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Abstract Vinyl ruthenium carbenes are easily prepared from the neutral Ru(ll)
complex Cp*RuCl(cod) in the presence of functionalized alkynes and diazoalkanes.
These intermediates have been proposed for several transformations in which the
nature of the products are strongly dependent of the functionality on the alkyne sub-
stituents. New modes of catalytic cyclizations due to the electrophilicity of these
vinyl ruthenium carbene intermediates are presented in this chapter. Alkynyl ace-
tals, ethers and amines gave rise to complex bicyclic structures, spiro- and fused, in
an intramolecular redox, neutral process that involved [1,n]-hydrogen transfers/cy-
clization. New catalytic heterocyclizations have been also achieved by trapping the
in situ generated vinyl ruthenium carbenes with O- and N-nucleophiles from alkyn-
als/alkynones and alkynylamines.
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1 Introduction

Metal carbene complexes have proven their value in synthetic chemistry due to the
number of catalytic organometallic transformations in which they are involved.[1]
For example, metal carbenes have been investigated in a wide variety of catalytic
alkene metathesis transformations such as cross metathesis (CM), ring-closing me-
tathesis (RCM), acyclic diene metathesis (ADMET), and ring-opening metathesis
polymerization (ROMP),[2-9] as well as in reactions involving alkynes such as al-
kyne polymerization,[10-12] enyne metathesis,[13-15] cyclopropenation,[16] etc.



Other in situ generated metal carbenes, either from diazo compounds or from acti-
vation of alkynes with electrophilic metals,[1,17,18] have been considered as key
intermediates for catalytic cyclopropa(e)nation reactions, X-H insertions or intricate
skeleton rearrangements.[19-26]

Conjugated vinyl ruthenium carbenes D (Scheme 1), smoothly prepared under
mild conditions by treatment of neutral Ru(ll) complex Cp*RuCl(cod) in the pres-
ence of functionalized alkynes and diazoalkanes, have been recently proposed in
catalytic transformations that involve the formation of carbon-carbon bonds.[27]
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Scheme 1. Mechanistic hypothesis for the formation of vinyl ruthenium carbenes from
Cp*CIRu(cod) in the presence of diazo compunds and alkynes.

The type of the reaction products is strongly dependent on the nature of the al-
kyne functionality (Scheme 2). Functionalized 1,3-dienes could be catalytically ob-
tained by a) trapping the initially formed vinyl ruthenium carbene with a second
molecule of a diazo compound[28,29] and b) Rautenstrauch rearrangement of pro-
pargylic carboxylates followed by trapping of the transient vinyl ruthenium carbene
with a diazoalkane.[30] In addition, ¢) enynes bearing terminal triple bonds led to
alkenyl bicyclo[3.1.0]hexanes,[31,32] d) disubstituted 1,6-enynes at the propargylic
positions afforded o-alkenyl alkylidene cyclopentanes,[33] while e) 1,6-allenynes
were converted to E,Z-mixtures of o-alkenyl alkylidenes bicyclo[3.1.0]hex-
anes.[34]
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Scheme 2. Type of products obtained by reaction of catalytic amounts of Cp*RuCl(cod) with diazo
compounds and alkynes.

In all the previous transformations the vinyl ruthenium carbene intermediate
evolves to the final products via non-polar mechanisms (reductive eliminations,
[2+2] cycloadditions and 1,2-insertions). This chapter will be devoted to the syn-
thetic opportunities (new catalytic cyclizations) derived from the polar chemistry of
vinyl ruthenium carbene intermediates (electrophilic carbenes). New carbo- and
heterocyclizations by intramolecular nucleophilic attack to the ruthenium carbene
intermediates will be described. Specifically, the neutral redox processes in which
an activated hydrogen (a “hydride™) is intramolecularly transferred to the ruthenium
carbene and the nucleophilic attack of oxygenated and nitrogenated nucleophiles
will be presented. Finally, computational calculations would rationalize the stere-
oselectivity observed for such transformations.

