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The transition metal-induced iz sifie generation of carbene complexes from alkynes having a carbony! or imino
group as a nucleophilic functionality has been investigated. These reactive carbenoid species are generated with
high atom efficiency through a 6-endo-dig cyclization mode based on the electrocyclization of vinylidene
complexes or a S-exo-dig cyclization mode in 7~alkyne complexes, and have been found to serve as versatile
mtermediates in catalytic carbene transfer reactions. Iighlighted and reviewed in this account are the
generation and preparation of pyranylidene, furylcarbene, pyrrolylcarbene, and vinylcarbene complexes and
their application to [3,3]sigmatropic rearrangement of acylcyclopropylvinylidenes, catalytic cyclopropanation
reactions, [2,3]sigmatropic rearrangement or condensation reactions via ylides, ring-opening and substitution
reactions with heteroaromatic compounds, and catalytic isomerization of oligoynes.
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Introduction

Transition metal-catalyzed and -promoted reactions
involving carbene intermediates are powerful and useful
methods for constructing important substructures of targeted
molecules, and therefore they have been extensively studied
for the past couple of decades.! The in sinv generation of
metal carbene species is applicable to a wide range of
carbene transfer reactions and has attracted recent attention
in organic synthesis. One of the most common methods for
in sirw generation of metal carbene species is a decom-
position reaction of diazoalkanes by transition metal com-
pounds.'*® The diazoalkane method is quite useful, but
formidable because of its explosive hazard and a number of
unfavorable side reactions. In this context, safe and sure
alternatives for the diazoalkane method have been eagerly
sought. The activation of alkynes with transition metal
compounds has recently emerged as a new methodology to
ensure the in sitn generation of the metal carbene species.
Vinylcarbene intermediates in enyne metathesis,” cyclopropyl-
carbene species in the cycloisomerization of enynes,™®
dialkylidene metal species vig reductive cyclization of @-
diynes,” and vinylcarbenes and/or metal-containing benzo-
pyryliums from alkynes bearing nucleophilic functional
groups®® have exemplified the rapidly emerging class of
carbene species.

Recently, we have sought to develop new transition metal-
catalyzed or -promoted reaction using carbonyl-ene-ynes A
as precursors of metal carbene species, and found new types
of reactions involving 5-exo-dig cyclization based on the
coarctate reaction of 7-alkyne complexes, as well as 6-endo-
dig cyclization based on the electrocyclization of vinylidene
complex intermediates, leading to six-membered 2-pyranyl-
idene complexes B and five-membered (2-furyljcarbene
complexes C (Scheme 1).7 We have also demonstrated that
cyclization in the 5-exo-dig mamer could be applied to
similar structures, propargyl esters D, to yield vinylcarbene
complexes E (Scheme 2).2

All of these reactions are promoted by a wide range of
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transition metal compcmncls..2 Moreover, these reactions are
highly atom-economical and widely applicable to catalytic
carbene transfer reactions. This account describes our recent
progress in this field, particularly focusing attention not only
on the in situ generation of metal carbene species from
alkynes possessing a carbonyl, a thiocarbonyl, or an imine,
but also on the application to catalytic carbene transfer
reactions.

Cyclic Carbene Complexes from Conjugated Alkynes

In 1996, we developed rhodium-catalyzed cycloaromati-
zation of conjugated acyclic enediynes involving vinylidene-
metal and radical intermediates (Scheme 3).'% Our continu-
ing investigation has led to new findings involving the
interesting 6-endo-dig cyclization based on the concept of
electrocyclization of vinylidene complexes. When we carri-
ed out the reaction of the carbonyl-ene-yne compound 1a
with a tungsten pentacarbonyl THF complex, the cyclic
carbene complex, (2-pyranylidene)}tungsten complex 2a,
was isolated in 63% yield (Scheme 4)."" The reaction of the
amide derivative 1b also yielded the corresponding 2-
pyranylidene complex 2b. With chromium complexes, the

P CeH13 5 mol
= mol% _
| RhCI(i-Pr3P), CsH;
Et,N, CoHe
A 50 °C, 20 h

58% (E/Z = 86/14)

Scheme 3
3 equiv
M(CO)5(THF) Oé(i
M(CO)s
1a(R= OMe) 2a (63%, M = W, reflux, 0.5 h)
1b (R = NEty) 2b (68%., M =W, reflux, 0.5 h)
l 3a (62%. M = Cr. rt, with 3.5 eq of EtyN)
R 3b (68%, M = Cr, rt, with 3.5 eq of Et;N)
2 S0 _m(co)s ]
@é// 6-exo-dig

Scheme 4
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Table 1. Preparation of 2-Pyranylidene Complexes
R R
.(/A\| 6) 3 equiv M(CO)s(THF) .(/A\f:i
L THF Sa oty
M = M(CO)s
o ~Ph
Z 70
W(CO)s W(CO)s
58%7 55%7
71%°2
Cr(CO)s NNcr(co)s
69%" 8%°

“At reflux temperatuwre for 0.5 h, "With 3.5 equiv of TuN at room
temperature for 2 h. “With 1.2 equiv EtsN at room temperature for 0.5 h.

addition of triethylamine (Et;N), which is well known to
promote the isomerization from e-alkyne complexes to
vinylidene complexes,'®" is essential to produce the corre-
sponding products 3a and 3b.'* Representative results of the
synthesis of various 2-pyranylidene complexes are summari-
zed in Table 1. Irrespective of the cyclic or acyclic carbonyl-
ene-yne compound used, 2-pyranylidene complexes were
obtained in good yields. Alkenyl and alkynyl moieties were
tolerated under the reaction conditions, leading to 2-
pyranylidene complexes. However, in the reaction of a keto-
ene-yne compound the 2-pyranylidene complex was obtain-
ed in only 8% yield together with many unidentified prod-
ucts. Surprisingly, reactions of keto-ene-yne compounds
without Et;N yielded deep-blue (2-furyl)carbene complexes,
which were produced via S-exo-dig cyclization (vide
! Since we found that the six-membered Fischer-type
carbene complexes could be generated by electrocyclization
{pericyclic reaction) of vinylidene intermediates, we extend-
ed the concept for cyclopropane analogues.

