OPh),},.

One of the interesting features is the ligand displacement of
1,5-COD by liberated 1,3,5-COT when strong m-accepting
Lewis bases are employed. This may be because of the weaker
co-ordination ability of 1,3,5-COT, compared to 1,5-COD, to
induce initial liberation of 1,3,5-COT, but the thermodynamic
stability of the 6-n':1-3-n3-COT co-ordination mode eventually
led to the formation of 3j or 3k. In any case, these reactions
finally afforded homoleptic complexes.

2.4. General features for the reaction of 1 with Lewis bases

Though detailed controlling factors concerning the ligand dis-
placement reactions of 1 with Lewis bases have been described
elsewhere,* it is interesting to briefly summarise the reaction
trend in which cyclic polyene ligands are displaced. For mono-
dentate Lewis bases, strong and compact donors favour loss
of the COD ligand giving an Ru(COT)L, type complex, but
strong m-acceptor ligands such as triarylphosphite, isonitrile
and CO basically cause liberation of the COT ligand. The
selectivity is conveniently interpreted by considering the
stability of cyclic polyene ligands in mono-phosphine adduct 2
in the following way. The more electron-donating ligands such
as tertiary phosphines reduce the ruthenium centre to cause
efficient back bonding to cyclic polyene ligands. Thus, the LX,
(or mo,) contribution in the COT ligand, as shown in eqn. (3),
increases to stabilise the bonding between COT and Ru.

L, co-ordination LX, co-ordination
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Table 1 Summary for the reaction of 1 with trialkylphosphite,
phosphonite, and phosphinites

Yield (D (1)
Ligand Cone angle/® Conversion (%) 3 4
P(OMe), 107 100 44 49
P(OEt), 109 100 36 40
P(OMe),Ph 115 100 13 61
P(OEt),Ph 116 100 11 77
P(O'Pr), 130 100 8 48
P(OMe)Ph, 132 100 17 53
P(OEt)Ph, 133 100 16 42

“ Conditions: 1 (0.049-0.0720 mmol), phosphorus compound (3 equiv.),
C¢D; (0.6 mL), 50 °C, 20-24 h.

Such influence is considered to be larger in COT than in COD,
since back bonding may be more efficient for the conjugated
n-system than the nonconjugated one. On the other hand, if L is
highly electron withdrawing such as isonitrile, electron density
at Ru considerably decreases. Therefore, the LX, (or nc,) con-
tribution in the COT ligand diminishes.

Differences in the co-ordination mode of the COT ligand
in products is an another matter for discussion. For mono-
dentate tertiary phosphine ligands, treatments of 1 with them
alternatively gave either Ru(6-n':1-3-n3-COT)L; (3) or Ru(n*
1,3,5-COT)L; (4) depending on their steric bulkiness. The
product ratio in the cases of trialkylphosphite, phosphonite and
phosphinite ligands also shows that the ratio of 4 to 3 tends
to decrease with decrease in the cone angle of L as shown in
Table 1.

The complete displacement of the ligand may arise from
their extremely strong m-accepting property neutralising the
highly reduced zero-valent ruthenium centre. In the case of
P(OAr), further oxidation takes place to give an orthometal-
lation product. On the other hand, the reactions of 1 with
bi- and tri-dentate phosphine ligand resulted in the formation
of zero-valent complexes.

3. Carbon-oxygen or —sulfur bond cleavage
reactions

The carbon—oxygen bond cleavage reaction is one of the
key inlets in environmentally benign non-halogen catalysis.
Especially, formation of allyl- and vinyl-ruthenium(ir) com-
plexes from corresponding esters and ethers are of particular
interest in relation to ruthenium-based catalysis.” Whereas
oxidative additions of C—O bonds in allylic esters to palladium
complexes have been well established,’” explicit examples of
oxidative addition to ruthenium were unprecedented until one
of the authors published the first report concerning vinylic C-O
bond cleavage.®® Such a comprehensive study would provide
fundamental information for ruthenium-catalysed molecular
transformations of esters and ethers. Our recent results con-
cerning the oxidative addition of C-O and C-S bonds of
alkenyl esters, ethers, and sulfides are described below. C-H
and N-H bond activation reactions of thiophenes, furans and
pyrrole derivatives are also mentioned.

