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ABSTRACT: Re(I)-catalyzed hydropropargylation re-
action of silyl enol ethers was realized utilizing dynamic
interconversion of vinylidene—alkenylmetal intermedi-
ates, where alkenylmetals underwent 1,5-hydride trans-
fer of the o-hydrogen to generate vinylidene intermedi-
ates. Furthermore, this process was found to be in an
equilibrium.

Vinylidene complexes have attracted a lot of attention
as a useful reactive species in transition metal-catalyzed
reactions.' In these reactions, vinylidene complexes are
usually generated from terminal alkynes and their cen-
tral carbons show high electrophilicity, which has been
utilized for various synthetically useful catalytic trans-
formations such as anti-Markovnikov additions,” cycloi-
somerization reactions,3 etc.” In most of these reactions,
addition of nucleophilic reagents to the central vinyli-
dene carbon generates alkenylmetallic species, which
further undergo transformations such as protonation with
regeneration of the catalytic species. On the contrary, its
reverse reaction, that is, generation of vinylidene com-
plexes from alkenylmetallic species is rather limited
even in the stoichiometric reactions, > and elimination
of a-hydrogen of alkenylmetallic species as hydride for
the generation of vinylidene intermediates has not been
utilized for catalytic reactions, except for the a-
hydrogen elimination proposed for generatlon of vinyli-
dene complexes from terminal alkynes In this paper,
we report Re(I)-catalyzed stereoselective hydropropar-
gylation of silyl enol ethers by utilizing dynamic inter-
conversion of vinylidene—alkenylmetal intermediates
through reversible 1,5-hydride transfer of o-hydrogen of
alkenylrheniums.

We previously reported Re(I)-catalyzed generation of
o,B-unsaturated carbene complex intermediates from
easily available propargyl ethers and their reactions with
siloxydienes to give cycloheptadiene derivatives in high

yields (Scheme 1a).”™"! In this reaction, a,B-unsaturated
carbene complex intermediates reacted with si-
loxydienes at the carbene moiety to give cyclopropane
intermediates, which further underwent divinylcyclo-
propane rearrangement to give the products. We then
thought of the possibility of utilizing the o,B-unsaturated
carbene complex intermediates as a Michael accep-
tor.">"* For this purpose, we expected that use of silyl
enol ethers with a substituent on the B-carbon would
disfavor the reaction at the carbene moiety due to the
steric repulsion and 1,4-addition of the silyl enol ethers
would give addition intermediate, which we initially
expected to give allylation products by hydrolysis.'> In
this paper, we describe exploitation of this approach,
which has resulted in a discovery of entirely unexpected
interconversion of vinylidene—alkenylmetal intermedi-
ates to realize a novel hydropropargylation reaction of
silyl enol ethers.

Scheme 1. Previous work/This work

a) Previous work

OTIPS
R? r
= OTIPS OTIPS
| R? R2
[Re]W \ -
Reaction as \ R R? R
"carbene" R
R R
b) This work
OTIPS

/\n%kﬁa i Rel”) A\
R PP e

Reactlon as OTIPS

"Michael acceptor" R2 Rr3 OTIPS

R3

1:5-Hydride Transfer

B,B-Dimethyl-substituted silyl enol ether 2a was cho-
sen as a nucleophile and the reaction with primary pro-
pargyl ether 1 was examined.'* The reaction was carried
out by heating a 1.25 : 1 mixture of 1 and 2a using 3.1
mol% amount of Rel(CO)s in dioxane at 100 °C for 10
hours. The reaction was found to proceed cleanly, and
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surprisingly, instead of the expected allylation product,
hydropropargylation product 3a was obtained in 85%
yield. (eq. 1)

OCHPh, OTIPS 3.1 mol% Rel(CO)s TIPSO H
+ 7 _ o (1
F Pr 1,4-dioxane & wer ()
100 °C,10 h
1 2a 3a 85%
1.25 equiv.