As shown in Scheme 5, [3,3]sigmatropy of an acylcyclo-
propylvinylidene intermediate from c¢is-1-acyl-2-ethynyl-
cyclopropane 4 was envisioned to produce a seven-member-
ed Fischer-type carbene complex 5. However, in the reaction
of 4a, phenol 6a as an unanticipated isomerized product was
isolated in 69% yield under reaction conditions identical to
those used for the synthesis of 2-pyranylidene-chromium
complexes (eq. 1).” A tungsten complex, W(CO)s(THF)
showed similar reactivity to give 6a in 72% yield, while
Mo{CO)s(THF) gave 6a in low yield. The addition of Et;N
was essential for this isomerization, irrespective of the group
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o) 3 equiv M(CO)5(THF)
THF, Et;N, rt, 24 h

g4
0OH

X
4a (R= CH,CH,Ph) M =Cr 6a (69%)
M=W 6a (72%)
M = Mo 6a( 4%)
4b (R= OCH,CH,Ph) M =Cr 6b (N.R.)
4¢ {(R= morpholino) M=Cr 6¢c (N.R.)

6 metal carbonyls employed. Ester 4b and amide 4¢ gave no
isomerized products, and both substrates were recovered
intact. The lack of reactivity of ester and amide derivatives is
in sharp contrast with 2-pyranylidene-complex formation
(vide supra). Although this interesting reactivity has not
been precisely accounted for, the proximity of the carbonyl
oxygen to the a-carbon of a vinylidene moiety and the
stability of intermediates probably affect the isomerization
reaction.

Considering that no carbene complex was isolated, the
isomerization of 4 could be expected to proceed in the
presence of catalytic amounts of group 6 metal carbonyls.
As expected, the use of 5 mol% CH{CO)«(THF) is sufficient
to induce the catalytic valence isomerization to give the
corresponding product quantitatively (Table 2). Reactions of
primary and secondary alkyl ketones gave phenols in nearly
quantitative yields, while the reactivity of rerr-butyl ketone
was low because of its bulkiness. When the reactions of p-
substituted phenyl ketones were examined, electron-with-
drawing substituents ot a phenyl group, e.g., CF;, deceler-
ated the reaction. These results suggest that the nucleo-
philicity of the carbonyl oxygen towards the c-carbon of a
vinylidene moiety plays a critical role in this reaction.
Heterocyclic substituents such as the 2-furyl and 2-thienyl
groups were tolerated in the reactions, but a 2-pyridyl
substituent slightly retarded the isomerization, probably due

Table 2. Catalytic Valence Isomerization of 4 with Co{CO)s(THF )

R
: OH

O 5mol% Cr(CO)s(THF)

N THREGN t
4
Q"
OH
97% (24 h) 95% (24 h) 41% (26 h)b g
R' 94% (20 h)
g \
OH
95% (R' = CHg3, 24 h) OH

96% (R' = OCHs, 18 h)
72% (R' = CF5, 72 h)

2%(R 0,5h)
92% (R'=S, 17 h)

42% (24 h)°

“Reactions were carried oul al room lemperature with 4, EGN (3 equiv)
in the presence of M{COJ;(T[TF) prepared from the lrraduuon of a
solution of M(CO) (5 mol%) in TITF, *Catalvst (30 mol%), At reflux
temperature,
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to the stronger coordination of a nitrogen atom to group 6
metals.

A plausible mechanism for this isomerization can be
explained by assuming a multistep pathway as shown in
Scheme 6. The [3,3]sigmatropic reaction of an acylcyclo-
propylvinylidene complex produces [-0xa-3,6-cyclohepta-
dien-2-ylidene complex 5. A [1,5]-H shift and/or [1,3]-H
shift from CH; in the seven-membered ring of 5, followed
by reductive elimination of M{CO); (M = Cr, Mo, W) results
in a formation of an oxepin as a primary product. The
oxepin, which is in equilibrium with the arene oxide, is
converted into a phenol with the assistance of M{CO); as a
Lewis acid under the reaction conditions. The formation of a
mixture of cycloheptatrienes from c¢is-1-ethynyl-2-vinyl-
cyclopropane as a carbon analogue of 4a under the isomeri-
zation conditions strongly supports the intermediary seven-
membered oxacarbene complexes 5 (Scheme 7).'

(2-Furyl)carbene Complexes from Conjugated Alkynes

In the course of the investigation of 2-pyranylidene com-
plexes we found a new carbene complex fonnation from
carbonyl-ene-ynes 7a through 5-exo-dig cyclization, leading
to (2-furyl)carbene complexes 8a and 8b (Scheme 8).'*
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These complexes 8a and 8b are less stable than 2-pyran-
ylidene complexes and they gradually decompose to give
dimerized products, [,2-difurylethene derivatives, in high
yield after 4 days.*® We further examined catalytic (2-
furyl)carbene transfer reactions using keto-ene-yne com-
pounds as carbene precursors in the presence of carbene
acceptors, such as alkenes and allyl sulfides.

