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ABSTRACT: Herein, we report on the unprecedented dimeriza-
tion of 1,6-enynes using a commercially available ruthenium
complex RuCl,(PPh;),, which results in a series of bicyclo[3.1.0]-
hexyl allene derivatives in moderate to excellent yields. Mechanistic
investigation indicates that the in-situ-generated ruthenium vinyl-
idene undergoes a site-selective metathesis process to provide
allenyl ruthenium carbene, which can be intramolecularly trapped
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by the pendent C=C bond of enyne through a [2 + 2] cycloaddition/metal elimination process.

nyne metathesis, as an efficient strategy for C—C bond-

forming reactions, has the tremendous ability to construct
complex molecules containing the 1,3-diene motif." Among
those extensively studied metathesis processes, the intermo-
lecular enyne cross-metathesis are especially attractive, since
this simplest cross-coupling or dimerization of two enyne
molecules is able to produce many interesting molecules” with
inherent selectivity and an atom-economical manner through
those in-situ-generated metal carbenes. However, its applica-
tion for the creation of allene structures has not been
recognized yet, mainly because of the high activity of free
unsaturated carbenes that often lead to complicated by-
products arising from uncontrollable polymerization induced
by consecutive metathesis’ or cyclopropanation processes.4
Through investigations of the mechanism of enyne metathesis,
we find that the key point for the formation of allenes mainly
lies in the formation of in-situ-generated ruthenium vinylidene
and its site-selective metathesis process of ruthenium vinyl-
idene with the alkyne group of second enynes via the so-called
“yne-then-ene” mechanism (Scheme 1B), rather than the “ene-
then-yne” mechanism (Scheme 1A;).’

A brief survey of the published literature found that
homobimetallic ruthenium vinylidene can be activated by the
addition of phenyl acetylene in the ring-closing metathesis
reactions of 1,6-dienes, where Delaude proposed an
intermediate transformation from ruthenium vinylidene to
allenyl ruthenium carbene via a common [2 + 2] cycloaddition
process (Scheme 1A,).° Their speculation offered valuable
information for the construction of allenes through the efficient
capture of this allenyl ruthenium carbene intermediate. From a
literature review of the reported methods used to capture
ruthenium carbenes, it was found that there are numerous
functional groups, for instance, amine,’ aldehyde,8 acetal,” that
have the ability to trap ruthenium carbene. In particular, the
trapping of ruthenium carbene with an alkene chain via a [2 +
2] cycloaddition/metal reductive elimination process generally
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produces cyclopropane-containing products.'” Several interest-
ing examples were presented by Iwasa et al, who used the
ruthenium phenyloxazoline complex as a catalyst in the
coupling reaction of diazoester and alkene/allene to produce
cyclopropyl ester/ketone.'' In the typical examples reported by
Dixneuf, an intramolecular alkene side chain of enynes was
utilized as a capture partner to successfully realize a
cyclopropanation process to access alkenyl bicyclo[3.1.0]-
hexane (Scheme 1A,)."” In another report made by the Trost
group, a similar strategy was performed to efficiently capture
ruthenium carbene intermediates to create bicyclo[3.1.0]-
hexane."?

Inspired by the above in-situ-generated allenic ruthenium
carbene, together with the extensively studied intramolecular
capture of ruthenium carbene, a ruthenium vinylidene-directed
metathesis/cyclopropanation reaction pathway was designed
for constructing strained allene, as shown in Scheme 1B. As we
envisioned, the site-selective metathesis of in-situ-generated
ruthenium vinylidene complex (A) and 1,6-enynes generates
the allenyl ruthenium carbene intermediate (B), which can be
intramolecularly captured by alkene motif, thereby realizing the
construction of unprecedented bicyclo[3.1.0Jhexyl allenes.
This study not only represents a new methodology for the
allenes synthesis to enrich allene chemistry, but also provides
an example for the “yne-then-ene” mechanism of the
metathesis process between ruthenium vinylidene and enyne.