2 Intramolecular Ruthenium Catalyzed Redox, Neutral
[1,n]-Hydride Transfer/Cyclization Processes

The functionalization of relatively unreactive C-H bonds remains a major topic in
organic synthesis, particularly from the viewpoint of sustainability and efficiency,
since new C-C and C-heteroatom bonds can be directly formed without previous
prefunctionalization.[35-40] For this purpose, a large number of methodologies
have been developed, being most of them oriented to the transition metal-catalyzed
C(sp?)-H activation, while the most difficult C(sp®)-H activation still remains a chal-
lenge owing to its high bond dissociation energy. The intramolecular redox, neutral
[1,n]-hydride transfer/cyclization processes has emerged as one efficient and pow-
erful method for selective activation and direct functionalization of inactive C(sp®)-
H bonds towards 5-, 6- and 7-membered carbo-, hetero-, spiro-, or fused cy-
cles.[41,42]

Vinyl ruthenium carbene intermediates, obtained by treatment of catalytic
Cp*RuCl(cod) with (trimethylsilyl)diazomethane and alkynylacetals, ethers or
amines, can act as hydride acceptors in intramolecular [1,n]-hydride transfers to af-
ford functionalized spiro- and fused bicycles.[43] Tertiary C(sp®)-H of cyclic and
acyclic acetal derivatives of alkynals could be activated under the mild conditions
to generate vinyl ruthenium carbenes to give the corresponding functionalized cy-
clic compounds resulting from a [1,5] and [1,6]-hydride transfer/cyclization in good
yields (Scheme 3).
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Scheme 3. Ruthenium-catalyzed tertiary [1,5]- an [1,6]-hydride transfer/cyclization in alkynyl ac-
etals.

Gratifyingly, the less activated tertiary C(sp®)-H of alkynyl tetrahydrofurans and
pyrans (X = O, n = 1,2) or pyrrolidines (X = N) underwent the [1,5] and [1,6]-
hydride transfer/cyclization processes to afford the oxa- and azaspiranic bicycles in
fairly good yields with good diastereoselectivity or as single diastereomer, respec-
tively (Scheme 4).
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Scheme 4. Ruthenium-catalyzed tertiary [1,5]- and [1,6]-hydride transfer/cyclization in alkynyl
tetrahydrofurans/pyrans and pyrrolidines.

Even the alkynyl ethers bearing secondary C(sp®)-H also underwent [1,5]-hy-
dride transfer/cyclization processes in moderate to good yields. Trans homoallylic
ethers (mono- and bicyclic structures) could be obtained from acyclic ethers and
tetrahydrofurans, respectively (Scheme 5). Secondary C(sp®)-H of amines could
also be activated to give the corresponding bicyclic piperidine derivative as a single
diastereoisomer.
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Scheme 5. Ruthenium-catalyzed secondary [1,5]-hydride transfer/cyclization in alkynyl ethers and
piperidines

The proposed mechanism for the Ru-catalyzed intramolecular redox, neutral
[1,n]-hydride transfer/cyclization processes is shown in Scheme 6. The starting neu-
tral precatalyst ruthenium(Il) complex in the presence of the (trimethylsilyl)diazo-
methane and the alkyne would easily form the ruthenium carbene complex I, which
smoothly evolves to the conjugated vinyl ruthenium carbene species 1. This com-
plex would undergo a [1,5]-hydride transfer to the electrophilic carbene assisted by
the heteroatom(s) to afford a transient oxonium ion which is trapped to give the
ruthenacycle I11. Finally, reductive elimination would give rise to the spiro com-
pound with recovery of the catalytic Ru(ll) species.
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Scheme 6. Mechanistic hypothesis for the Ru-catalyzed intramolecular redox, neutral [1,n]-hy-
dride transfer/cyclization processes.