Based on the structure of the product, the reaction was
thought to proceed as follows (Scheme 2); in a similar
manner to the previously reported reaction,” the o,B-
unsaturated carbene complex intermediate B was gener-
ated via 1,5-hydride transfer to the vinylidene intermedi-
ate A followed by elimination of benzophenone with
electron-donation from the metal. Then silyl enol ether 2
added in a 1,4-addtion manner to give alkenylrhenium(l)
intermediate C having a silyloxonium moiety. At this
point, instead of protonation of the alkenylrhenium(I)
intermediate C, a novel 1,5-hydride transfer of the -
hydrogen of the alkenylrhenium moiety to the silyloxo-
nium moiety proceeded to give a vinylidene complex D
containing a silyl ether moiety. It should be noted that
hydride transfer from sp*-carbon to generate sp-carbon
center is a quite rare process.”'® The generated vinyli-
dene complex released the terminal alkyne product 3 as
a reverse reaction of vinylidene com7plex formation with
regeneration of the Re(l) catalyst.'” The overall trans-
formation is a hydropropargylation of a silyl enol ether,
a rare type of alkene functionalization reaction.'™" In
this reaction, the vinylidene complex works as a hydride
acceptor first to generate o,-unsaturated carbene com-
plex intermediate B, and then, after addition of the silyl
enol ether, the produced alkenylrhenium(I) C worked as
a hydride donor to generate another vinylidene complex
D. To support this mechanism, a deuterium-containing
propargyl ether 1p containing a deuterium atom at the

Scheme 2. Deuterium experiment and proposed reaction
mechanism

OCDPh, OTIPS 3.1 mol% Rel(CO)s TIPSO D
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diphenylmethyl ether moiety (96%D) was subjected to
this reaction, and the hydro-propargylation product 3ayp

containing the deuterium atom at a-position of the silyl
ether (95%D) was obtained in good yield. In a similar
manner, terminally deuterated propargyl ether 1p’
(>98%D) gave terminally deuterated product 3ap’ with
93% deuterium incorporation (for details, see SI).”* The-
se results supported the proposed mechanism (Scheme
2). Thus hydride transfers associated with dynamic vi-
nylidene-alkenylmetal interconversion enabled this
unique transformation.

We then examined the generality of the present reac-
tion. The reaction of aromatic silyl enol ethers 3b pro-
ceeded smoothly to give the corresponding hydropro-
pargylation product in high yield. The reaction of silyl
enol ether 3¢ derived from isobutyraldehyde also pro-
ceeded without problem. As the second hydride transfer
step would occur intramolecularly, the reaction of cyclic
silyl enol ethers was examined next expecting high ste-
reoselectivity. The reaction of 1-siloxycyclopentene
gave the expected trans-2-propargyl-1-cyclopentanol
derivative 3d in good yield as a single stereoisomer ac-
companied by a small amount of a cyclopropanation

Table 1. Generality of the silyl enol ether

OCHPh, OTIPS " 3 1 mol% Rel(CO)s oTIPS
RI
+ =~ “R3 B = R®
& 2 1,4-dioxane Z 1 a2
R R'" R
100°C,10 h
1 2 3
1.25 equiv.
TIPS OTIPS oTIPS OTIPS
pZ Ph =
Z FZ & ///
3a:85% 3b: 96%2) 3c: 62% 3d: 80%
:ca o
(4d: ca 6%)
OTIPS OTIPS OTIPS TIPSO
,,,,, =
~0 - 0 O
4
3e: 87%Y 3f: 90% 3g: 88%") 3h: 69%
(trans : cis =91 : 9) (dr=67:33) (4h: 9%)
TIPSO OTIPS oTIPS OTIPS
X0 o 00 -0
I g
3i: 86% 3j: 80% 3k: 91%
(4j: 9%) 31: 89%2
(trans : cis =82 : 18)
QTIPS OTIPS
Z H
o N N
NPh OTIPS OTIPS
o
. 30:82% 3p: 45%°)
. 88942) 3n: 86% | P
3m: 8807 (dr=80:20)  (40:4%) (dr=83:17)

