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Transition-metal-catalyzed carbonylation has been a subject of

intense research in the area of organic synthesis and is recognized

as a powerful tool for the direct synthesis of a wide variety of
carbonyl compoundsHowever, the use of highly poisonous carbon
monoxide represents a drawback to this procedure. A carbonylation
reaction without the use of carbon monoxide would make reactions

such as these more desirable and further advance this area. Thus,

we envisioned an approach to this problem in which metal carbonyl

species, which are essential key intermediates in the reaction, could

be generated without the use of carbon monoxide.

In transition-metal-catalyzed carbonylation reactions, the coor-
dination of carbon monoxide to the metal center results in the
generation of metal carbonyls. Decarbonylation of aldehydes,
mediated by transition metals, also represents an alternative
approach to the formation of metal carbonyls (Scheme tfahe
material to be carbonylated were introduced into the decarbonylation
system of aldehydes, it would be expected that it would react with
the metat-carbonyl species, formed by the decarbonylation, to
afford the desired carbonylated products. Herein, we wish to report
the verification of our working hypothesis. This study provides, to
our knowledge, the first example of a CO-transfer carbonylation.

To test our hypothesis, we targeted the Paud@mand-type
reaction of enynes (Scheme YbAlthough catalytié> and enan-
tioselectivé variants have been developed for this transformation,
it continues to attract considerable attention due to its use in the
preparation of bicyclic cyclopentenones. Most of the catalytic
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Table 1. Catalytic Pauson—Khand-Type Reaction of Enyne la
with Aldehydes as a Source of CO?
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E /—=Fh o catalyst E
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E R H xylene, 130 °C, 24 h £
A\ under Ny
1a E = COEt 2a
entry R catalyst yield of 2a°
1 Ph [RhCl(cod)}/dppp 33% (65%)
2 p-MeO-CeH4 35% (64%)
3 p-CFRs-CgH4 47% (49%)
4 CsFs 61% (38%)
5 (E)-Ph-CH=CH 33% (64%)
6 PhCHCH; 62% (28%)
7 CsFs [IrCI(cod)]./BINAPY 20% (78%)
8 CsFs Ru(CO), 2 22% (70%)

a Conditions: 1a(0.25 mmol), aldehyde (0.50 mmol), and xylene (2 mL)
at 130°C for 24 h under M.  Values in parentheses are the yieldslaf
recovered®5 mol % [RhCl(cod)} and 11 mol % dppp?5 mol %
[IrCl(cod)]» and 11 mol % BINAP£ 3.3 mol % Ry(CO)s».

Pausor-Khand-type reactions of enynes have been conducted under

a high pressure of carbon monoxitisimilar to other carbonyla-
tions. This encouraged us to develop a catalytic Patugtand-

and it was found that the electrochemical nature of aldehydes was
responsible for the CO-transfer catalysis; aldehydes having electron-

type reaction of enynes using aldehydes as a carbon monoxidewithdrawing substituents (entries 3 and 4) donated a CO moiety

source without the need for gaseous carbon monoxide.

Our initial studies examined the feasibility of the Rh-catalyzed
CO transfer from benzaldehyde to enyig because Rh complexes
are known not only to decarbonylate aldehydsst also to catalyze
the PausorKhand-type reaction of enynée6e.7aThe reaction
of 1a and benzaldehyde in the presence of a catalytic amount of
[RhCl(cod)} and dppp in xylene at 138C for 24 h afforded the
desired carbonylated produzain 33% isolated yield, along with
65% of unreacteda (Table 1, entry 1). This shows that benzal-

more effectively than one having electron-releasing substituents
(entry 2). This is consistent with the general tendency for alkyl
groups to migrate from acyl complexes leading to the formation of
metak-carbonyls® An a,5-unsaturated aldehyde could also be used
as a carbon monoxide source; however, its reactivity was lower
than that of GFsCHO (entry 5). The reaction tolerated the use of
an aldehyde having-hydrogen, which could serve as a source of

a formyl groug (entry 6). Interestingly, for all aldehydes tested,
the catalyst abstracted a CO moiety from aldehydes and transferred

dehyde can be used as a carbon monoxide equivalent and that itshem to the enyne, without hydroacylating the alkene and/or the

CO moiety is incorporated int@da. Reactions with RhCI(PR}s,
RhCI(CO)(PPk),, and [RhCl(cod)}dppe resulted in lower yields
of 2a, while no carbonylated product was obtained when [RhCI-
(cod)}L and [RhCl(cod)}/dppb were used as catalysts.