3.1. Vinylic carbon—oxygen or —sulfur bond cleavage

Treatment of 1 with vinyl acetate in the presence of PEt,
resulted in the oxidative addition of the C-O bond to give an
octahedral vinylruthenium(u1) complex, mer-Ru(C,H;)(OC-
OMe-«*0,0")(PEt;), (14a) (Scheme 6).%°

When the more compact mono-dentate phosphine,
PMe,, was employed in this reaction, cis-(ix'-acetato)(vinyl)-
ruthenium(ir) complex 15a was produced with concomitant
formation of 3a. It is notable that addition of PMe, to 14a also
gave 15a in quantitative yield. On the other hand, trans-(x'-
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50°C

acetato)(vinyl)ruthenium(mr) complex 16a was formed by the
reaction of 1 with vinyl acetate in the presence of DEPE. Thus,
the co-ordination ability of the ancillary ligand seems to deter-
mine the configuration of the (carboxylato)(vinyl)ruthenium(ir)
complexes. It is generally accepted that the highly reduced
phosphine complexes show high activity toward bond cleavage
reactions by oxidative addition. Thus, we have studied the per-
formance of the ruthenium phosphine complexes described
above, which were obtained by the reactions of 1 with tertiary
phosphines, toward the reaction with vinyl ester. In fact,
reaction of 4¢ with vinyl propionate in benzene-d; rapidly gave
(propionato)(vinyl)ruthenium(tr) complex 14b in 89% yield.
The time-yield curves for the reaction are illustrated in Fig. 2.
For comparison, the reaction using 1 in the presence of 3 equiv.
of PEt; under the same conditions is also shown.

100

80

60

40

yield of 14b / %

20

0 2 4 6 8 10 12
time /h

Fig. 2 Time-course curves for the oxidative addition of vinyl
propionate to Ru(n*1,3,5-COT)(PEt,); (4¢) (circle) and to Ru(n*1,5-
COD)(1n°%1,3,5-COT) (1) with 3 equiv. of PEt; (square) at 50 °C in
benzene-d,. [Ru] = 0.075 mM.

The rate for the formation of 14b from zero-valent complex
4c is undoubtedly faster than that from 1 with 3 equiv. PEt,
under the same reaction conditions.?” Thus, 4c is regarded as
an intermediate for the C-O bond cleavage reaction and the
rate-determining step is the formation of 4¢ when the reaction
starts from 1. On the other hand, di-valent complex 3a did not
react with vinyl propionate. Since the Lewis basicity between
PEt, and PMe, is comparable,'® this significant difference in the
oxidative addition is considered to reflect the difference in their
formal oxidation state. As shown in Scheme 6, the vinylic C-O
bond can in fact be cleaved by the combination of 1/PMe;. In
this case, the ruthenium(o) species is probably formed in situ to
proceed the C-O bond cleavage reactions. Inspection of the
time-course for the reaction of 1/DEPE with vinyl propionate
gave some important information. Three sets of diastereomeric
mixtures of zero-valent complexes, Ru(n?-C,H;0COEt)(n*-1,5-



COD)(DEPE) were detected prior to the formation of 16b.%
Such diastereomeric products have been isolated in the reaction
with phenyl vinyl ethers (vide infra). These results suggest the
importance of co-ordination via the C=C double bond to
ruthenium to cause the C—O bond oxidative addition.

Contrary to the reactions of vinyl esters, treatment of 1/PMe,
with phenyl vinyl ether gave a cationic tri(u-hydroxo)di-
ruthenium complex [{Ru(PMe,);},(u-OH);][OPh]-HOPh (17-
HOPh) with evolution of ethylene.** An analogue of 17 has
been independently prepared from {Ru(PMe;);},(u-CH,); and
Ph,CBF, in THF by Wilkinson and co-workers.*’ When the
reaction was carried out in the presence of D,0, the evolved gas
consisted of only ethylene-d;. Thus, the reaction probably pro-
ceeded by initial oxidative addition of vinylic C—O bond in vinyl
phenyl ether followed by rapid hydrolysis of the resulting vinyl
and phenoxo moieties by the small amount of incorporated
water as shown in Scheme 7.