In the proof-of-concept experiments, we have focused on
cross-coupling reactions to test the feasibility of the ruthenium
carbene-directed construction of allenes, as shown in Scheme
2. The stoichiometric tert-butyl ruthenium vinylidene
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Scheme 1. (A) Reported Transformation of Ruthenium
Intermediates and Intramolecularly Capture of Ruthenium
Carbene. (B) Ruthenium-Vinylidene-Directed Construction
of Allenes via Enyne Metathesis/Cyclopropanation Pathway
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Scheme 2. Evaluation of Ruthenium Carbene-Directed
Construction of Allenes
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Me,CC=C=RuCl,(PPh;), (1')"* steadily reacted with the
1,6-enyne 1a at 25 °C to afford the cross-coupling product 2a
(CCDC No. 1890919) in 69% isolated yield, where 11% of
self-coupling product 3a was observed. Changing the N-linked
1,6-enyne la to the C-linked 1,6-enyne 1b yielded similar
results, since the reaction also produced the cross-coupling
product 2b and self-coupling product 3b. To our surprise, the
yields of the self-coupling products sharply increased as the
reaction temperature increased to 60 °C, indicating that the
self-coupling process of 1,6-enyne might be preferentially
favored. Importantly, the formation of bicyclo[3.1.0]hexyl
allene strongly suggests that the initial step comes from the
metathesis of ruthenium vinylidene and alkyne groups of 1,6-
enyne through the “yne-then-ene” mechanism rather than
“ene-then-yne” mechanism that often leads to 1,3-diene-
containing compounds.53

According to these interesting findings, we directly used the
single 1a as the substrate and 10 mol % RuCl,(PPh,); as the
catalyst in this reaction. The results showed that the reaction at

60 °C could steadily provide the clean self-coupling product
(3a) with a 90% yield, even if in 1 g scale reaction (85%) (see
the Supporting Information). By further screening the
extensively used transition-metal complexes in the dimerization
reaction of la, we found that only isonomic metal (CpRu-
(PPh,),[PF] or OsCL(PPhs);), as an electron-rich metal
center, had the ability to construct 3a with low to moderate
yields (see the Supporting Information).

On the basis of our understanding of this dimerization
process, a series of functionalized tosyl amide 1,6-enynes were
further examined in this self-coupling construction of allenes,
as shown in Table 1. Generally, this ruthenium-mediated

Table 1. Ruthenium-Mediated Dimerization of the
Functionalized Tosyl Amide 1°

o RUCI(PPhg)s (10mol%) Q ;
N 2(PPh3)s ( o) R_&_

5 = CHCl3, 60 °C 5 I \S\,/o
1c-1n 3c-3n R

entry R time (h) yield” (%) diasteromeric ratio, dr®
1 4—FPh (3¢) 24 85 2.1/1
2 3,5-F,Ph (3d) 24 81 1.7/1
3 4-CIPh (3e) 24 79 1.7/1
4 4-BrPh (3f) 24 83 1.7/1
S 4-CF;Ph (3g) 17 75 1.6/1
6  4-NO,Ph (3h) 29 68 1.6/1
7  4-MeOPh (3i) 21 69 2.1/1
8 2,4,6-Me;Ph (3j) 19 93 2.9/1
9  2,4,6-Pr;Ph (3k) 35 78 3.4/1
10 naphthenyl (31) 21 86 2.0/1
11 Me (3m) 20 85 2.1/1
12 Pr (3n) 20 83 2.6/1

“Reaction conditions: RuCl,(PPh;); (0.04 mmol) and substrate (0.4
mmol) were dissolved into 1.0 mL of CHCI; and the mixture was
stirred under the reflux conditions for 12—35 h. “Isolated yield.
“Determined by crude '"H NMR.

dimerization reaction steadily produced the corresponding
allenes in good yields with reasonable diastereomeric ratios
(dr), ranging from 1.6/1 to 3/1. No significant effects on the
steric features and electronic properties of the R group were
observed (Table 1, entries 1—9). In addition, substrates with
alkyl and naphthenyl substituents in the R group were also
efficiently converted to their corresponding dimers with high
isolated yields (Table 1, entries 10—12).

Moreover, it was also noted that this synthetic protocol
displayed a certain tolerance and selectivity to other substrates,
which is mainly reflected in the two types of alkene chains of
1,6-enynes: terminal and internal alkene chains, as shown in
Scheme 3. In the case of 1,6-enynes with terminal alkenes,
although the tosyl amide substrates were equipped with phenyl
or benzyl group on the terminal alkenes, satisfactory yields
were observed in the synthesis of 30 and 3p. Gratifyingly, the
C-linked 1,6-enynes were also converted to their correspond-
ing dimers (3b, 3q—3s) in high yields, albeit with longer
reaction times. In the case of 1,6-enynes with internal alkenes,
we found that the reactions with (Z)-configuration substrates
could smoothly provide the self-coupling allenes 3t—3w in
high yields, whereas those corresponding with the (E)-
configuration substrates only gave a complicated mixture
without any desirable allenes. This observation suggests
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Scheme 3. Scope of Ruthenium-Mediated Dimerization
Reactions”
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“Reaction conditions: RuCl,(PPh;); (0.04 mmol) and substrate (0.4
mmol) were dissolved into 1.0 mL of CHCI; and the mixture was
stired under the reflux conditions for 14—40 h. Isolated yield.
Determined by crude 'H NMR.

substrate selectivity of 1,6-enynes loaded with internal alkenes,
possibly because of a sensitive conformational demand of the
trapped ruthenium carbene intermediate during the [2 + 2]
cycloaddition step.

