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Abstract: Using α-diazo-β-ketoesters as reagents and combinations of CpRu fragments and diimine ligands
as catalysts, a series of original transformations have been obtained that can be rationalized by the formation
of metal carbenes and metal-bound ylide intermediates. Interesting 1,3-dioxole, enol-acetal and 1,4-dioxene
motifs are obtained directly when the reactive mixture is reacted in presence of aldehydes or ketones, THF and
epoxides.
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Efficient synthesis and catalysis are
in continual demand from academic and
industrial laboratories. One effective ap-
proach to reach this goal is to use, as reac-
tion intermediates, metal carbenes gener-
ated by the decomposition of diazo com-
poundswith catalytic amounts of transition
metals.[1] The approach is extremely ver-
satile and high levels of selectivity are at-
tained in a large number of transformations
(dimerization, metathesis, cyclopropana-
tion, insertion, ylide generation and sub-
sequent rearrangement/macrocyclization
reactions).[1–3] The reactivity of the metal
carbene intermediates depends strongly on
both the substituents on the carbon atom
and the associated metal, which can con-
trol reactivity and selectivity. While most
applications use acceptor and donor/ac-
ceptor diazo precursors and metals salts/
complexes derived from copper[4] and rho-
dium,[5] many interesting transformations
can be found outside this scheme. Herein,
in such a development, the reactivity of
metal carbenes obtained by the decom-
position of α-diazo-β-ketoesters 1 in the

presence of CpRu complexes as catalysts
is detailed.

α-Diazo-β-ketoesters are readily pre-
pared and easy-to-handle acceptor/accep-
tor reagents that are characterized by a bet-
ter chemical stability and a moderate reac-
tivity compared to other diazo derivatives.
These compounds react in presence of
certain metal sources to form electrophilic
carbene intermediates. In this context, our
group recently reported their reaction in
presence of Lewis basic cyclic ethers and of
dirhodium complexes to yield original 16-
and 18-membered macrocycles and medi-
um-sized 8- or 9-membered rings in partic-
ular (Scheme 1).[6] The results were ratio-
nalized by invoking the formation of met-
al-free oxonium ylide intermediates.[6a,d]
It was then interesting to study if differ-
ent reactivities could be achieved by using
metal catalysts that would form metal-
bound ylide intermediates instead, and
cyclopentadienyle ruthenium complexes
in particular.

In fact, ruthenium complexes,[7] includ-
ing CpRu derivatives[8] have become an

interesting alternative to copper and dirho-
dium salts or complexes for the decom-
position of diazo reagents. For instance,
Del Zotto and coworkers have shown that
complex [CpRu(PPh

3
)
2
Cl] reacts with

ethyl diazoacetate to promote transforma-
tions such as cyclopropanations, N-H and
S-H insertions or the reaction of tertiary
amines into ammonium ylides that under-
go [1,2]-Stevens shifts or sigmatropic re-
arrangements.[8] Having previously shown
that combinations of [CpRu(CH

3
CN)

3
]

[PF
6
][9] and diimine ligands efficiently

catalyze enantioselective Carroll rear-
rangement[10] and decarboxylic allylic
etherification reactions,[11] we decided
to examine the influence of this catalytic
combination[12] on reactions of α-diazo-β-
ketoesters with Lewis basic moieties.

First, simple reactions leading to re-
sults in line with the common knowledge
in the field were tested to establish the vi-
ability of the CpRu/diimine combination
as catalyst. For instance, insertions into
the O–H bond of alcohols.[1,2d,2e,13] and
condensations with nitriles[14]were investi-

Scheme 1.
Dirhodium-
catalyzed one-pot
condensation of
α-diazoacetoacetates
and cyclic ethers.
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and phen as catalyst. In order to gain some
mechanistic insight on the transformation,
a series of experiments was performed
using a 1:1 mixture of THF and THF-d

8
.