3 Heterocyclizations via Vinyl Ruthenium Carbene
Intermediates from Alkynals and Alkynones

New catalytic heterocyclizations have been also achieved by trapping the in situ
generated electrophilic vinyl ruthenium carbenes (obtained by treatment of catalytic
amounts of Cp*RuCl(cod) with alkynals/alkynones and (trimethylsilyl)diazome-
thane) with O-nucleophiles from the carbonyl functionalities. Indeed,



3,3-disubstituted and 3,3,4-trisubstituted alkynals afforded the corresponding 2-vi-
nyl-3,4-dihydropyrans in good yields with high diastereoselectivity (Scheme 7).[44]
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Scheme 7. Ruthenium-catalyzed heterocyclization of alkynals to 2-vinyl-3,4-dihydropyrans.

The diastereoselectivity of the reaction was further evaluated by using 3-mono-
substituted alkynals as starting materials. Alkynals bearing methoxycarbonyl, ben-
zyloxymethyl and acetoxymethyl substituents gave rise to the corresponding 2-vi-
nyl-3,4-dihydropyrans as single cis diastereomers (Scheme 8). However, alkynals
bearing bulkier 3-silyloxy substituents showed lower diastereoselectivity for the
heterocyclization process.
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Scheme 8. Diastereoselectivity of the ruthenium-catalyzed heterocyclization of 3-alkynals to 2-
vinyl-3,4-dihydropyrans.

6-Substituted 2-vinyl-3,4-dihydropyrans could also be achieved by ruthenium
catalyzed heterocyclization of alkynones instead of alkynals (Scheme 9). The het-
erocyclization of 3-monosubstituted alkynones showed complete diastereoselectiv-
ity to give the cis 2,4,6-trisubstituted dihydropyrans, which could be applied to the
obtention of enantiomerically pure dihydropyrans by just starting from (R) 3-(tert-
butylsilyloxy)alkynones (Scheme 9).
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Scheme 9. Ruthenium-catalyzed heterocyclization of alkynones to 6-substituted 2-vinyl-3,4-dihy-
dropyrans and studies of diastereoselectivity.

N-Tethered alkynals and alkynones also cyclized under the typical catalytic re-
action conditions (diethyl ether as solvent) to give the corresponding 2-vinyl-3,4-
dihydro-2H-1,4-oxazines in moderate to good yields (Schemel0).
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Scheme 10. Ruthenium-catalyzed heterocyclization of N-tethered alkynals and alkynones to 2-
vinyl-3,4-dihydro-2H-1,4-dihydrooxazines.

The proposed mechanism for the Ru-catalyzed heterocyclization of alkynals and
alkynones to give 2-vinyl-3,4-dihydropyrans (and 2-vinyl-3,4-dihydrooxazines, not
shown) is depicted in Scheme 11. It would start with the initial formation of the
electrophilic vinyl ruthenium carbene intermediate 11 that undergoes a nucleophilic
attack of the carbonyl to afford the zwitterionic intermediate 111. The diastereose-
lectivity of the process could be rationalized if the nucleophilic attack of the



carbonyl takes place through the more stable chair-like conformer of the ruthenium
carbene Ila with all the substituents in equatorial position. Final deprotonation and
reprotonation of the C-Ru bond would afford the observed dihydropyran with re-
covery of the catalytic species.
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Scheme 11. Proposed mechanism for the ruthenium-catalyzed heterocyclization of alkynals and
alkynones