The reaction of carbonyl-ene-yne 7a with styrene in the
presence of a catalytic amount of C{CO)s{(THF) afforded
(2-furyl)cyclopropane 9a in 85% yield (eq. 2)."* Interest-

Ph 5 mol% Ph
Cr(CO)s(THF)
O, Z pn _ Do Q)
THF, rt Ph
X
7a 9a
85%

(cis:trans = 76:24)

ingly, complexes of late transition metals, such as Ru, Rh, Ir,
Pd, and Pt, also catalyze cyclopropanation involving (2-
furyl)carbene intermediates (Table 3). The complex [Ri{OAc):]»
showed the highest catalytic activity in the cyclopropanation
reaction. The selected results from cyclopropanation reac-
tions of several alkenes using [Rh(OAc):]: as a catalyst are
shown in Table 4. Electron-rich alkenes such as zerr-butyl
vinyl ether and ketene diethy] acetal served as good acceptors

Table 3. Catalytic Cyclopropanation of 7a“

Cat. Time (h) Yield of 9a (cis:trans)
W(CO)(THF) 2 54% (70:30)
[RuC L{p-cymene))t 2 85% (33:67)
[RuCI(COxL" 24 42% (12:88)
[R(OAC)):” 1 93% (8:92)
[TtClcod))s* 2 92% (57:43)
PdCl: 2 79% (21:79)
PtCl: 1 81% (23:77)

“Reactions were carried out at room temperature with 7a, styrene (20
equiv), and a catalyst {5 mol%) in THF unless otherwise noted. *Styrene
(2 equiv) with a catalyst (2.5 mol%).
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Table 4. Rhodium-Catalyzed Cyclopropanation of 7
R! R
e . e 2.5 mol% [Rh(OAc),], Ir”\
THF, rt e R2

Ot-Bu = Ot-Bu

99% (85:15)°  99% (90:10,° R = Ot-Bu, R' = H) 80% (91:9)>¢

99% (R, R' = OEt)

“Reactions were carried out at room temperature with 7, alkene (2 equiv),
and [Rh(QAc):]2 (2.5 mol%) in THF for 1 h unless otherwise noted. “The
ratio of ¢is:mrans. “In dichloromethane.

OMe
< Me 2.5 mol% OMe
N o [Rh(OAc),], T
\ CH,Cl,, reflux, 2 h = oh
X
10

OMe 11 (quant, cis:trans = 76:24)

L of] ™
e
=I[Rh]
Scheme 9

of carbene intermediates to give the cyclopropanated pro-
ducts in excellent yields. The complex [Rh{QAc):]. can act
as an effective catalyst in the cyclopropanation with an alkyl
ketone, which led to lower yield of cyclopropanated product
in other transition metal catalysis.

We next attempted to study the reactivity of the nitrogen
analogue of 7. As shown in Scheme 9, imino ether 10
reacted with styrene to give (2-pyrrolyl)eyclopropane 11 in
quantitative yield."” The pymrolylcyclopropanes can be easily
converted to 2-pyrrolinones in good vields under mild
hydrolysis conditions."”

To extend the scope of the ir siru generation of metal
carbene in organic synthesis, we examined the reaction with
other carbene acceptors, such as allyl sulfides or phosphines,

o
o
A <
12 ">CO,Me 2.5 mol% [Rh(OAC)l SPh
X
+ CH,Cly, reflux, 7 h MeO,C
Ph" X" sPh 13a (93%, one diastereoisomer)
e
N 0
N Ph SPh — F|>r+1
~ S
- -[Rh] - g
MeO,C
MeOzC ez /;
Ph
Scheme 10
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2.5 mol%

\\ ] \/\

E = CO,Me; 90% (dr = 73/27)?

12a (E = CO,Me)

12b (E = Bz) E = Bz; 92% (dr = 79/21)°
Furan
_— Diels-Alder
Ve o
s
S
E

Reaction key: a: CH,CH,, reflux, 120 h; b: DCE, 80 °C, 72 h.

Scheme 11
2.5 mol%
[Rh(OAC),)2
_PPhy
OHC \\ CICH,CH,CI
70°C,1h
15 (58%, M —6200 PDI =1.1)
- O=PPh,
PPh3
I\
O [Rh] o]
[Rh] BHE PPh,
Scheme 12

which are well known as effective carbene acceptors in
catalytic carbene transfer reactions using diazoalkanes. We
undertook the rhodium(Il)-catalyzed Doyle-Kirmse type
reaction using carbonyl-ene-yne compound 12a as an alter-
native source of diazoalkanes (Scheme 10)."® The resulting
sulfur ylide produced by 2-furylcarbene transfer, efficiently
undergoes [2,3]sigmatropic rearrangement to give furan-
containing sulfide 13a. Using a diallyl sulfide instead of the
monoallyl sulfide, a reaction cascade of [2,3]sigmatropy
followed by an intramolecular furan Diels-Alder reaction
allows the one-pot synthesis of polycyclic heterocycles
(Scheme 11).'°

In a similar manner to sulfur ylide formation, carbene
transfer to phosphines, which sequentially undergo a Wittig-
type condensation with formyl groups, could produce phos-
phorus ylides. The catalytic reaction of carbonyl-ene-yne
monomer 14 having a formyl group could be applied to the
polycondensation reaction leading to z~conjugated polymers
15 with low polydispersity (PDI = 1.1) (Scheme 12).'™ The
low polydispersity is probably due not only to the low
concentration of ylides but also to the selective reaction
between the resulting oligomeric ylides and a monotner sub-
strate 14 (carbonyl-ene-yne) involving a highly electrophilic
formyl group para to a ketone moiety.
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Vinylcarbene Complexes from Propargyl Esters
and Related Compounds

We have described that (2-furyl)carbene complexes C
could be generated from carbonyl-ene-yne compounds A
with a wide range of transition metal complexes and could
be applied to catalytic carbene transfer reactions (vide
supra). This protocol was envisioned to extend to the system
of propargyl esters in almost similar manner. We
successfully explored a novel method for generation of
vinylcarbenoid intermediate E from propargyl esters D
(Scheme 13).

In 1984, Rautenstauch reported that a palladium catalyst
undergoes 1,2-migration of an acetate group in 1-ethnyl-2-
propenyl acetates to give cyclopentenones.'®® However,
facile isomerization of propargyl esters into allenyl esters
catalyzed by transition metal compounds has precluded the
further progress of this unique and potentially useful
reaction.'™ In 2002, it was reported that intermediary
vinylcarbenoids were effectively trapped intramolecularly
by an alkenyl moiety in the PtCl-catalyzed cycloisomeri-
zation of dienynes.>’?* Our continuing investigation of the
generation of carbene species by transition metal-promoted
alkyne activation led us to develop efficient catalytic
carbene transfer reactions, such as cyclopropanation,
annulation, > ring-opening and substitution reactions,?>’
and other miscellaneous reactions®® using propargyl esters
and related compounds as precursors of vinylcarbene com-
plexes.

