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Lately, the use of organic transformation reactions which have
high atom efficiency is attracting great interest in transition-metal-
mediated synthetic chemistry,1 and a typical example is the
hydration of unsaturated hydrocarbon compounds, especially
alkynes, which are currently under wide and active investigation.2

While we were examining the protonation of mono(alkynyl)
ruthenium complexes having hydrotris(pyrazolyl)borate (Tp) and
nitrosyl (NO) ligands, hydration accidentally took place, to yield
unusual ketonyl complexes through aπ-alkyne intermediate, which
was communicated recently.3a Extending this chemistry to bis-
(alkynyl) complexes gave rise to metallacycle complexes, as well
as two double-hydrated regioisomers. The combination of insertion
and subsequent hydration processes resulted in the unprecedented
formation of the metallacycle complexes.

The bis(alkynyl) ruthenium complex TpRu(CtCPh)2(NO) (1)3b

was allowed to react with 1 equiv of H2O in the presence of HBF4‚
Et2O in distilled MeOH to give the metallacycle complex TpRu-
{CHdC(Ph)C(O)CH(Ph)}(NO) (2) (39% yield) and the bis(ketonyl)
complex TpRu(CH2C(O)Ph)2(NO) (3) (37% yield) after silica gel
column separation using a CH2Cl2 eluent (Scheme 1). When the
reaction proceeded using 10 equiv of H2O, the yield of 3 was
increased (54%) in contrast to that of2 (7.7%). The CdO stretching
bands for 2 and 3 were observed at 1654 and 1632 cm-1,
respectively. The EI-MS spectra exhibit parent molecular ion signals
at m/z 565 (2) and 583 (3), showing one- and two-H2O mass
increments, respectively, as compared to1.

The metallacycle2 shows two sets of1H NMR signal patterns;
one set has two singlets atδ 9.42 and 5.06, and the second set has
singlets atδ 9.81 and 5.08. The13C {1H} NMR exhibits two
carbonyl carbons atδ 208.1 and 207.7, and four olefinic carbons
at δ 149.5, 151.3, 167.9, and 171.9. These indicate a mixture of
two diastereomers with a varying abundance ratio. The ratio was
changed by heating the isolated mixture in MeOH under acidic
conditions, but did not change without acids.4 Thep-tolyl derivatives
TpRu{CHdC(C6H4Me)C(O)CH(C6H4Me)}(NO) (2*) were also
isolated by similar methods, and in this case both single crystals
of the diastereomers were obtained from CH2Cl2/MeOH.

The molecular structure of the major isomer of2* is shown in
Figure 1.5 The most remarkable feature is the presence of the
metallacyclopentenone with a chiral carbon center, C(10). The steric
interaction between pyrazole rings and the tolyl ring at C(10) was
assumed to favor this thermodynamically stable isomer via keto-
enol tautomerism.4

The bis(ketonyl) complex TpRu(CH2C(O)Ph)2(NO) (3) has been
characterized by spectroscopic and elemental analyses. The1H
NMR spectrum of3 showed characteristic diastereotopic methylene
protons with an integral intensity of 4H. The structure of3 was
confirmed by X-ray crystallographic analysis.

On the other hand, a similar reaction was performed in THF
instead of MeOH, to afford2 (52%) and trace, but1H NMR
spectroscopically detectable, amounts of3 and 5 (see below)
(Scheme 1). Concomitantly, TpRu(C(O)CH2Ph)(CH2C(O)Ph)-
(NO) (4) as the regioisomer of3, which contains both mono(acyl)
and mono(ketonyl) fragments, was obtained in 8.9% yield. Char-
acterization of4 was performed on the basis of1H and13C {1H}
NMR, IR, EI-MS, and elemental analysis. Each of the two
methylene groups appeared as an AB spin system in the1H NMR
spectrum. In the13C {1H} NMR spectrum, the presence of an acyl
fragment was confirmed by the appearance of a low field signal at
δ 243 for the acyl carbonyl carbon along with that atδ 205 for the

Figure 1. Molecular structure of the major diastereomer of2*.
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ketonyl carbon. Furthermore, the EI-MS spectrum shows a [TpRu-
(CO)(CH2C(O)Ph)(NO)]+ fragment due to the loss of a benzyl
group, which differs from3.

Intriguingly, the 1/HBF4‚Et2O/H2O reaction system in MeOH
was carried out at 0°C to produce the alkynyl-ketonyl complex
TpRu(CtCPh)(CH2C(O)Ph)(NO) (5) exclusively (Scheme 2).
Formation of5 would result from hydration of theη2-coordinated
1-alkyne intermediate, similarly to that of the mono(alkynyl)
nitrosylrutheniums.3a The spectroscopic data were sufficient to
unequivocally assign the structure of5. The methylene group
resonates as an AB pattern in the1H NMR spectrum, and the IR
spectrum showsνCtC (2124 cm-1) andνCdO (1627 cm-1). Single
crystals were obtained from CH2Cl2/MeOH, and the X-ray structural
determination is presented in Figure 2.6 The bond lengths of C(18)-
C(19) (1.17(1) Å) and C(11)-O(2) (1.23(1) Å) are typical of triple
and double bonds, respectively.

Hydration of isolated5 under acidic conditions in THF gave
rise to3 and4, revealing that5 is the intermediate in their formation
(Scheme 2).7 While 5 would be further hydrated via theπ-alkyne
form to give3, complex4 was presumably generated through the
ketonyl-vinylidene species, because the acyl fragment is often
prepared by hydration of vinylidene complexes (Scheme 3).2,8

Regrettably, the vinylidene intermediate was not isolated, even using
[H(OEt2)2][BAr F

4] (ArF ) 3,5-C6H3(CF3)2) as a protic acid.
The formation mechanism of2 would be that protonation of1

led to insertion of one protonatedπ-alkyne fragment into the other
ruthenium-phenylacetylide bond, followed by nucleophilic attack
by H2O on theγ carbon of the resulting ene-yne intermediate to
afford 3-hydroxymetallacyclopentadiene species,9 which were
converted to2 (Scheme 3).10 Probableπ-interaction between the
central metal and the alkynyl part in the intermediate may facilitate
the hydration step.11 These reaction processes are in sharp contrast
to the formation of alkenyl ketone complexes from Cp*RhCl2(PPh3)
by incorporation of two 1-alkyne molecules and one H2O molecule,
through initial hydration of vinylidene species and subsequent
insertion of alkyne into the metal-acyl bond.12

In conclusion, hydration of the bis(alkynyl) complexes resulted
in the formation of2-5, where the product distribution depended
on the reaction conditions (solvent, amount of water, and temper-
ature). The combination of insertion and subsequent hydration

processes afforded the metallacyclopentenone complex2. On the
other hand, the regioisomers3 and 4 were produced by double
hydration, where the intermediate product, alkynyl-ketonyl complex
5, was also isolated.
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