4 Heterocyclizations via Vinyl Ruthenium Carbene
Intermediates from otho-(Alkynyloxy)benzylamines

Other catalytic heterocyclizations have been achieved by trapping the in situ gener-
ated electrophilic vinyl ruthenium carbenes (obtained by treatment of catalytic
amounts of Cp*RuCl(cod) with w-alkynyl benzylamines and (trimethylsilyl)diazo-
methane) with N-nucleophiles from benzylamine derivatives. Indeed, ruthenium-
catalyzed intramolecular heterocyclization of ortho-(alkynyloxy)benzylamines
gave rise to 2,2-disubstituted dihydro-1,3-benzoxazines, which would involve a nu-
cleophilic attack of the amine to the in situ generated vinyl ruthenium carbene in-
termediate followed by a skeletal rearrangement (Scheme 12).[45] The presence of
the oxygenated tether was crucial for the rearrangement since the corresponding
alkynyl benzylamine afforded the linear conjugated diene instead the cyclized
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product (probably by B-hydrogen elimination from the vinyl ruthenium carbene in-
termediate).
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Scheme 12. Ruthenium-catalyzed reactions of C- and O-tethered ortho-alkynylbenzylamines

Substitution on the aromatic ring of benzylamines is well tolerated for this trans-
formation (Table 1). Both electron-donating and electron-withdrawing substituents
are well accepted since the corresponding 1,3-benzoxazines were obtained in rea-
sonably good yields being slightly better for electron-poor aromatic rings. On the
other hand, functionalized halo-1,3-benzoxazines could be easily prepared using
this methodology, which facilitates other functionalizations by further manipula-
tions, with the exception of the ortho bromo substituted 1,3-benzoxazines due, most

probably, to steric reasons.
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Table 1. Ruthenium-catalyzed heterocyclization of aryl substituted ortho-(alkynyloxy)-benzyla-
mines to 1,3-benzoxazines.

ortho-(Alkynyloxy)benzylamines bearing alkynyl substituents also cyclized to
give the corresponding 1,3-benzoxazines in fairly good vyields, although longer
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reaction times, high catalyst loadings and/or heating to 65 °C was necessary to pro-
ceed (Scheme 13).
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Scheme 13. Ruthenium-catalyzed heterocyclization of alkynyl substituted ortho-(alkynyloxy)-
benzylamines to 1,3-benzoxazines.

Primary and secondary alky! substituted benzylamines such as propyl and cyclo-
hexyl are well tolerated and gave rise to the corresponding 1,3-benzoxazines in good
yields. In the case of the N-allyl substituted benzylamine, the recovery of the allyl
group intact seems to indicate that polar nucleophile/electrophile interactions dom-
inate the reactivity of the putative carbene intermediate (Scheme 14).
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Schemel4. Ruthenium-catalyzed heterocyclization of N-substituted ortho-(alkynyloxy)-benzyla-
mines to 1,3-benzoxazines.

The reaction also tolerates substrates substituted at the propargylic position.
When the ortho-(alkynyloxy)benzylamine bears one methyl substituent at the pro-
pargylic position, the rearranged 2-ethyl substituted 1,3-benzoxazine was obtained
in moderate yield. Similarly, when the ortho-(alkynyloxy)benzylamine bears two
methyl substituents at the propargylic position, the rearranged 2-isopropy! substi-
tuted 1,3-benzoxazine was obtained in low yield (Scheme 15).
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Scheme 15. Ruthenium-catalyzed heterocyclization of propargyl substituted ortho-(alkynyloxy)-
benzylamines to 1,3-benzoxazines.
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The proposed mechanism would start with the smooth formation of the vinyl
ruthenium intermediate 11, in which the nitrogen lone pair might coordinate to the
ruthenium to give the 18 e complex. Then, nucleophilic attack of the nitrogen to
the electrophilic ruthenium carbene would afford the zwitterionic species 111 which
could evolve by ring opening (phenoxide as good leaving group) to a transient
enamine 1V with recovery of catalytic species I. Finally, iminium formation from
1V is trapped with the phenoxide to afford the final 1,3-benzoxazine (Scheme 16).
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Scheme 16. Proposed mechanism for the ruthenium-catalyzed heterocyclization of otho-(al-
kynyloxy)benzylamines to 1,3-benzoxazines.