Cyclopropanation of styrene with 2-methyl-3-butyn-2-yl
acetate (16a) in the presence of transition metal catalysts that
had been effective for catalytic cyclopropanation via (2-
furyl)carbene complexes was examined (eq. 3). Representa-

OAc cat. [M] OAc
* ZPh = Ph (3)
DS >_<7
16a 17a

tive results of catalyst screening and optimization are given
in Table 5. The reaction of 16a with styrene in the presence
of a catalytic amount of PtCL in toluene at 60 °C for [ h



2158  Budl. Korean Chem. Soc. 2007, Vol. 28, No. 12

Table 5. Transition Metal-Catalyzed Cyclopropanation of 16a with
Styrene"

OAc

cat. [M Ac
s S ZP “toluene, 60 °C _\V’ ): —#
16a
Entry [M] Time  17a (%) cwsitrans 18 (%)
1 PtCl> 1h 93 78:22 7
25 PtCl> 10h 74 80:20 23
3 [RuCl(CO)s)2 18h 86 80:20 5
4 [RuCKCO)):  18h 99 87:13
5 [Rh(OCOC F3)3]3 30 min trace - 99
6 AuCls 10 min 63 79:21 26

*Reaction conditions: 16a, stvrene (5 equiv), catalyst (2.5 mol%), wluene,
&0 °C. Tn DCE ¢ 1,2-dichloroethane) at 50 °C. <At 25 °C.

afforded the cyclopropanated product 17a in 93% vield,
along with 7% of allenyl acetate 18 as the isomerization
product of 16a. On the other hand, the use of 1,2-dichloro-
ethane (DCE) as solvent in platinum catalysis decreased
both yield and selectivity. The complex, [RuCL{CO);]> was
found to be a most effective catalyst with excellent yield in
the cyclopropanation reaction with 16a in DCE at 50 °C. In
contrast, [Rh{QOCOCF;):]2 catalyzed isomerization of 16a
into allenyl acetate 18 with high selectivity. AuCl; also
catalyzed the cyclopropanation, but 18 was produced to
some extent.>**?

Under optimized conditions (2.5 mol% [RuCL(CO)),
DCE, 50 °C), the reactions of several types of propargyl
esters with alkenes were carried out (Table 6). The reactions
of propargyl benzoate and esters of an ethynylcycloalkanol
with styrene gave the cyclopropanated products in excellent
yields. The reaction with secondary propargyl acetate sub-
stituted with phenyl proceeded smoothly to give cis-alkenyl-
cyclopropane in 77% yield. However, a secondary propargyl
ester having an alkyl group at the propargylic position was
less reactive than those having an aryl group, affording a
cyclopropane in low yield (<30%). Primary propargyl esters
and propargy] esters having a substituent on an alkyne

Table 6. Ru-Catalyzed Cyclopropanation
OCOR 2.5 mol%

R1
4\ o SR [RuCL(CO)31» —( R
Ri2 : DCE, 50 °C R2
{5 equiv)

%

16
OBz

th % \_v

n=3;91% (88:12) 77% (75:25)

90% (88:12)
n = 2; 97% (90:10)
n=1; 93% (94:6)

e oy

91% (68:32) 82%° 72% (79:21)° 26% (38:62)

The ratio of cis:trans in parentheses. “In toluene at 60 °C. ’Alkene (20
equiv),

Kouichi Ohe
A
2.5 mol% i
OAc @ [RuCl,(CO)3),
+
A DCE, 50 °C toluene
16b 18 h 120°C, 24 h
19 (76%)

I

cyclopropanation 3

2 OAc

[3,3]sigmatropy

2 1

Scheme 14

2.5 mol % [RuCl,(CO)3],

OAc
OAc
*bﬁ\ “O

B DCE, 50°C, 18 h
16¢c 20 (68%)
| b
Ph Ph Ph
N OAc _ OAc
g | E’ 0 OAc
S -|Ru
[Ru] LIRul H
Scheme 15

terminus were much less reactive and cyclopropane formation
scarcely occurred. The reaction of a-methylstyrene with 16a
proceeded smoothly to give cyclopropane in good yield. 2-
Ethylbut-1-¢ne and allyltrimethylsilane slowly reacted with
16a to give the corresponding products in good yields,
although the use of excess alkenes was required. On the
other hand, cyclopropanation of fers-butyl vinyl ether with
16a resulted in lower yield. Electron-deficient alkenes such
as methyl acrylate did not work at all in the present cyclo-
propanation.

Furthermore, this catalytic system could be applied to the
reaction with conjugated dienes as carbene acceptors.”® In
this case, a seven-membered ring could be formed from
cyclopropanation followed by [3,3]sigmatropic rearrange-
ment of vie-divinylcyclopropane intermediate. The ruthenium-
catalyzed reactions with cyclopentadiene produced a bi-
cyclo[3.2.1]Joctadiene skeleton (Scheme 14). Efficient [3,3]-
sigmatropic isomerization of initially formed svm-divinyl-
cycloproparie led to the rearranged product 19 by heating the
solution at 120 °C after ruthenium-catalyzed cyclopropa-
nation. The present vinylcarbene transfer reaction is
chemically equivalent to the reaction using a combination of
a-diazoketone and transition metal compounds.