1/PMe; + < 0OPh

50 °C

o

+ H,0 OPh AN
(Me;P),Ru —1/2 (Me3P)3Ru4.,O\\\»Ru(PMe3)3 OPh"
- CoHy (20%) OH S
H
B +
+ H,0 /H\
1/2(Me3P)3Ru.,\,o\‘vRu(PMe3)3 H(OPh),
(0)
H
17
25%
Scheme 7

When a bi-dentate phosphine, DEPE, was employed in this
reaction a diastereomeric mixture of n*(phenyl vinyl ether)
complexes Ru(n*-C,H;0Ph)(n*-1,5-COD)(DEPE-x*P,P’) (18a)
was obtained (Scheme 8).%

V\F;’Etz OPh

Etzp\ H

Ru— _ > 99

rt §{\/7 rt
18a

88%

Z>0Ph

+ DEPE (1 eq) + DEPE (1 eq)

20%

rt |+ PRy

T eey

EtoPy_*
Ru—PR;

/
Sj PR, = PMe; (91), PMe,Ph (9m)

quantitative
Scheme 8

The binding force for phenyl vinyl ether to ruthenium is weak
and it was readily displaced by the added PMe,;, PMe,Ph or
DEPE to give the corresponding COD complex 9¢g, 91 and 9m at
room temperature. Thus, no C-O bond cleavage reactions took
place in these cases. The similar complex Ru(n?-C,H,SPh)-
(n*-1,5-COD)(DEPE-«*P,P’) (18b) was also obtained by the
reaction with phenyl vinyl sulfide. Treatment of 18b with PMe,
led to the formation of 19 with concomitant formation of 91
(Scheme 9).

:\gEtz SPh (\PEtz SPh

Et, \Ru—k\ F;N:% EtzPl""'Rlu—k\
/\/ Me;P” |
<
19

Et, (/
P, ~PMe;

6 Mel )
rt, benzene E /Ru\ + MeSPh + Complex Mixture
P™ | Pme
Et |

3

20
Scheme 9

Addition of Mel to the mixture involving 19 resulted in C-S
bond cleavage to give a vinyl complex trans,cis,cis-Ru(C,Hj;)-
(I)(DEPE-<*P,P")(PMe;), (20) and MeSPh. We believe that
the C-S bond cleavage takes place by direct electrophilic attack
of Mel to the co-ordinated phenyl vinyl sulfide as we have
shown for thiophenes and benzothiophenes (vide infra).

3.2. Allylic carbon—oxygen or —sulfur bond cleavage

C-O Bond in allylic carboxylates was also readily cleaved by
oxidative addition to give the corresponding n3-allyl-
ruthenium(ir) complexes (Scheme 10).2%4

+ AN -OCOR . (I)
" Ru—s,
r.t.~50 °C i 4
L
+L
or OR
+ DEPE + NOR Lo |
1 "'Ru—%
50 °C |
VR (\PEt2
* NS EtP |+,
Ru YR
r.t. Etzp( |
k/PEtz
Y=0orS
Scheme 10

Although competitive hydrolysis by trace water in the system
led to the evolution of propylene, a series of n3-allylic complexes
were isolated when strictly dried solvents were used (Table 2).

It is notable that both reactions using 1-methylallyl and
2-butenyl esters resulted in the formation of the same syn-n’-
methylallyl complex. However, the oxidative addition of 1-
methylallyl ester was significantly slower than that of allyl or
2-butenyl ester. Neither 2-methylallyl nor 3-methyl-2-butenyl
ester gave the allylruthenium(ir) complex. Thus, two or more
substituents at the C=C double bond strongly discourage the
reaction. These facts suggest the importance of the prior
co-ordination of the C=C bond as shown for vinyl ester for the
oxidative addition of the allylic C-O bond. Similarly, C-O and
C-S bonds in allylic ethers and sulfide were also cleaved to give
n3-allyl complexes.*?