a) 5.0 mol% of Rel(CO)s and 2.0 equiv. of 1 were used. b) A trace
amount of 4 was included. c) BOM ether of 3-butyn-2-ol was employed.
The yield was determined by 'H NMR by internal standard method.
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product 12d. In the case of 1-siloxycyclohexene deriv-
ative, trans-2-propargyl-1-cyclohexanol derivative 3e
was obtained in good yield, but in this case a small
amount of cis-isomer was also obtained. 2-Methyl-1-
siloxycyclohexene derivative gave the desired product 3f
again as a single isomer. It is likely that 2-methyl group
inhibited the 1,5-hydride transfer from the opposite face.
Siloxy-indene or dihydronaphthalene derivatives also
gave the desired frans-2-propargyl-1-cycloalkanol de-
rivatives 3h-k as a single isomer. Several functional
groups such as cyclic acetal and imide were compatible
under the reaction conditions to give the desired hydro-
propargylation products 3l,m in good yield. Thus, the
reaction showed wide generality concerning the silyl
enol ether. On the contrary, the reaction of secondary or
tertiary propargyl ethers was rather sluggish, and in one
instance, hydropropargylation product 3p was obtained
in about 45% yield by the reaction of BOM ether of 3-
butyn-2-ol with a silyl enol ether derived from 2-
norbornanone.

During the examination of the generality of the reac-
tion, another dynamic nature of the reaction was discov-
ered in the product-forming step. As shown in Table 1,
the cycloheptene derivative gave two isomeric products
3g in 67 : 33 ratio, and the major frans product was iso-
lated as a diastereomerically pure compound. Interest-
ingly, on treatment of this #rans product 3gmajer With a
catalytic amount of Rel(CO)s at 100 °C in dioxane,
isomerization reaction was found to proceed to give
again a 67 : 33 mixture of two diastereomeric products.
(eq 2) This result suggests the presence of the reversible
pathway for the hydride transfer of the alkenylrhenium
intermediates, that is, the vinylidene complex E is gen-
erated from the product and the hydrogen at the carbon
connected to the siloxy group undergoes 1,5-hydride
transfer to the vinylidene carbon to give alkenylrhenium
species F.>! Thus, this reaction is comprised of dynamic
interconversion of vinylidene-alkenylmetal intermedi-
ates all through the reaction sequence.

TIPSO TIPSO
lllll cat. Rel(CO)5
=z : & @
1,4-dioxane, 100 °C
39major 39 69%
single isomer d.r.=67:33
K:Re]
R
39major ‘[__e;] — /%’IPS —~  39minor

(1,2-trans) (1,2-cis)

This hydropropargylation reaction was further applied
to the intramolecular reaction to realize a facile con-
struction of polycyclic compounds with high diastere-
oselectivity (Table 2). A siloxy-cyclohexene derivative
containing a propargyl ether moiety 5a gave the cis-
bicyclo[4.4.0]decane derivative 6a in 80% yield as a

mixture of two isomers in a ratio of 88 : 12 (entry 1).
The structure of the major isomer was determined by
NMR analysis. Tertiary propargyl ether Sb was also em-
ployable to give the cis-decalin 6b as a single isomer
(entry 2). The reaction of regioisomeric 1-
siloxycyclohexene substrate Sc also proceeded without
problem to give a bicyclo[3.3.1]octane derivative 6¢ in
82% yield as a single isomer (entry 3). It is also noted
that acyclic silyl enol ether Sd gave the monocyclic
compound 6d with high diastereoselectivity (entry 4).
The structure of 6b, 6¢ and 6d(major) was determined
by single crystal X-ray analysis. Thus this protocol af-
fords a useful method for the stereoselective synthesis of
polycyclic compounds.

Table 2. Generality of the intramolecular reaction
5 mol% Rel(CO)s5

Substrate Product
1,4-dioxane
100 °C, 5h
Entry Substrate Product yield
| | oTIPS |l| OTIPS
0. H
80%
(dr=88:12)2
Z7LH
5a (Z = COOEt) 6a
It |||
BhO oTIPS y QTIPS
2 70%
single isomer
7z 'z z 7 H
5b (Z = COOEY) 6b
OTIPS
Bn oTIPS NN
N
82%
E10,C single isomer
CO,Et

A
62%
255 P (dr=84:16)Y
TIPSO OTIPS

5d (Z = COOE) 6d

a) Determined by 'H NMR.

In summary, we have developed the hydro-
propargylation reaction of silyl enol ethers utilizing the
dynamic interconversion of vinylidene—alkenylmetal
intermediates via reversible 1,5-hydride transfer process.
The siloxycycloalkene gave the trans-2-propargyl-1-
siloxy-cycloalkane derivatives with high stereoselectivi-
ty. The reaction was further applied to intramolecular
reactions to give useful polycyclic compounds stereose-
lectively.
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