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Although alkene hydroformylation represents the largest volume Table 1. Enantioselective Hydrogen-Mediated Coupling of

application of homogeneous metal catalysisystematic efforts 1,3-Enynes to Heterocyclic Aromatic Aldehydes and Ketones?
Rh(COD),0Tf (2 mol%)

toward the development of hydrogen-mediated@hond forma- PhaCCOLH (2 mol%) R

tions that extend beyond couplings to carbon monoxide have been L Ry H\n/ArHet MNH&.

absent from the literature, withstanding recent work from our e o ChirDa(I;Eiy :;;1:;’:“; ?2omi|ﬂ/) 2'_*2% H

laboratory?3 Through the use of cationic rhodium precatalysts, the 2

hydrogen-mediated reductive coupling of conjugated engnes, ) CO b

dienes® enyne<fitn and diyne¥°to carbonyl and imingpartners 1? S] - EEZOAC PTol, Ejg,w\rz
i I -di - 1c, Ry = CH,NHB WPTol e [y

has betha_n devised. Further, hydrogenation qf 1,6-diynes, 1,6 131 e oc Qe A < s

enyneghi and 1,6-alkyna®" was found to provide products of 1e. Ry = (CH,),0Ac

reductive carbocyclization. These studies rank among the first
examples of hydrogen-mediated-C bond formation that proceed

A= (R)-Tol-BINAP B = (R)-Xyly-WALPHOS

X,
. =z ) z
in the absence of carbon monoxitle. T L /\)A;)I /] T L
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Recently, we found that Brensted acid co-catalysts greatly ud udy udfy
enhance both rate and conversion in hydrogen-mediated atkyne 2,R=Ph 6, X = CH, Ar = 2-indole 8 R=Ph
carbonyl coupling reactior®.However, all hydrogen-mediated BN YR, BN e () T Taa o

i i ici i 3, R = CH,0Ac, 94% Yield

alkyne couplings developed to date require V|C|_nal dicarbonyl S0soe (A 7 X =N, Ar = 2-indole 9, R = CH,0Ac,
partners. It was postulated that heterocyclic aromatic aldehydes and 94% Yield, 91% ee (B) 75% Yield
ketones that are isoelectronic with respect to the vicinal dicarbonyl  gze, Vi 53% ce () Ao Boon
motif might be viable electrophilic partners. Here, we disclose that 5 R = CH.NHBoG /\;YN /\))/'L/\S
hydrogenation of conjugated enynes in the presence of such  83% Yield, 95% ee (A A "4
heterocyclic aromatic aldehydes and ketones using chirally modified 10, 3-isoquinoline 11, 71% Yield
rhodium catalysts enables direct formation of carbonyl addition 96% Yield, 95% ee (B) 94% ee (B)™ CH,
prosjucts with exceptional levels of asymmetric induction and Ph N\» AcO. NN Ao 3/\$
regiocontrol—8 Further, upon use of the Akiyamaerada-type M))LN SN
phosphoric acid derived from BINOL as the Brgnsted acid HO H PMB HO'H HO H

co-catalyst;® highly optically enriched products of-€C coupling G B 14 L e
are obtained using an achiral rhodium catalyst. Hs BocHN

Our initial studies focused on the reductive coupling of enyne " Co AcO N’N/ Ph /\J»/L
lato 2-pyridinecarboxaldehyde (100 mol %). Gratifyingly, hydro- & N A 7z o N
genation of thgse two compounds at"@using a cationic rhodigm 15, 73% Yield 16, 76% Yield 17, 65% (72%) Yield
catalyst modified byR)-Tol-BINAP provides the reductive coupling 94% ee (A) 92% ee (A) 97% ee®
product2 in 91% isolated yield and 92% ee. Isomeric 3- and AcO @ BocHN S BochN INj
4-pyridinecarboxaldehydes do not participate in the coupling. These o N N
conditions were applied to the reductive coupling of diverse HO CHy HO "[> HO CH,
heterocyclic aromatic aldehydes to enydes-e (Table 1). In cases 18, 96% Yield 19, 89% Yield 20, 92% Yield
where the R)-Tol-BINAP-modified catalyst provides insufficient 97% ee (B) CH, 87% ee (B) 8% ee (B)
levels of asymmetric induction, catalysts ligated B)-kylyl- AcO A Ph S/\> Ar O»@
WALPHOS were found to confer high levels of optical enrichment. <\ =\ WN
Notably, coupling proceeds efficiently in the presence of multiple HO CH, HO "C_Hs HO ?JHa
Lewis basic nitrogen atoms7(13) and sulfur atoms (1, 14). 2% et R o SN Sk g