3.3. Carbon-sulfur bond cleavage of substituted thiophenes

Carbon-sulfur bond cleavage reactions of thiophenes are also
of interest in relation to hydrodesulfurisation of fossil oil
for petroleum and lubricant.** Complex 1 is also susceptible
to regioselective C-S bond cleavage of substituted thiophene
in the presence of DEPE (Scheme 11).* It is notable that
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Table 2 Oxidative addition of allylic carboxylate, ether and sulfide to Ru(1,5-COD)(1,3,5-COT) (1) in the presence of tertiary phosphine

Phosphine (mol Ru™") Substrate Product Yield (%)
3 PEt, CH,=CHCH,OCOCF; Ru(n?-C;H,)(OCOCF;)(PEt;), 21
3 PMe, CH,=CHCH,OCOCF; Ru(n*-C;H,)(OCOCF;)(PMe;), 64
3 PMe,Ph CH,=CHCH,OCOCF; Ru(n3-C;H,)(OCOCF;)(PMe,Ph), 49
3 PMePh; CH,=CHCH,OCOCF; Ru(n*-C;H;)(OCOCF;)(PMePh,), 29
3 PMe, CH,=CHCH,0OCOMe Ru(n?-C;H;)(OCOMe)(PMe;), 24
3 PMe, CH,=CHCH,OCOPh Ru(n*-C;H;)(OCOPh)(PMe;), 12
3 PMe, MeCH=CHCH,OCOCF;, Ru(n*-C,H,)(OCOCF;)(PMe;), 39
3 PMe, CH,=CHCH(M¢)OCOCF, Ru(n*-C,H;)(OCOCF;)(PMEe;,), 55
3 PMe, PhCH=CHCH,OCOCF, Ru(n*-C,H,)(OCOCF;)(PMe;), 25
3 PMe, CH,=CHCH,OPh Ru(n*-C;H,)(OPh)(PMe;), 37
3 PMe, CH,=CHCH,O(C¢H,Me-2) Ru(n*-C;H;)(OC¢H,Me-2)(PMe;), 30
3 PMe, CH,=CHCH,O(C¢H,Et-2) Ru(n*-C;H,)(OC¢H,Et-2)(PMe;), 10
3 PMe, CH,=CHCH,O(C¢H,OMe-2) Ru(n*~C;H;)(OC4H,OMe-2)(PMe;), 15
2 DEPE CH,=CHCH,SPh [Ru(n3-C;H;)(DEPE),](SPh) 90
2 DEPE CH,=CHCH,SMe [Ru(n3-C;Hs)(DEPE),](SMe) 5
2 DEPE CH,=CHCH,OPh [Ru(n3-C;H;)(DEPE),](OPh) 90
2 DEPE CH,=CHCH,OCOCF, [Ru(n*-C;H;)(DEPE),|(OCOCF;) 80
2 DEPE CH,=CHCH,0COMe [Ru(n3-C;H;)(DEPE),](OCOMEe) 75

Table 3 Coefficients for C? and C° in the LUMO of substituted thio-
phene, calculated by PM3

Thiophene c? c
MeOC
22/ b, ~0.62 ~0.40
S
OHC
I, —0.63  —041
S
R
3 4
7\

R
S
1
(DEPE)ZRU\S /

21a: R = COMe (72%), 21b: R =CHO (68%)

(DEPE),Ru N
s /

R
22a: R = COMe (84%), 22b: R = CHO (36%)
Scheme 11

+ DEPE

whereas reaction of the zero-valent iron fragment “Fe(D-
EPE),”, derived from Fe(N,)(DEPE), led to competitive C—-S
and C-H bond cleavage reactions,***’ the ruthenium complex
exclusively cleaved the C—S bond of acetyl or formyl substituted
thiophene.

Of particular interest is that ruthenium exclusively favours
the cleavage of the C(2)-S bond for 3-acetyl substituted thio-
phene and C(5)-S bond for 2-acetyl substituted thiophene.
The PM3 calculations indicated that 3-acetyl- and 3-formyl-
thiophenes have large LUMO coefficients at their C(2) carbon,
due to effective back donation from electron-rich ruthenium
(Table 3).°

Thus, 3-substituted thiophenes are considered to give rise to
selective cleavage at the C(2)-S bond. On the other hand, the
observed C(5)-S selectivity for 2-substituted thiophenes is likely
to arise from steric repulsion between the ruthenium moiety
and the substituent at the 2-position, preventing close approach
to the ruthenium centre.
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3.4. Carbon-hydrogen and nitrogen—hydrogen bond cleavage of
heterocyclic compounds

Although insertion of ruthenium into the C-S bond of thio-
phene took place in the presence of DEPE, reactions of 1 with
thiophenes in the presence of PEt; exclusively cleaved the C-H
bond at the 2- (or 5-)position to give (n*-cyclo-octadienyl)-
(thienyl)bis(triethylphosphine)ruthenium(it) as shown in
Scheme 12.*® Other regioselective C-H or N-H bond cleavage
reactions of various heterocyclic compounds such as benzo-
thiophene, furan, benzofuran, pyrrole and indole also gave
analogous complexes (Scheme 12).