The ruthenium-catalyzed reaction of 16¢ undergoes intra-
molecular pentannulation to give 2-acetoxy-3-phenyl-2-
indene 20 (Scheme 15).°® The 6relectrocyclization of a
ruthenatriene intermediate is proposed as the most likely
mechanism for the indene formation.” This is also consider-
ed as a formal insertion of the carbene center into a C-H
bond of a phenyl ring. Most recently, we have found that the
similar pentannulation of 1-aryl-2-propynyl esters is cataly-
zed by PtCls efficiently. >

The diazoalkane-free in siru generation of metal-vinyl-
carbene intermediates from propargyl esters can be applied
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OAc 2.5 mol % OAc
4\ . {/ \5 [RuCly(CO)s], NS H
% 0) DCE, 50 °C, 18 h o
16a (2E,4E)-21 (62%)
o)
_ 4 Z
“[Ru] 9 [Ru] \‘9
Scheme 16
AcO
2.5 mol %
OAc /
[RuCly(CO)s],
N\ R R
4\\\ /Q\ DCE, 50 °C, 18 h &
16a 22 (50%)
L AcO [fo] AcO }
3/t N -[Ru] \
(6] O
Scheme 17

to ring-opening and substitution reactions of heteroaromatic
compounds.*® The reaction of 2-methyl-3-butyn-2-y] acetate
(16a) with furan in the presence of a catalytic amount of
[RuCl{CO))> affords triene (2E4E)21 in 62% vyield
(Scheme 16). Trienes obtained are in general a mixture of
stereoisomers, which are prone to isomerize to the most
thermally stable (2E,4F)-isomer. Ruthenium-vinylcarbene
formation followed by electrophilic attack to a furan gives a
charge-separated intenmediate, which undergoes the ring-
opening of the furan structure to produce the triene. The
ruthenium-catalyzed reaction of 16a with 2,5-dimethylfuran
gives 3-substituted 2,5-dimethylfuran 22 in 50% yield
instead of ring-opened products (Scheme 17). The charge-
separated intermediate, which is formed by electrophilic
attack of a ruthenium-vinylcarbene at the 3-position of 2,5-
dimethylfuran, probably because of the sterical preference,
allows hydride shift exclusively to give 3-substituted products.

Although 1,1-dialkyl- or 1,I-diaryl-2-propynyl esters and
1-aryl-2-propynyl esters can act as vinylcarbene precursors,
no vinylcarbene complex fonmnation from I[-alkyl-2-propyn-
yl and simple propargyl esters was observed. The reaction of

Y
)\ 3/210Me

6
R4 O
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16f (X = O, Y = NMe) 28% (23123 = 78/22)
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acetate 16d (X = O, Y = Me) with 2-methoxyfuran did not
take place, 16d being recovered intact {eq. 4). We have
found that O-propargy] thiocarbamate 16¢ (X =8, ¥ =
NMe») works as vinylcarbene precursors and could be used
for transition metal-catalyzed vinylcarbene transfer reac-
tions.>” However, the similar reaction of 3-butyn-2-yl N.N-
dimethylcarbamate 16f (X = O, Y = NMe-) afforded ring-
opened products in lower yields. These results indicate that
the higher nucleophilicity of the sulfur atom and the meso-
meric effect of the N,N-dimethylamino moiety synergisti-
cally promote the efficient generation of a metal-vinyl-
carbene intermediate. The extended reactivity of propargyl
substrates as vinylcarbene precursors might find application
in the construction of important substructures of desired
molecules.

The [1,3]shift of the carbene center to the remote alkynyl
carbon in free alkynyl carbenes (a)” and alkynyl carbene
complexes (by**! have been recognized as an intriguing
dynamic process {Scheme 18). Recently, the in site gener-
ation of carbene complexes from oligoynes has been appli-
ed to study the dynamic behavior of an intennediary carbene
complex in catalytic reactions.”> When we examined the
generation of ruthenium-carbene complexes from conju-
gated oligoyne systems possessing propargyl acetate moieties
as a carbene donor, we found the metallotropic shift in
intermediates from oligoynes leading to the catalytic iso-
merization.”**

The reaction of 1,6-diacetoxy-1,6-diphenylhexa-2,4-diyne
(24a) bearing the secondary propargyl acetate moiety in
DCE in the presence of [RuCl(CO)]: gave (1Z,5E)-2,5-
diacetoxy-1,6-diphenylhexa-1,5-diene-3-yne (25a) as an
isomerized product (Scheme 19).** Since we know that the
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secondary propargyl acetate gives Z-vinylcarbene complex
(See Table 6),**" the Z-stereochemistry of 25a strongly
supports the generation of the vinylcarbene complex. We
have proposed that the most plausible mechanism involves
the generation of a vinylcarbene complex and subsequent
[1,3] shift of the carbene center to the remote alkynyl carbon
followed by stereoselective migration of vicinal acetate.

Reactions of symmetrical diyne 24b and triyne 24¢ gave
3,6-diacetoxy-2,7-dimethylocta-2,6-diene-4-yne (25b) and
3,8-diacetoxy-2,9-dimethyldeca-2,8-diene-4,6-diyne  (25c¢)
(Scheme 20).%* The results suggest the ruthenium-catalyzed
isomerization of diynes and triynes by using in sirn gene-
ration of transition metal-carbene complexes from propargyl
esters, followed by |1, n]-metallotropic carbene shift (n= 13,
5) (carbene walk) of initially generated alkynyl carbene
complexes.

Conclusion

We have developed a new route to carbene complexes, 2-
pyranylidene, (2-furyl)carbene, (2-pyrrolyl)carbene, and
vinylcarbene complexes, from alkynes possessing nucleo-
philic auxiliaries, and have demonstrated several efficient
catalytic reactions involving the ir situ generation of such
carbene species. The latent nature of alkynes as carbene
precursors (-C=C- <> -C-C -) is brought out by the pertur-
bation of m-electrons in alkynes coordinated with transition
metals. Vinylidene complexes generated i siru from terminal
alkynes serve as a 2 z-=unit for a 6-endo-dig cyclization mode
in electrocyclization and [3,3]sigmatropy to create cyclic
oxacarbene complexes. Vinylidene formation is not a pre-
requisite for producing (2-furyl)carbene, (2-pyrrolylicarbene,
and vinylcarbene complexes, formation of which are driven
by 3-exo-dig cyclization with a carbonyl or imino group as
nucleophiles to an intermal carbon in z~alkyne complexes.
The present study, based on the in sitv generation of
carbenoid species from alkynes coordinated with transition
metals, provides a variety of efficient carbene transfer reac-
tions with high atom efficiency. We believe that this new
accessibility to carbenoid species contributes to the develop-
ment of organic synthesis as well as organometallic chemistry.
Further advances in this area await discovery.