Further, as demonstrated by the formatior.8f23, heterocyclic a Cited yields are of isolated material and represent the average of two
aromatic ket_ones an_:" efficient coupling partners (Table 1). Absolute runs. Yields indicated parenthetically are based upon recovered starting
stereochemical assignments are based upon single-crystal X-raynate_riaL All reactions simply employ hydrogen balloons and typically
diffraction analysis of the carbamate derived upon reaction of require less tha3 h toreach completion. See Supporting Information for

; ; ; ; ; detailed experimental proceduréskeaction was run at 65C. ¢ Reaction
coupling produc® with the isocyanate derived from phenylalanine was performed at 4 mol % catalyst loadingShe opposiie sense of

methyl ester. Finally, the diene side chain of the coupling products asymmetric induction is observed upon use RJ-Tol-BINAP and R)-
may be selectively transformed, providing access to a variety of xylyl-WALPHOS. The indicated enantiomers represent the major enanti-

functional group arrays (Table 2). To gain further insight into the ©mers obtained usindgyf-Tol-BINAP as ligand’
catalytic mechanism and, in particular, the role of the Brgnsted ecarboxaldehyde was performed using an achiral rhodium catalyst
acid co-catalyst, the reductive coupling of enyieeto 2-pyridin- in the presence of substoichiometric quantities of the Akiyama
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Table 2. Elaboration of Coupling Products 2 and 82

NPth esd H TBsd’ H
24, 76% Yield 25, 72% Yield? 26, 78% Yield (2 Steps)

Pd-Catalyzed Allylic 5:1 (E:Z), Grubbs-II [O]-Cleavage of 2-O-TBS
AIkyIation of rac-2-O-Ac Metathesis of 2-O-TBS then NaBH4

O’H

GM69445) for partial support of this research. Professor Benjamin
List is thanked for the donation of the chiral phosphoric acid.
Umicore is thanked for the donation of Rh(CQDYf.

Supporting Information Available:
compounds, along with HPLC traces of racemic and optically enriched
coupling products. Single-crystal X-ray diffraction data for of the
carbamate derived upon reaction of coupling prodBcwith the
isocyanate derived from phenylalanine methyl ester. This material is
available free of charge via the Internet at http://pubs.acs.org.

Spectral data for all new

HO H A
27, 82% Yield 28, 86% Yleld, 20.1 dr 29, 77% Yield
Hydrogenation of 8 Hydrogenation of 8 Ozonolysis
(Wilkinson's Catalyst) (Crabtree's Catalyst) of 27-0O-Ac References . X
(1) For selected reviews on alkene hydroformylation, see: (a) FalBayton

a Cited yields are of pure isolated material and represent the average of
two runs. See Supporting Information for detailed experimental procedures.
bYield based on recovered starting material.

Scheme 1. Plausible Catalytic Mechanism as Supported by the
Effect of Chiral Brgnsted Acid Catalyst and 2H-Labeling
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Terada-type phosphoric acid derived from BINGtRemarkably,

the coupling product2 exhibits substantial levels of optical
enrichment (82% ee). These data are consistent with a catalytic
mechanism in which the Brgnsted acid co-catalyst protonates and/
or forms a strong hydrogen bond to 2-pyridinecarboxaldehyde in
advance of the stereogenic-C bond forming event. Further, the
high levels of optical enrichment suggest that the LUMO lowering
effects of protonation and/or hydrogen bonding dramatically
accelerate the rate of€C coupling. In analogous experiments
involving pyruvates and glyoxalat&schiral Brgnsted acid co-
catalysts do not provide optically enriched product, suggesting that
protonation oflais responsible for asymmetric induction and not
ion-pairing to rhodium.
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Reductive coupling of enynéa to 2-pyridinecarboxaldehyde
under a deuterium atmosphere provides, after isolation by silica
gel chromatographydeuterie2. The collective data suggest a
catalytic mechanism in which association of the Brgnsted acid to
2-pyridinecarboxaldehyde precedes oxidative coupling with the
conjugated enyne to form an oxarhodacyclic intermediate. Deute-
riolytic cleavage of the metallacycle viabond metathesis, which
likely occurs through a six-centered transition strucfureleases
the Brgnsted acid co-catalyst and delivers a cationic Rh(Ill)(vinyl)-
(deuteride), which reductively eliminates to form teuterio2,
along with the starting cationic rhodium complex to complete the
catalytic cycle.
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