These reactions are regarded as formal protonation of the
1,3,5-COT ligand by these heterocyclic compounds. Detailed
analysis of the reaction revealed that the reaction of 1 with
benzothiophene proceeded via 1, 2b, 4¢ and finally 23a. When
the isolated 4¢ was employed as a starting complex in this
reaction, the rate became much faster than that of the 1/PEt;
system. Therefore, complex 4c is considered as an intermediate
complex in this reaction. The kinetic study of the reaction of 4¢
with benzothiophene indicated that the reaction is first-order
for [4c] and [benzothiophene] and the reciprocal of the initial
rate was proportional to [PEt;], suggesting the prerequisite
prior dissociation of a PEt; from 4¢ to give a co-ordinatively
unsaturated species for these reactions. It is worth noting that
Jones* and Sargent>® experimentally and theoretically showed
that C-H bond cleavage of thiophene by isoelectronic Rh(1)
complex takes place via prior n?-C=C intermediate, whereas the
C-S bond cleavage is followed by prior n!-S co-ordination.
Since the present system exclusively gives C—H bond cleavage
products of benzothiophene via a ruthenium(o) intermediate
B (Scheme 13), this process may also have proceeded via the
n>-C=C intermediate C (Scheme 13).

4. sp® Carbon-hydrogen bond cleavage by use of a
chalcogen anchor

4.1. sp® Carbon-hydrogen bond cleavage of ortho-substituents
in phenols

Among carbon-hydrogen bond cleavage reactions, it is
generally accepted that sp* C-H bond cleavage is the most
difficult task because of both kinetic and thermodynamic
reasons.”! In fact, less examples of the sp* C-H bond cleavage
reaction are documented in comparison with those of the sp?
C-H bond cleavage reactions.’™**> However, if the sp* C-H
bond is placed very close to the ruthenium centre, facile bond
cleavage is expected to take place (Chart 1).
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In fact, although reaction of 1/PMe, with allyl phenyl ether : e A
or allyl ortho-mono-substituted phenyl ether only gave (n’- 4c

allyl)(aryloxo)ruthenium(ir) complexes via C—O bond oxidative
addition as shown in Section 3.2, treatment with allyl 2,6-xylyl
ether led to the formation of an oxaruthenacycle complex 28
(Scheme 14).%

Since oxidative addition of allyl aryl ether is known and the
evolution of propylene was observed in the reaction, complex
28 is considered to be formed via the (n’-allyl)(aryloxo)-
ruthenium(m). This reaction may involve oxidative addition
of the sp* C-H bond of the ortho-methyl group, followed by
reductive elimination of the hydrido and the allyl ligands, or
direct hydrogen abstraction by the allyl moiety. Similar reaction
also takes place for 2,6-xylenol and 2-allylphenol as shown
in Scheme 14. The following mechanism has been proposed
from detailed analyses of the reaction of 1/PMe; with phenol
derivatives. Treatment of 1/PMe, with phenols rapidly resulted
in the protonation of the 1,3,5-COT ligand giving a cationic
(n*-cyclo-octadienyl)ruthenium(ir) complex, 30 (Scheme 15).%*

Chaudret and co-workers also reported protonation of 1
with HBF,,” where the proton attacks at the ruthenium centre
followed by migration of the hydride to the 1,3,5-COT ligand
to give (n*-cyclo-octadienyl)ruthenium(ir). Complex 30 would
also be formed by a similar mechanism. Heating of 30 in the
presence of PMe, produced an oxaruthenacycle complex 28.
Similar treatment of 1/PMe; with 2-allylphenol gave an oxa-
ruthenacycle complex 29, but that with phenol or 2-cresol
gave cis-(aryloxo)(hydrido)ruthenium(m) complex 31.3* 2.6-
Disubstitution may provide effective orbital overlap between
the C-H bond and the ruthenium centre and the C-H bond in
the 2-allyl group may be more susceptible to cleavage in general.