Kouichi Ohe

Acknowledgements. The author is grateful to all co-
workers, whose names appear in the references, for their
invaluable intellectual and experimental contributions to this
fascinating research field. He wishes to express his deepest
gratitude to Professor Emeritus Sakae Uemura for his
encouragement and helpful discussions. The financial sup-
port by Grant-in-Aid for Scientific Research on Priority
Areas “Synergistic Effects for Creation of Functional Mole-
cules” (Area 459, No. 19027027) and Scientific Research B
(No. 19350093) from the Ministry of Education, Culture,
Sports, Science, and Technology, Japan, is gratefully acknow-
ledged.

References

L. {a) Zaragoza Dorwald. F. Metal Carbenes in Orgarnic Synthesis;
Wiley-VCH: Weinheim, 1999. (b} Dovle, M. P.; McKervey. M.
AL Ye, T. Modern Catalytic Methods for Organic Synthesis with
Diazo Compounds, Wiley-Interscience: New York, 1998. (¢}
Furstner, A, Angew. Chem. Int, Ed, 2000, 39, 3012, (d) Trnka, T,
M.; Grubbs, R, H, Acc, Chem. Res. 2001, 34, 18. {€) Schrock, R,
R.; Hovevda, A, H, Angew. Chem. Int, Ed, 2003, 42, 4592, (f)
Metal Carbenes in Organic Synthesis; Dotz. K. H.. Ed.; Topics in
Organometallic Chemistry, Vol. 13; Springer-Verlag: Berlin,
2004, {2} Herondon. J. W. Coord. Chem. Rev. 2007, 251, 1158,

2. For reviews on transition metal-catalyzed reactions vig carbene,
vinylidene, and allenylidene intermediates generated from alkynes,
see: (a) Ohe, K.; Miki, K.; Uemura, S. J. Syath, Org, Chem. Jpn.
2004. 62. 978. {(b) Miki, K.; Uemura, S.; Ohe, K. Chem. Les.
2005. 34. 1068.

3. For other guides to the literature of this research field, see: (a}
Fursiner, A.; Davies, P. W, Angew: Chem. Int. Ed. 2007, 46, 3410,
{b)} Marion, N.; Nolan, S. P. Angew, Chem, Int. Ed, 2007, 46,
2750. (¢) Gorin, D, J.; Toste, F. D, Narure 2007, 446, 395, {d}
Bruneau, C.; Dixneuf, P. H. Angew. Chem. Int. Ed. 2006, 45,
2176.

4. For reviews, see: (a) Zhang, W.; Moore, J. S. Adv. Synth. Catal,
2007, 349, 93. (b) Diver, S. T.; Giessert, A, J. Chem, Rev, 2004,
104, 1317, (¢) Grubbs, R, H.; Trnka, T. M.; Sanford, M. 8. G,
Meth. Inorg. Chem. 2003, 3, 187. (d) Poulsen, C. S.; Madsen, R.
Synthesis 2003, 1.

S. For selected papers on catalytic cyeloisomerization of enynes via
cyclopropylearbene complexes, see: (3) Trost, B, M.; Tanoury, G,
J. & Am. Chent. Soc. 1988, 110, 1636, (b) Trost, B, M.; Hashmi,
A. 8. K. J Am, Chem, Soc. 1994, 116, 2183. {c¢} Chatani, N.;
Morimoto. T.; Muto, T.; Murai, S. J. Am. Chem. Soc. 1994, 116.
6049, (d) Chatani, N.; Kataoka, K.; Murai, S.; Furukawa, N.; Seki,
Y. L Am. Chem. Soc. 1998, 120, 9104, (e) Chatani, N.; Inoue, H.;
Morimolo, T.; Mulo, T.; Murai, S. J. Org, Chem, 2001, 66, 4433,
(N Oi, S.; Tsukamoto, 1.; Mivano, S.; Inoue, Y, Organometallics
2001, 20, 3704, (g) Pastine, S. J; Youn, S. W, Sames, D,
Tetrahedron 2003, 59, 8859, (h) Lloyd-Jones, G. C. Org. Biomol.
Cheni. 2003, 7, 215. (i) Yamamoto, Y.; Kuwabara, S.; Ando, Y.;
Nagata. H.; Nishivama. H.; Ttoh, K. J. Org. Chem. 2004, 69. 6697,

6. For selected papers on catalytic cycloisomerization of ¢, a-enynes
via ¢yclopropylearbene or vinylearbene complex, see: (3) Martin-
Matute, B.; Nevado, C.; Cardenas, D, J.; Echavarren, A, M, J. Am,
Chem, Soc, 2003, 125, 5757, {b) Nielo-Oberhuber, C.; Munoz, M.
P.; Buniuel. E.; Nevado, C.; Cardenas, D. I.; Echavarren, A. M.
Angew. Chem.. Int. Ed. 2004, 43, 2402. {c) Furstner. A.; Hannen.
P. Chem. Commun. 2004, 2546, (dy Mamane, V., Gress, T.;
Krause, H.; Furstner, A, J. Am. Chem. Soc, 2004, 126, 8654, {(e)
Harrak, Y,; Blaszykowski, C.; Bernard, M.; Cariou, K.; Mainetti,
E.; Mouries, V.; Dhimane, A.-L.; Fensterbank, L.; Malacria, M., S
Am. Chem. Soc. 2004, 126, 8656. (f) Blaszvkowski, C.; Harrak,



Transition Metal-Catalyzed and -Promoted Reactions vig Carbene

20.

