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The invention of catalytic methods for the reductive coupling
of alkynes and aldehydes is currently the subject of intensive
investigationt-2 Seminal contributions to this area include the
rhodium-catalyzed reductive cyclization of acetylenic aldehydes
reported by QOjima (1994),corresponding titanocene-catalyzed
cyclizations disclosed by Crowe (1995and the nickel-catalyzed
reductive cyclization of acetylenic aldehydes reported by Mont-
gomery (1997%2¢¢ Through further modification of the nickel

based catalysts, corresponding intermolecular couplings have been

achieved, as described by Jamison (200&nd Montgomery
(2004)5¢ Additionally, intermolecular reductive coupling of con-
jugated alkynes to vicinal dicarbonyl compounds anominoac-

etates may be carried out via rhodium catalyzed hydrogenation, as

described by the present author (2003)symmetric variants of

the intermolecular processes have been deWs&d.but are
restricted to aryl-substituted acetylenes introduced via syringe pump
additiorf® or use of conjugated alkynes (1,3-enynes and 1,3-
diynes)’adeRemarkably, catalytic enantioselective methods for the
reductive cyclization of acetylenic aldehydes are absent from the
literature®?

In this account, we disclose that hydrogenation of acetylenic
aldehydes using chirally modified cationic rhodium catalysts enables
formation of cyclic allylic alcohols in good yield and with
exceptionally high levels of asymmetric induction. These transfor-
mations are facilitated by our recent finding that Brgnsted acid
additives greatly enhance both rate and conversion in hydrogen-
mediated G-C coupling reactions of alkynes to carbonyl partriérs.
Additionally, we demonstrate that acetylenic aldehydes possessing
preexisting stereogenic centers engage in highly diastereoselective
reductive cyclization. These studies represent the first examples of
the catalytic enantioselective reductive cyclization of acetylenic
aldehydes.

Our initial efforts focused on the hydrogen-mediated cyclization
of acetylenic aldehyd®&a. Exposure of a 1,2-dichloroethane solution
(0.1 M) of 3ato one atmosphere of hydrogen at*45in the absence
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Table 1. Enantioselective Reductive Cyclization of Acetylenic
Aldehydes via Rhodium Catalyzed Hydrogenation?

X Rh(COD),0Tf (5 mol%) X R
==, 2-Naphthoic Acid (5 mol%)
Y, Y,
iy H (1 atm), DCE, 45 °C " VOH
Rz R20 (R)-C1,MeO-BIPHEP (5 mol%) Rz Rz
1a-12a Cl_ MeO OMe Cl 1b-12b
Ph,P PPh,
o Ph o CHs o
p-BanNt% BnN& BnN
OH OH OH
1b, 85% Yield 2b, 83% Yield 3b, 67% Yield
97% ee 99% ee 95% ee
TsN ph TsN LHs
Y WY TsN
OH OH . YOH
HsC' CHa
4b, 99% Yield 5b, 83% Yield 6b, 77% Yield
91% ee 90% ee 91% ee
CHz Ha CHa
Hac S
TsN TsN TsN
Y “OH Y YOH OH
H3C CHs H3C CH3
7b, 85% Yield 8b, 76% Yield 9b, 63% Yield
96% ee 96% ee 98% ee
Ph
o} o]
Y YOH 2 YOH
HaC CHa HaC CHa
10b, 71% Yield 11b, 86% Yield 12b, 73% Yield

93% ee 99% ee

99% ee

a Cited yields are of isolated material and represent the average of two
runs. The absolute stereochemical assignmeritbef12b is based upon
X-ray crystallographic analysis of the 2,4-dinitrobenzolate derived from
lactam1b. Enantiomeric excess was determined by chiral stationary phase

of a Bregnsted acid additive using the cationic catalyst precursor HPLC. See Supporting Information for further details.