|
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B (or C) - > BN l "PEtS (STEP 3)
S PEt;
23a

Scheme 13

-

Y
u.,
ry L
s PEt
B

(STEP 1)

(STEP 2)

Dalton Trans., 2003, 1439-1453

1447




R
R / /
SPERacs °’ o
MeP..., ‘ MeyP-..,
/’"Ru—\\\/ 1 /'”Ru——v
MesP ‘ + PMe;, + PMes Me;P ‘
PMe, PMe,
27a:R=H OH
27b: R=Me
27¢: R =Et OH
27d: R = OMe -COD| + PMe, - propylene + PMe;
+ PEt,
o OH o)
L., \ OH MeP... I
“Ru—_/ R
e s vep” | ewe
+ PMe; 3
L PMe;
29a: L = PMe,
29b: L = PEt, 28
+1, \
o
Scheme 14

4.2. Preferential sp* C—H over sp> C—H bond cleavage in
a-alkyl-a,p-unsaturated carboxylic acids

Reactions of 1 with a,B-unsaturated carboxylic acids such as
acrylic acid and methacrylic acid were studied. If a-alkyl-o.,[-
unsaturated carboxylic acids protonate the 1,3,5-COT ligand
in 1 in the presence of PMe, as shown for HBF,,* HPF> and
several carboxylic acids,”” two possible interactions of sp?
and sp* C-H bonds with ruthenium in a putative carboxyla-
toruthenium(1) intermediate are considered as shown in
Chart 2.

(0} R (0} H
~~R3
RZ
(0] (o)
[ e e
R an
R
|_nRuH |_nRuH

sp’ C-H bond cleavage
Chart 2

sp” C-H bond cleavage

Therefore, this system could provide a good probe for dis-
criminating between the competitive sp® C-H and sp* C-H
bond cleavage reactions at ruthenium(ir). Actually, treatment
of 1/PMe; with a,B-unsaturated acid initially afforded bis-
(carboxylato)ruthenium(r) complex 32 with liberation of
1,3- and 1,5-COD. Then, the reaction was followed by slow
formation of five-membered ruthenalactone complexes via
C-H bond activation (Scheme 16).%®

The selectivity of the bond cleavage reaction was examined
by use of labeled methacrylic acid, *CH,=CMeCO,H, showing
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exclusive bond activation at the B-methylene C-H bond.
Similarly, a series of a-alkyl acrylic acids such as methacrylic
acid, a-ethyl acrylic acid, a-propyl acrylic acid, and a-isopropyl
acrylic acid were found to react with 1/PMe, at the -carbon,
suggesting that sp> C—H bond activation is a highly preferred
process compared to sp®> C-H bond cleavage. In spite of these
facts, the reaction of 1/PMe; with tiglic acid and a-methyl
cinnamic acid preferentially afforded ruthenalactone products
33b or 33e, which were considered to be formed by preferential
sp* C-H bond cleavage followed by a 1,3-hydrogen shift over
the sp> C—-H bond. Detailed analysis of the reaction monitored
by NMR indicates prior formation of six-co-ordinate bis-
(carboxylato)ruthenium(i) complex which is not retarded by
added PMe;. o-Bond metathesis of the less hindered methyl
C-H with the carboxylato O-Ru bond to form a five-membered
ruthenalactone could be a possible mechanism, though
mechanistic details are not clear so far. Nevertheless, the
present results clearly show that the sp* C-H can be favoured
over the sp? C-H bond in the bond cleavage reaction at
ruthenium(ir) when the sp? carbon has a substitutent.

5. Oxidative addition of active methylene
compounds

The C-H oxidative addition of active methylene compounds
has been paid less attention than that of unactivated C-H
bonds.*® As described before, activated methylene compounds
are also expected to behave like other Brénsted acids, since
their C-H bonds are acidic. Especially the reactions of cyano-
esters and 1,3-dicarbonyl compounds with 1/L are described in
relation to the highly chemoselective catalytic Knoevenagel and
Michael reactions.
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5.1. Enolatoruthenium(ir) complexes from cyanoesters

When ethyl cyanoacetate was treated with 1 in the presence of
tertiary phosphines such as PPh,;, PMe,Ph and DPPE, formal
oxidative addition took place to give zwitterionic cyano-bonded
enolatoruthenium(i) complexes as shown in Scheme 17.%°