To gain mechanistic insight into the present dimerization of
enyne, we then performed deuterium labeling and control
experiments, mainly focusing on the formation of the
ruthenium vinylidene step and the role of the alkene chain
in 1,6-enynes. The cross-coupling reaction of 1’ with la—d
gave the deuterated product 2a—d while simultaneously
maintaining the deuteration (97%) (see eq 1 in Scheme 4).
The replacement of 1’ with tert-butyl acetylene 4 and
RuCl,(PPh;); also provided the corresponding 2a—d in 42%
yield, giving direct evidence that the proton at C-3 position of

Scheme 4. Deuterium-Labeling and Control Experiments
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2a—d is derived from the terminus of 4 (see eq 2 in Scheme 4),
which was further confirmed by the self-coupling reaction of
la—d, where 3a—d, was isolated in 79% yield (see eq 4 in
Scheme 4). Interestingly, the presence of D,O as a cosolvent
was able to install deuterium at the C-3 position of 2a—d,,
demonstrating that the H/D exchange process might be
involved during the ruthenium vinylidene-forming process,
possibly because of the formation of ruthenium hydride species
(see eq 3 in Scheme 4). In order to explain the role of the
alkene chain of 1,6-enynes, a cross-coupling reaction of 1a with
S was performed. However, only the corresponding dimer 3a
was observed and 5 was almost fully recovered. This finding
demonstrates that the trapping of a carbene intermediate via a
cyclopropanation step comes from an adjacent intramolecular
alkene chain, rather than an intermolecular alkene molecule.
With our understanding of the self-coupling process and the
obtained experimental results of the dimerization reactions
(Table 1 and Scheme 4), a ruthenium-mediated catalytic
mechanism featuring an enyne metathesis/cyclopropanation
process is proposed, as shown in Scheme 5. In an initial step,

Scheme 5. Proposed Catalytic Mechanism
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the ruthenium hydride species I generated from the reaction of
RuCl,(PPh;); and the first 1a molecule gives a ruthenium
vinylidene complex (II),"> which was indirectly verified by the
deuterium labeling experiments (see eqs 1—4 in Scheme 4).
Then, cross-enyne metathesis occurs between the ruthenium
vinylidene complex (II) and the triple bond of the second la
molecule in a tail-to-tail orientation, resulting in the formation
of an allenyl ruthenium carbene intermediate (IV) through a
ruthenacyclobutene 1ntermed1ate (III) coming from a [2 + 2]
cycloaddition-like step.”'® Finally, trapping IV with a pendant
C=C bond in the second la molecule transfers to
intermediate (V) to encourage cyclopropanation, which
releases 3a to finish the catalytic cycle.12 In addition, an
attempt to capture the carbon signal of the Ru==C— moiety in
IV to confirm the previously proposed in situ transformation
from II to V was unsuccessful, because of its high reactivity in
the dimerization of la monitored by an in situ '*C NMR
spectra (see the Supporting Information); however, two new
signals that appeared at 134.7 and 126.6 ppm might be
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responsible for the formation of ruthenium vinylidene
intermediate II.

In conclusion, we developed an unprecedented self-coupling
method to construct bicyclo[3.1.0]Thexyl allene derivatives,
using the simple and commercially available RuCl,(PPh;); as a
catalyst. Investigation of the alkene configurations of the
enynes disclosed a sensitive conformational demand, where
only 1,6-enynes with a terminal alkene or an internal (Z)-
configured alkene were favorable in the self-coupling
construction of allenes. Our mechanistic investigation indicates
that the in-situ-generated ruthenium vinylidene site-selectively
reacts with the alkyne side of enyne in a tail-to-tail orientation,
which results in allenyl ruthenium carbene that can be
intramolecularly trapped by the pendent C=C double bond
via a cyclopropanation step. This protocol also provides an
example for the “yne-then-ene” mechanism of the metathesis
process between ruthenium vinylidene and enyne via the
formation of cyclopropyl allenes derivatives, rather than the
traditional 1,3-diene-containing products.
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