To improve the efficiency of CO transfer, a variety of aldehydes
were examined (Table 1, entries-&). All the aromatic aldehydes
tested were able to serve as a carbon monoxide source (entdgs 1
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alkyne portions of the enyrfdr and Ru complexes are also known
to decarbonylate aldehydésand to catalyze the PauseKhand-
type reactioril When they were used as catalysts, CO transfer from
the aldehyde was observed, but the efficiency was inferior to that
found for the Rh catalyst (entries 7 and'8).

Various enynes were converted to the corresponding cyclopen-
tenones under the following conditions: enynes (0.50 mmgHs-C
CHO (1.0 mmol), and xylene (2 mL) in the presence of [RhCI-
(cod)k (0.025 mmol) and dppp (0.055 mmol) at 130 under N.13
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Table 2. Catalytic CO-Transfer Pauson—Khand-Type Reactions?

E o 5 mol% [RNCl(cod)l; _ Ph
= g 11 mol%d
O B el
£ xylene, 130 °C £
AN 54 h, under N,

1a 0.500 mmol 1.00 mmol E = CO,Et 2a 0.441 mmol (88%)
0.517 mmol 0.414 mmol

carbon monoxide source without the need for gaseous carbon
monoxide. This represents the first reported example of a CO-
transfer carbonylation. Further studies to address the scope of this
new strategy for other carbonylations are also underway.
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entry enyne time product b
1 _ 1a R=Ph 60h 2a 97%
2¢ B/ R 4aRr=pn 57h R 2a 91%
3 1b R=Bu 48h E 2b 95%
4 E A\ 1c R=Me 48h O 2c 84%
5 1d R=H 24h E 2d 71%
,——=—-R _ R o
6 d 3a R=Ph 2h 4a 91%
7 3b R=Bu 72h g o  4b 4%
A
—=—Ph Ph
8 Q < 5 5h g o 6 92%
N\
,—=—Ph Ph
9 0\_\W 7 (E1Z = 85/15) 30h g o 8 69% (1311)7
N\
H
—=R R
10 TsN 9a R=Ph 4h 10a 95%
11 \_\ 9b R=Bu 13h TsN, 0 10b 84%
N\
——Bu Bu
12 1 100h 12 36% (52%) ©
T g
Bu Bu
7 °
13 13 50h " 14 88% (11/1) ¢
N
OTBS OTBS
Ph Ph P
#
14 15 96h / 16 77% '
m,o/\/ , H
o=
Ph
18 90%

fIt'e)
T
o

aConditions: enyne (0.50 mmol),sEsCHO (1.0 mmol), [RhCl(cod}]
(0.025 mmol), dppp (0.055 mmol), and xylene (2 mL) at 2@0under N.
b Isolated yield.° Benzaldehyde (5.0 mmol) was used in place gfsCHO.
d Diastereomeric ratios were determined by GChe value in parentheses
is the yield of the recovered enyrieSingle stereoisomers.

The present reaction is remarkably general and high-yielding (Table
2).14 When the reaction time was prolonged (60 h) until alllaf

was consumed, a quantitative yield2d were obtained (entry 1).

Use of a large excess (10 equiv) of benzaldehyde also resulted in
the formation of2a in excellent yield (entry 2). The reaction of
aryl-substituted acetylenes afforded the carbonylated products in
higher yields than those of alkyl-substituted acetylenes (ent#i&s 1

10, and 11). The reactions of enynes having tethered heteroatoms
such as oxygen and nitrogen proceeded more smoothly than those
of enynes in which the tether consisted of only carbon (entries 1,
6, and 11). Enynes having 1,1- and 1,2-disubstituted alkene portions
reacted smoothly (entries 8 and 9). 1,7-Enynes also were applicable
for this carbonylation and were converted to bicyclo[4.3.0Jnonanone
derivatives (entries 12, 14, and 15). For substrates where two groups
were positioned on contiguous carbons of a ring system, the
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It is unclear whether the rest of the carbonyl moiety that is abstracted
from the aldehyde is used for other transformations or removed from the
reaction system. We postulate that a portion is present on the rhodium
metal, in the form of a carbon monoxide ligand.
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