Exclusive binding via the cyano group forces the enolato
ligand zwitterionic rather than normal O- and C-bonded
enolato co-ordination modes. The PPh; complex 36 has an
intermolecular hydrogen bonding of the enolato ligand with
one cyanoester to stabilise the cis enolate co-ordination,-6?
while trans configuration is observed for other cases. When
DPPE was used as a ligand, an intermediate complex 38 was
isolated.®® Because of this zwitterionic structure of these
enolato ligands, their nucleophilicity increases extensively to
react with electrophiles such as methyl iodide, benzaldehyde
and so on to result in clean C—C bond formation.

When dideuterated ethyl cyanoacetate, NCCD,CO,Et was
employed in this reaction, trans-RuD(NCCDCO,Et-x!N)-
(DPPE), (39a-d,) was formed. This fact indicates that the
hydride ligand originates from the a-methylene protons of ethyl
cyanoacetate, showing that formal oxidative addition of the
C-H (or C-D) bond was taking place to ruthenium(o). Though
Chaudret and co-workers reported scrambling between
ruthenium-hydride and protons among cyclopolyenes in [RuH-

(1,5-COD)(1,3,5-COT)][BF,],* such a process is not observed
in our system. All these zwitterionic enolatoruthenium(ir) com-
plexes showed high catalytic activity toward the Kndevenagel
reaction, and the representative results of catalytic reactions are
shown in Table 4.

It is interesting to note that complex 39a shows much higher
activity than 36 for the catalytic Kndevenagel reaction. The
higher catalytic activity of 39 than 36 toward electrophiles may
be due to (i) the absence of intramolecular hydrogen bonding
between the enolato and the ester moieties shown in 36, and (ii)
the presence of four phosphorus donors making the enolato
ligand more nucleophilic.

Complex 39a is also active catalyst for the Michael reaction.®®
Complex 39a reacted with Michael acceptors such as methyl
acrylate giving the new enolatoruthenium(ir) complex (mono-
Michael adduct complex), trans-RuH[NCC(C,H,CO,Me)-
CO,Et-x' N(DEPE), (40). Single crystals of 39a and 40 were
obtained and the molecular structures are depicted in Fig. 3.5

The molecular structure of 39a unambiguously shows the
enolate ligand co-ordinating to the ruthenium via nitrogen and
the hydrido and enolato ligands being mutually trans. The
mono-Michael adduct 40 is considered to be formed by the
direct reaction of the enolato ligand to the methyl acrylate fol-
lowed by a 1,3-hydrogen shift. Interestingly, they did not react
at all with active methylene compounds or Michael acceptors,
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but the presence of both reagents led to the formation of
Michael products. Thus, catalytic Michael reactions were
smoothly promoted by complexes 39a and 40 as illustrated in
Scheme 18, where the final Michael product would be released
via protonation by Michael acceptor.®®
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1,3-Dicarbonyl compounds such as 2,4-pentanedione also
gave enolatoruthenium(ir) complexes, in which the normal
0,0'-chelating co-ordination mode was observed. These com-
plexes showed no reactivity toward electrophiles such as methyl
iodide and benzaldehyde, giving rise to no catalytic activity.
This contrasting difference in chemical reactivity of the enolato
ligands (zwitterionic and O,O’-chelate) is the reason why the
completely chemoselective Ru-catalysed catalytic Knoevenagel
and Michael reactions (Murahashi reaction) were accom-
plished, where the cyanoacetate exclusively reacted even when a
mixture of ethyl cyanoacetate and 2.4-pentanedione with the
same pK, value was used as starting nucleophile.®®

In order to increase the nucleophilicity of the enolato ligand



Table 4 Catalytic Kndevenagel reaction between ethyl cyanoacetate and benzaldehyde

Catalyst Active hydrogen compound Electrophile Product Yield (%)
DPPE N coet PhCHO CO,Et 0.8
Pl N
1 29
1 + DPPE 32
36 29
38 52
39a 76
39b 80

Conditions: catalyst = 1.0 mol%, solvent = THF, 50 °C, 36 h.