5 DFT Studies of the TMS-Substituted Vinyl Ruthenium
Carbenes: Formation and Stereoselective Cyclizations

In all the previous transformations, the geometry of the double bond (stereoselec-
tivity) of the in situ generated vinyl carbene intermediate and the final product
seems to be dependent of the type of cyclization (type of mechanism), being E con-
figuration in the case of the [1,n]-hydride transfer/cyclization and Z configuration
for the oxygen and nitrogen nucleophilic trap of the electrophilic carbene. An early
explanation for the origin of the stereoselectivity derives from the assumption of
formation of the vinyl ruthenium carbene during the electrocyclic opening of ruthe-
nacyclobutene (Scheme 1), in which the Cp* and Y groups should be anti to avoid
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unfavorable steric interactions. If Y = SiMes, strong attractive interactions should
be established between SiMesz and CI groups forcing a favourable Z configuration
after ring-opening. On the other hand, if Y = SiMejs steric hindrance should be the
major driving force for the torquoselectivity delivering favourable E-configuration
of the double bond (Scheme 17).[28]
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Scheme 17. Z- and E-vinyl ruthenium carbenes by ring-opening of ruthenacyclobutenes.

To clarify this early assumptions for the formation of vinyl ruthenium carbenes,
we carried out DFT calculations for the [1,n]-hydride transfer/cyclization (Scheme
18).[46] The calculations showed the presence of three conformers in equilibria for
the initial ruthenium carbene complex coordinated to the alkyne: a) the more stable
conformer A, with the hydrogen pointing to the Cp*ring, and b) two less stable
conformers B and C, with the TMS group pointing to the Cp* ring backwards and
forward, respectively.
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Scheme 18. Free energy profile for the conformational analysis of ruthenium carbene, formation
of D, E and isomerization of D to F for the [1,5]-hydrogen migration/cyclization of alkynylacetals
using the B3LYP-D3/LANL2DZ for Ru and 6-311++G(d,p) for all other atoms, SCRF using SMD
model (diethyl ether). Energies are relative to A and are mass balanced.

This initial ruthenium carbene complex can evolve either to the Z- or E- vinyl
ruthenium carbene species D and E, respectively, through transition states separated
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by 2.8 Kcal mol* that favor the formation of Z isomer D. The most favorable path-
way for the [1,5]-hydrogen transfer/cyclization process involved the initial isomer-
ization of Z isomer D to the E isomer F, distinct stereoisomer of E, through ruthe-
nacyclobutene intermediate G, which could explain the E geometry of the vinyl
substituents of the final products in these transformations.

For the cases of vinyl ruthenium carbene intermediates that undergo nucleophilic
attack either by an oxygenated (alkynals and alkynones) or nitrogenated (otho-(al-
kynyloxy)benzylamines) nucleophile, the most favorable pathway would start from
intermediates of type D without isomerization, which would explain the formation
of the final products bearing vinyl substituents with Z geometry.

6 Conclusions

In summary, it has been described new modes of catalytic cyclizations from the in
situ generated vinyl ruthenium carbene intermediates by the intramolecular nucleo-
philic attack to the carbene (Scheme 19). Complex spiro and fused bicyclic struc-
tures can be obtained by an intramolecular neutral/redox process which involves a
mild formation of catalytic vinylic ruthenium carbenes from alkynyl acetals, ethers
and amines which behave as hydride acceptors.

On the other hand, trapping the in situ generated catalytic vinyl ruthenium car-
benes with carbonyl nucleophiles allowed the synthesis of valuable 2-vinyl dihy-
dropyrans.

Finally, trapping the catalytic vinyl ruthenium carbenes with nitrogen nucleo-
philes generated from alkynyloxybenzylamines afforded the rearranged 2,2-disub-
stituted 1,3-benzoxazines.
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Scheme 19. New modes of catalytic cyclizations from vinyl ruthenium carbene intermediates.
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