Rh(COD)OTf and R)-Cl,MeO—-BIPHEP? as ligand resulted in
the formation of the cyclized produ@b in 24% yield and 95%

lactams1b—3b in highly optically enriched form, demonstrating
applicability of the cyclization to electron deficient alkynes. Simple

enantiomeric excess. In contrast, in the presence of substoichio-ynactivated alkynes were explored next. As demonstrated by the

metric loadings of 2-naphthoic acid (5 mol %), but under otherwise
identical conditions, lactarib is obtained in 67% yield and 98%
enantiomeric excess.

o Rh(COD),0Tf (5 mol%) o
Y=—<] (R-CIMeO-BIPHEP (5 mol%)
BnN BnN
¥\\ H, (1 atm), DCE, 45 °C OH
3a© 3b

In the Absence of Additive: 24% Yield, 95%ee
With 2-Naphthoic Acid (5 mol%): 67% Yield, 98%ee

These conditions were applied to acetylenic aldehyldesl 2a
The a,8-acetylenic amidesla—3a provide the corresponding
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formation of 4b—8b, sulfonamide-tethered acetylenic aldehydes
possessing a geminal substituent adjacent to the aldehyde cyclize
readily. Aryl, alkyl, and cyclopropy!l substituents at the acetylenic
terminus are tolerated4—7b) but are not a prerequisite for
efficient cyclization 8b). Acetylenic aldehydes that are geminally
substituted at the propargylic position also cyclize efficiently with
high levels of asymmetric inductio®lf). As demonstrated by the
formation of10b—12b, alkylidene furans form readily via hydrogen-
mediated cyclization (Table 1).

The cyclizations of acetylenic aldehydes that embody preexisting
stereogenic centers were conducted using the parent achiral ligand
BIPHEP to afford 13b—15b with good to excellent levels of

10.1021/ja0637954 CCC: $33.50 © 2006 American Chemical Society
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Table 2. Diastereoselective Reductive Cyclization of Acetylenic
Aldehydes via Rhodium Catalyzed Hydrogenation?

Ph CHa o Ph
TsN TsN [o}

OH OH OH
H;C HsC Ph

13b, 95% Yield
83:1dr

14b, 83% Yield
>20:1 dr

15b, 54% Yield
>20:1 dr

aCited yields are of isolated material. See Supporting Information for
further details.

Table 3. Optically Enriched a-Hydroxy Ketones via Ozonolysis of
Reductive Cyclization Products 7b and 9b2
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0]
TsN

H;C. ~g M 0
OH

9c, 85% Yield
(ozonolysis of 10b)

= VOH
HsC CH,

7c, 67% Yield
(ozonolysis of 7b)

a Cited yields are of isolated material. See Supporting Information for
further details.

Scheme 1. Plausible Catalytic Cycle as Supported by 2H-Labeling
CHs
/—CH3 ;f "I—|®
Rh"Ln HO,CR
Hy C“‘i_‘ \/ \(
HaC CH,
CH,
—@
(Ul
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~ “OH(D) TSN RATL
H3C CH3 " NOH D DO,CR
deuterio-7b HaC CTH3

92% Isolated Yield
(OD/OH exchange upon isolation)

diastereoselection (Table 2). Finally, application of this methodology
to the synthesis ofi-hydroxy ketones is achieved through ozon-
olysis of cyclization productgb and9b (Table 3). The assignment

of absolute stereochemistry is based upon X-ray crystallographic
analysis of the 2,4-dinitrobenzoate derived frbm Generalization

of this assignment to systems that differ significantly in structure
should be made with caution. The relative stereochemical assign-
ment of 13b—15bis supported by single-crystal X-ray diffraction
analysis of thg-bromobenzoate derived frofidtb. Attempted six-
membered ring formation provides products of conventional alkyne
hydrogenation.

Reductive cyclization of acetylenic aldehyda under a deute-
rium atmosphere provides, after chromatographic isolatienterie
7h. This result is consistent with a catalytic mechanism involving
oxidative coupling followed by hydrogenolytic cleavage of the
resulting metallacycle via bond metathesis. The acidic additive
may assist cleavage of the metallacyclic intermediate, as previously
proposed? Alternatively, it may suppress proton loss from cationic
rhodium dihydrides to afford neutral monohydride complexes,
which appear less prone to engage in oxidative coupling pathways
(Scheme 1}

In summary, exposure of acetylenic aldehydes to gaseous
hydrogen in the presence of chirally modified rhodium catalysts
enables highly enantioselective reductive cyclization. These studies
underscore the key role of acidic additives in hydrogen-mediated
C—C coupling and support the feasibility of related intermolecular
alkyne—electrophile couplings.
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