(@)

(b)

Fig. 3 Molecular structures of (a) trans-RuH(NCCHCO,Et-x' N)(DPPE), (39a) and (b) the mono-Michael adduct complex of methyl acrylate,

trans-RuH[NCC(C,H,CO,Me)CO,Et-k' N|(DPPE), (40).

derived 1,3-dicarbonyl compounds, bidentate phosphine
ligands were used to cause the linkage isomerism of the enolato
ligand giving monodentate co-ordination. In fact, when di-
methyl malonate was treated with 1 in the presence of DPPE,
trans-(hydrido)(dimethyl ~ malonato-x'O)ruthenium(i)  was
obtained (Scheme 19).55¢7

Ph,

H
KneoMOMe Ehz ‘HP

1/DPPE Ru
iy
Ph, Ph,
O0x_OMe
(0} (0] -
P o
o o OMe
+ MeOCOCH,CO,Me T +MeCOCH,COMe
- MeCOCH,COMe - MeOCOCH,CO,Me
thT Ph,
P, |s WP
/j [PrRu.wP:‘
Ph; 0 Ph, | Phy
P/,_R| 0 O
u
~
P/(|J (0] ox_~
Ph,
42 43

Scheme 19

Enolato exchange of this complex by 2,4-pentanedione also
gave a k'-0-24-pentanedionato analogue. As expected, the
nucleophilicity of the enolato ligand significantly increased to
react with the Michael acceptors (Scheme 20).

+ Mel o o
R)H/U\R R = OMe, 90%
R = Me, 73%
M rt,05h
or
43 o 0
R = OMe, 89%
R R = ove 2
50°C, 24 h R =Me, 91%
MeO,C CO,Me
+ Mel
no reaction
50°C, 24 h
42
+ > coMe
no reaction
50°C, 24 h
Scheme 20

Although x'O-enolato ligand is considered as a simple
alkoxo type ligand, the canonical zwitterionic structure can also
be considered. The high reactivity of these complexes towards
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Table 5 Catalytic Michael reaction of 1,3-dicarbonyls with acceptors

0] o} cat. Q Q
N
RM R *ZTEwe benzene-ds R R
EWG EWG
Catalyst R EWG Temperature/°C Time/h Yield (%)
41 OMe CO,Me 50 48 89
41 Me CN 50 96 70
41 OMe CN 25 48 24
41 Me CO,Me 70 96 60
42 Me CN 50 48 0
42 Me CO,Me 50 48 0
43 Me CO,Me 70 96 62

Conditions: catalyst (0.010 mmol), Michael donor (1.0 mmol), and Michael acceptor (2.5 mmol), solvent = benzene, yield based on Michael donor.

Michael acceptors may be due to the significant contribution of
the zwitterionic structure. Representative results of catalytic
Michael reactions are shown in Table 5.

Moreover, an interesting feature of the k'O-enolate complex
is the chemoselectivity in catalysis observed in the presence of
two different 1,3-dicarbonyl compounds. For example, complex
41 catalyses the Michael reaction of 2.5 equiv. of methyl
acrylate with an equimolar mixture of dimethyl malonate
(pK, = 13) and 2,4-pentanedione (pK, = 9) giving exclusively the
Michael product of 2,4-pentanedione, while a conventional
base catalyst such as NaOMe (20 mol%) in THF or PEt; in
benzene gave a mixture of Michael products of 1,3-dicarbonyls
(Scheme 21).

(e} (e} (e} o
MM
MeO OMe COMe
(0.2 mmol) (0.2 mmol) (0.5 mmol)
(0] (0]
0 0
cat.
— T Meo OMe
50°C, 6 h €
MeO,C CO,Me
100%
Scheme 21

This chemoselectivity may be explained by the exclusive
formation of 43 and the high nucleophilicity of the resulting
enolatoruthenium(ir) complex 43 derived from 2,5-
pentanedione.

6. Concluding remarks

In the present Perspective, we have described formation of zero-
valent active species susceptible to the bond cleavage reactions
of C-O, C-S, N-H, O-H, and C-H bonds in esters, ethers,
sulfide, heterocyclic compounds, phenols and carboxylic acids
as well as catalytic KnGevenagel and Michael reactions of
active hydrogen compounds. These bond cleavage reactions are
no more than elemental reactions as inlets toward organic syn-
thesis but they would provide fundamental concepts closely
connected to the non-halogen and zero-emission molecular
transformation processes.
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