The absence of cross-over and the occur-
rence of a primary kinetic isotope effect
were noticed. Such experiments suggest
a concerted hydrogen transfer as detailed

gated. Practically, ethyl diazoacetoacetate
1a was dissolved in various alcohols and
nitriles together with a catalytic amount of
[CpRu(CH

3
CN)

3
][PF

6
] and 1,10-phenan-

throline (phen, 2.5 mol% each). A moder-
ate heating to 60 °C was necessary to in-
duce a gas evolution. To our satisfaction,
complete conversions were achieved in all
cases (45–60 min) and the corresponding
products of insertion 2 or cyclization 3
were isolated in moderate to good yields
(Scheme 2).[15]

With these results in hand, condensa-
tion reactions with carbonyl moieties were
examined.[16] Diazocarbonyl compounds
are in fact known to react with aldehydes
and ketones.[1] In most cases, the carbonyl
group acts as a nucleophile, reacting with
the electron-deficient carbene center to
form carbonyl ylide intermediates that be-
have as 1,3-dipoles.[17] Several competing
pathways are then possible including the
formation of epoxides, 1,3-dioxolane and
dioxolene moieties through intramolecu-
lar rearrangements, intermolecular [3+2]-
cycloadditions and condensations.[18]

Interestingly, the use of 1 mol% of
CpRu complex and phenanthroline in
methylene chloride allowed the reaction
to proceed using only one equivalent of
the corresponding carbonyl compound
(Scheme 3).[15] Reactions were either more
selective or faster than with classical dirho-
dium and copper catalysts as, in this case,
only 1,3-dioxole products 4 were obtained
and isolated in good yields. These results
contrasted with that of Rh

2
(Oct)

4
catalysis

which, under the same conditions using
the tert-butyl ester as substrate (R1=t-Bu,
Scheme 3) afforded predominantly lactone
5 in the crude reaction mixture.[19] Clearly,
competition between intramolecular C-H
insertions and intermolecular carbonyl
ylide formation is avoided by using the
combination of [CpRu(CH

3
CN)

3
][PF

6
] and

phenanthroline as catalyst. The influence
of the diimine ligand was ascertained by
using enantiopure pymox (Scheme 4) in-
stead of phen as ligand. Evenmilder condi-
tions could be used (25 °C, 24 h) to afford
an enantioselective condensation forming
products 4 with enantiomeric excesses up
to 50%.[15] These results advocate for the
formation of metal-bound carbonyl ylide
intermediates 6 (Scheme 5); subsequent
ring closure affording products of type 4.

Then, when THF was tested as Lewis
basic partner under CpRu/diimine cataly-
sis, an unprecedented 1,3-C-H insertion
reaction occurred giving rise to original
enol-acetal products of type 7 (Scheme
6).[20,21] Interestingly, in the field of inter-
molecular metal carbene C–H insertions
into THF,[22] only ‘classical’ derivatives
of type 8 were previously reported with
a C–C bond formed by insertion of the
carbene into a C–H bond α to the oxy-

gen ether atom of THF. Evidence for the
formation of macrocyclization adducts
could not be found (e.g. Scheme 1).[6] In
contrast with what had been observed with
donor/acceptor carbenes,[22b] the kineti-
cally favored formation of C–O instead of
C–C bond adducts is thus attained using
the combination of [CpRu(CH

3
CN)

3
][PF

6
]
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Scheme 2. Insertions
and condensation
reactions of diazocar-
bonyls with alcohols
and nitriles.
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and C–H bonds takes place in a five-mem-
bered transition state; this step determines
the configuration of enol functional group.

It was further noted that compounds 7
rearrange to the ‘classical’ products 8 of
C–C bond formation when treated with
Lewis acids (Scheme 8, step b). For in-
stance, in the presence of Cu(OTf)

2
or

TMSOTf (5 mol%), a dissociation occurs
to form two reactive enolate and oxycar-
benium intermediates that recombine. The
C–H insertion and the rearrangement steps
can be united in a one-pot sequential pro-
cess; derivatives 8 are then obtained in a
higher yield than for the two-step proce-
dure.