Y.; Goncalves, M.-H.; Cloarec, J.-M.; Dhimane, A.-L.; Fensterbank.
L.; Malacria. M. Org. Leir. 2004, 6. 3771. (g) Anjum, S.; Marco-
Contelles, J. Tetrahedron 2005, 67, 4793. (h) Marion, N.; de
Frémont, P.; Lemiére, G.; Stevens, E. D.; Fensterbank, L.;
Malacria, M.; Nolan, S. P. Chem. Commun, 2006, 2048, (i)
Marco-Contelles, J.; Arrovo, N.; Anjum, 8.; Mainetti, E.; Marion,
N.; Cariou, K.; Lemiére, G.; Mouries, V.; Fensterbank, L.;
Malacria, M. Eur. J. Org. Chem. 2006, 4618. (j} Jiménez-Niiez,
E.; Claverie, C. K.; Nieto-Oberhuber, C.; Echavarren, A. M.
Angew. Chem, Int, Ed. 2006, 45, 5452, and references therein,

. Yamamolo, Y.; Kinpara, K.; Saigoku, T.; Takagishi, H.; Okuda, S.;

Nishivama, H.; Tioh, K. J Am. Chent. Soc. 2005, 127, 605, and
references therein.

. {a) Asao. N.; Aikawa. H.; Yamamoto. Y. /. Anm. Chem. Soc. 2004,

126, 7458, (b} Kusama. H.; Funami. H.; Shido, M.; Hara, Y.;
Takava, J.; Twasawa, N, J. Am. Chem, Soc, 2008, 127, 2709, (¢)
Kusama, H.; Iwasawa, N. Chem. Lerr. 2006, 35, 1082, and
references therein,

. {a) Kimball. D. B.; Weakley. T. J. R.; Herges. R.; Haley. M. M. /.

Am. Chem. Soc. 2002, 124, 13463. (b) Shirtcliff, L. D.; Weakley.
T. J. R.; Haley, M. M. J. Org. Chem. 2004, 69, 6979.

, {a) Ohe, K.; Kojima, M.; Yonehara, K.; Uemura, S. Angew

Chem., Int. Ed, Engl. 1996, 35, 1823, (b) Manabe, T.; Yanagi, S.-
i; Ohe, K.; Uemura, S. Organometallics 1998, 17, 2942, For
ruthenium-promoted similar reaction, see: (¢} Wang, Y.; Finn, M.
G J Anm. Cheni. Soc. 1995, 117, 8045,

. Ohe. K.; Miki, K.; Yokoi, T.; Nishino, F.; Uemura. S. Organo-

metalfics 2000, 19, 5525.

. {a) Miki, K.; Yokoi, T.; Nighino, F,; Ohe, K.; Uemura, S. J

Organomet, Chem, 2002, 645, 228, {b) For isobenzolurylcarbene
complexes, see: Casey, C. P; Strotman, N, A.; Guzei, 1. A,
Organometallics 2004, 23, 4121.

. Ohe, K.; Yokoi. T.; Miki. K.; Nishino, F.; Uemura, S. /. Am.

Chem. Soc. 2002, 124, 526.

. {a8) Miki, K.; Nishino, F.; Ohe, K.; Uemura, S. J. Am, Chen. Soc.

2002, 724, 5260, (b) Miki, K.; Yokoi, T.; Nishino, F.; Kato, Y.;
Washilake, Y.; Ohe, K.; Uemura, 8. J. Org. Chem, 2004, 69, 1557,

. Nishino, F.; Miki. K,; Kato, Y.; Ohe, K.; Uemura, S. Org. Lett.

2003, 5,2615.

. Kato, Y.; Miki, K.; Nishino, F.; Ohe, K.; Uemura, S. Org. Lett.

2003, 5,2619.

. {a) Miki, K.; Wagshitake, Y.; Ohe, K.; Uemura, S, Angew. Chem,

Int. Ed. 2004, 43, 1857, For transition metal-catalyzed olefination
of aldehydes using diazoalkanes and phosphines, see: (b) Cheng,
Q; Mirafzal, G A.; Woo, L. K. Organometallics 2003, 22, 1468,
and references therein. (¢} Aggarwal, V. K.; Fulton, J. R.; Sheldon,
C. G.; de Vicente, I, J. Am. Chem, Soc. 2003, 125, 6034,

. {a) Rautenstrauch, V. Temrahedron Lett, 1984, 25, 3845, (b)

Rautenstrauch, V. J Org. Chem. 1984, 49, 950, For palladium-
catalyzed oxidative rearrangement of propargylic esters, see: (c)
Kataoka, H.; Watanabe, K.; Goto. K. Fefrahedron Lett. 1990, 31.
4181.

. {a) Bowden, B.; Cookson, R, C.; Davies, H. J. Chem. Soc., Perkin

Trans. 11973, 2634, {b) Cookson, R, C.; Cramp, M, C.; Parsons,
P. ). J Chem, Soc., Chem, Commun. 1980, 197,

For recent advances in isomerization of propargyl esters into
allenyl esters, see: {a) Stomerk. A. W.; Kel'in, A. V.; Gevorgyan,
V. Anigew. Chem. Int. Ed. 2004, 43, 2280. (b) Cariou. K.; Mainetti.
E.; Fensterbank, L.; Malacria, M. Tetrahedron 2004, 60, 9745, (v)
Zhang, L. J. Am. Chem. Soc. 2005, 127, 16804, (d) Zhang, L.;
Wang, S. J Am. Chem. Soc. 2006, 128, 1442, {¢} Zhao, J.;
Hughes, C. O.; Toste, F. D. J. Am. Chem. Soc. 2006, 128, 7436. (f)
Oh. C. H.; Kim, A.; Park. W.; Park, D. L.; Kim, N. Synfett 2006,
2781. (2) Wang. S.; Zhang. L. J. Am. Chem. Soc. 2006, 128, 8414,
(h) Wang, S.; Zhang, L. Org, Lett. 2006, &, 4585, (i} Marion, N.;

2L

22,

24,
25,

26.
27,

28.

29,

30.