Finally, in a recent study,[24] epoxides
were used as Lewis basic reactant together
with α-diazo-β-ketoesters reagents and
the CpRu/diimine catalyst combination.
Previously, only few examples of reactions
of this type between metal carbenes and
epoxides had been reported leading main-
ly to deoxygenation processes and to the
corresponding alkenes by a stereospecific
oxygen removal.[25] An unexpected result
was again obtained as the treatment of ep-
oxides 9 under the conditions optimized
for the reaction with THF led to the preva-
lent formation of dioxene motifs of type
10 (Scheme 9). In practice, the stereoselec-
tive ring opening and three-atom insertion
reaction was performed by the simple ad-
dition of two equivalents of the α-diazo-β-
ketoester reagent to a methylene chloride
solution of the epoxide (one equivalent)
in the presence [CpRu(CH

3
CN)

3
][BAr

F
]

and phen (2.5 mol% each). At 60 °C and
under relatively high concentration (0.5
M in 1), conversion of the diazo reagent
is complete in usually 24 h. In the crude
reaction mixtures, dioxene adducts of type
10were always themajor components over

alkenes 11 derived from the deoxygenation
pathway.

Noteworthy, dioxenes 10 were formed
as single stereoisomers as indicated by 1H
NMR spectroscopic and X-ray diffraction
analyses; cis-epoxides giving rise to cis-
dioxene derivatives in perfectly syn-stereo-
selective ring opening reactions (Scheme

in the mechanistic rationale (Scheme 7).
After ligation of the phenanthroline moi-
ety to the CpRu fragment, dissociation of
the last acetonitrile leads to the formation
of a catalytically active 16-electron species
A. This electron-deficient entity promotes
the decomposition of α-diazo-β-ketoester
reagents 1 by a classic addition of the

‘enolate’ to the Lewis acidic complex and
elimination of molecular nitrogen. It af-
fords the metal carbenes intermediates of
type B. At this stage, it is proposed that a
concerted reaction occurs that involves the
keto group of the carbene and the less hin-
dered Cα–H bond of the ether moiety.[23]
Concomitant formation of the new C–O

Scheme 7.
Mechanistic rationale
for the 1,3-C-H inser-
tion into THF.
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10). Furthermore, when using unsymmet-
rical cis-disubstituted and monosubstitut-
ed epoxides, ring-opening products were
always obtained as single regioisomers,
the substitution reactions occurring at the
activated carbon centers (benzylic, allylic
or more substituted). To shed some light
on the process, both (R)- and (S)-styrene
oxide were tested and the corresponding
dioxene product was obtained with a 94%
ee; X-ray and vibrational circular dichro-
ism analyses clearly indicating the occur-
rence of a retention of configuration for the
ring opening.

A mechanistic rationale coherent with
the experimental information is proposed
in Scheme 11. It starts with the same spe-
ciesA andB detailed for the THF function-
alization (Scheme 7). Then, a nucleophilic
attack of the epoxide occurs on metal car-
bene B and a metal-bound oxonium ylide
intermediate C' is formed. Promoted by
strain and by the electrophilic activation,
a C–O bond cleavage occurs in the direc-
tion of the carbon that stabilizes better
the developing positive charge. This step
involving a S

N
1-like pathway explains the

observed regioselectivity. Carbocationic
intermediate D' is then trapped rapidly by
the keto group at proximity to form the cy-
clic 1,4-dioxene skeleton – and this with
retention of the original configuration of
the reacting carbon center in E'. Products
10 are then released and the catalytic cycle
continues.

In conclusion, by using α-diazo-β-
ketoesters as reagents and combinations
of CpRu fragments and diimine ligands as
decomposition catalysts, a series of origi-
nal transformations have been obtained
that are best rationalized by the formation
of metal carbenes and metal-bound ylide
intermediates. Interesting 1,3-dioxole 4,
enol-acetal 7 and 1,4-dioxene 10 motifs
were obtained in usually good yields by
the use of substrates of common Lewis ba-
sic moieties such as aldehydes or ketones,
THF and epoxides. The reactions proceed-
ed with usually high levels of stereo (and
regio) selectivity. Further applications are
looked for.
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