3L

s
s

Bull. Korean Chem. Soc. 2007, Vol. 28, No. 12 2161
Diez-Gonzalez, S.; de Frémont, P.; Noble, A. R.; Nolan, S. P,
Angerw. Chem. Int. Ed. 2006, 43, 3647. (§) Buzas, A.; Gagosz, F. J.
Am. Chen. Soc. 2006, 128, 12614,

Mainetti, E.; Mouries, V.; Fensterbank, L.; Malacria, M.; Marco-
Contelles, J, Angew. Chent. Int, Ed, 2002, 41,2132,

Most recent papers render a planar vinylcarbene complex as the
actual intermediate improbable. See: (a) Soriano, E.; Ballesteros,
P.; Marco-Contelles, J. Organometallics 2005, 24, 3172. (b)
Flrstner. A.; Hannen, P. Chem. Eur. 1. 2006, 12. 3006. (¢) Soriano,
E.; Marco-Contelles. J. S Org. Chem. 2007, 72, 1443,

. {ay Miki, K.; Ohe, K.; Uemura, S. Tetrahedron Lett, 2003, 44,

2019, {b) Miki, K.; Ohe, K,; Uemura, 8. J Org. Chem. 2003, 68,
8505. (c) For Au-catalyzed stereoselective cyclopropanation, see:
Johansson, M. J.; Gorin, D. J.; Staben, S. T.; Toste. F. D. J Ani.
Chem. Soc. 2005, 127, 18002,

Nakanishi, Y.; Miki, K.; Ohe, K. Tetrahedron 2007, 63, 12138,
For Pt- or Au-calalyzed similar pentannulation reactions, see: (a)
Shi, X.; Gorin, D, J.; Tosie, F. D. J, An. Chem, Soc. 2005, 127,
5802. (b} Prasad. B. A. B.; Yoshimoto. F. K.; Sarpong. R. J. Am.
Chem. Soc. 2005, 127, 12468, (c) Faza. O. N.; Lopez. C. S;
Alvarez, R.; de Lera, A. R. J. Ant. Chem. Soc. 2006, 128, 2434, {d)
Pujanauski, B, G.; Prasad, B, A, B.; Sarpong, R. J. Am, Chem. Soc.
2006, 728, 6786. (¢} Peng, L,; Zhang, X.; Zhang, 8.; Wang, J. J
Org. Chem, 2007, 72, 1192, (I} Smith, C. R.; Bunnelle, E. M.;
Rhodes. A. J.; Sarpong. R. Org. Leitt. 2007. 9. 1169.

Miki. K.; Fujita, M.; Uemura, S.; Ohe, K. Org. Lett. 2006, 8, 1741.
Tkeda, Y.; Murai. M.; Abo, T.; Miki. K.; Ohe, K. Tetrahedron Leit.
2007, 48.6651.

Che, K.; Fujita, M.; Matsumoto, H.; Tai, Y,; Miki, K. J An.
Chen, Soc, 2006, 128, 9270,

{a) DePinto, J. T.; McMahon, R ). J Ast, Chem. Soc, 1993, 113,
12573. (b) Naro, T.; Masuda. T.; Ichimura, A. S.; Koga. N.;
Iwamura. H. /. Am. Chem. Soc. 1994, 116, 6179. (¢} Bowling. N.
P.; Halter. R. J.; Hodges, J. A.; Seburg, R. A.; Thomas. P. S.;
Simmons, C. 8.; Stanton, J, F.; McMahon, R. J, J. Am, Chent. Soc,
2006, 28, 3291, (d) Bowling, N, P;; M¢cMahon, R, J. J Org.
Chem. 2006, 71, 5841,

(a) Takeda, T.; Ozaki. M.; Kuroi, S.; Tsubouchi, A. J Org. Cheni.
2005. 70. 4233. (b) Barluenga, J.; de la Ria, R. B.; de Séa, D.;
Ballesteros, A.; Tomas, M. Angew. Chem. Int. Ed. 2005, 44, 4981.
(¢) Barluenga, J.; Garcla-Garcia, P.; de Sda, D.. Ferndndez-
Rodriguez, M. A.; de la Ria, R, B.; Ballesieros, A.; Aguilar, E.;
Toméas, M. Angew. Chem, Int. Ed, 2007, 46, 2610,

A [1,1.5] shift for Re and Mn carbene complexes was defined as
different metallotropic shifts. See: [Re]; (a) Casey. C. B.; Dzwiniel,
T. L.; Kraft, S.; Guzel, L. A. Organometallics 2003, 22, 3915. (b}
Casey, C. P;; Dzwiniel, T. L. Organometalfics 2003, 22, 5285, (¢}
Ortin, Y.; Sournia-Saquet, A.; Lugan, N.; Mathien, R. Chem.
Commun, 2003, 1060, [Mn]; (d) Casey, C. P.; Krali, S.; Powell, D,
R. J. Am. Chem. Soc. 2000, 122, 3771. (e) Casey. C. P.; Kraft, S.;
Powell, D. R. Organometallics 2001, 20, 2651. {f} Casey. C. P;
Kraft, S.; Kavana, M. Organometallics 2001, 20, 3795. (g} Casey,
C. P.;Krafl, S.; Powell, D. R, J Am, Chem. Soc. 2002, 124, 2584,

. For precedents of the catalylic metallotropic shifl, see: (a) Padwa,

A Austin, D, J,; Gareau, Y.; Kassir, J. M.; Xu, S. L. J Am. Chem.
Soc. 1993, 115. 2637. (b) Kim, K.; Miller, R. L.; Lee. D. J Am.
Chem. Soc. 2005, 127 12818. (¢} Kim. K.; Lee, D. J. Am. Chem.
Soc. 2005, 127, 18024, (d) van Ottero, W. A. L.; Ngidi, E. L.; de
Koning, C. B.; Femandes, M. A, Terrahedron Lett, 2004, 45, 659,

. For recent advances in calalytlic metallotropic shifl, see: {a) Cho,

E. J.: Kim, M,; Lee, D, Eur. J. Org. Chent, 2006, 3074, {b} Gorin,
D. J.; Dubé. P; Toste, F. D. J. Am. Chem. Soc. 2006, 128. 14480,
{c} Cho, E. J.; Kim, M.; Lee, D. Org. Left. 2006, 8, 5413. (d)
Lopez. S.; Herreo-Gomez, E.; Pérez-Galén. P.; Nieto-Oberthuber,
C.: Echavarren, A, M. Angew. Chent. Int. Ed, 2006, 45, 6029,



