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Clean, cost-effective and powerful, catalytic hydrogenation is the
foremost method utilized for the reduction of organic compounds.
Studies from our laboratory reveal that hydrogenation also may be
exploited as ameans of reductive C coupling, constituting anovel ad-
junct to cross-coupling chemisthySpecifically, hydrogen-mediated
couplings of conjugated enonksdk dieneste enynes!! and di-
ynes9nto carbonyl and imink partners have been developed. Fur-
ther, hydrogenation of 1,6-diynes, 1,6-enyHesnd 1,6-alkynals
furnish products of reductive carbocyclization. These studies are a-
mong the first hydrogenative-6C couplings beyond hydroformyl-
ation?

To date, all hydrogenative couplings developed in our laboratory
have employed cationic rhodium precatalystslere, the first
iridium-catalyzed hydrogenative couplings are disclosed, which
significantly extend the scope of hydrogenative alkynarbonyl
coupling®34Whereas rhodium-catalyzed couplings of this type are
restricted to conjugated alkynes (1,3-enyfeand 1,3-diyne'$"),
corresponding iridium-catalyzed couplings are applicable to com-
mercially available nonconjugated, alkyl-substituted alkynes. Fur-
ther, in most cases, nonsymmetric alkyl-substituted alkynes couple
in a highly regioselective fashion.
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In hydrogenative alkynecarbonyl coupling, our collective
studies suggest that a key feature of the catalytic mechanism
involves oxidative coupling of the-unsaturated reactants to afford
an oxametallacyclic intermediate-lydrogenolytic cleavage of this
species viar-bond metathesis furnishes the coupling product with
concomitant regeneration of the catalyst. We speculaterthaick-
bonding in the metatalkyne compleX facilitates this oxidative
coupling event. For rhodium, a relatively wealdonor, conjugated
alkynes, which embody lower lying LUMOs, more readily engage
in carbonyl coupling than their nonconjugated counterparts. Iridium
is a strongerz-donor than rhodiufhdue to relativistic effects.
These data suggest that iridium complexes may catalyze the
hydrogenative coupling of nonconjugated alkynes that embody
higher lying LUMOs. The veracity of this analysis is supported by
the following results. Upon exposure of 3-hexytee(300 mol %)
to a-ketoestera—2f (100 mol %) under 1 atm of hydrogen in
the presence of Ir(COBBARF (BARF = {3,5-(CFR),CeHs} 4B®)

(2 mol %), DPPF (2 mol %), and triphenylacetic acid (2 mol %),
o-hydroxyesters3a—3f are obtained in excellent yield as single
alkene geometrical isomers (Table 1). Similarly, 1-phenylpropyne
1b (300 mol%) couples ta-ketoester@a—2eand2g (100 mol %).
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Table 1. Hydrogen-Mediated Reductive Coupling of
Alkyl-Substituted 3-Hexyne 1a to a-Ketoesters 2a—2fa

I(COD),BARF (2 mol%)

B R 2 DPPF (2 mol%) fo
1 Et
/ \n)LORz OR,
Et 5 PhsCCO,H (2 mol%) R/ OH
H, (1 atm)
1a 2a-2f PhCHj, 60 °C 3a-3f
2a, Ry = Ph, R, = Et 2d, Ry = 3-BrPh, R, = Me F©_Pph2
2b, Ry = 4-NO,Ph, R, = Et  2e, Ry = 2-thiophene, R, = Et e
2¢, Ry = 4-CH30Ph, R, = Et 2f, Ry = Me, Ry = (CHp),Ph <$S—PPh,
DPPF
Et O Et O Et O
Et OEt Et OEt Et OEt
OH OH OH
O,N H,CO
3a, 93% Yield 3b, 83% Yield 3c, 93% Yield
Et O Et O Et O
Bt OMe Bt OFt Bt OR
OH —( OH HsC OH
Br S R = O(CHj,),Ph

3d, 91% Yield 3e, 85% Yield 3f, 82% Yield

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

under nearly identical conditions to affordthydroxyesterdia—

4f. With the exception of adduetf, coupling occurs in a highly
regioselective fashion, proximal to the methyl terminus of alkyne
1b (Table 2). Notably, as demonstrated by the formation of adducts
3b, 4b, 3d, and4d, nitroarene and bromoarene moieties remain
intact under the conditions of hydrogen-mediated coupling. Finally,
the coupling of alkyneslc—h to o-ketoester2c was explored.
Despite its volatility, 2-butyné.c couples in excellent yield. The
nonsymmetric alkyl-substituted alkyne, 4-methyl-2-pentyitk
couples regioselectively proximal to the methyl terminus. Fluo-
rophenyl (Le, 1f), methoxyphenyl 1g), and heteroaryl-substituted
alkynes all couple in excellent yield with complete control of
regioselectivity and olefin geometry.

Reductive coupling of 3-hexynka to a-ketoeste?a under an
atmosphere of elemental deuterium provides, after chromatographic
isolation, deuterie3a (95% 2H incorporation). Direct analysis of
the reaction mixture by electron impact mass spectrometric (El-
MS) analysis reveals the presence of the product incorporating
deuterium at both carbon and oxygen. Upon chromatographic isola-
tion, the deuterium at oxygen is lost through exchange. These data
are consistent with a catalytic mechanism involving alkyne
carbonyl oxidative coupling to furnish an oxametallacyclic inter-
mediate, which is protonolytically cleaved by the Brgnsted acid
cocatalyst to furnish a cationic iridium carboxylate. Hydrogenolysis
of the Ir—0O bond followed by G-D reductive elimination delivers
deuterio3a, along with the starting cationic iridium complex to
close the catalytic cycle (Scheme 1). In the absence of the Brgnsted
acid cocatalyst, the couplings proceed more slowly and are accom-
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Table 2. Hydrogen-Mediated Reductive Coupling of
1-Phenylpropyne 1b to o-Ketoesters 2a—2e, 2g2

o I(COD),BARF (5 mol%) Me O
BIPHEP ( 5 mol%)
/Me R‘\H\ORz Ph %(KORz
Ph 0 Ph3CCOZH (5 mol%) Ry OH
H, (1 atm)
1b 2a-2f DCE, 80 °C 4a-4f
2a, Ry =Ph, R, = Et 2d, Ry = 3-BrPh, R, = Me D Q
2b, Ry = 4-NO,Ph, R, =Et  2e, Ry = 2-thiophene, R, = Et
2c, Ry = 4-CH30Ph, Ry = Et 29, R{ =Me, Ry = Et PhyP PPh,
BIPHEP
Me O Me O Me O
Ph OEt Ph OEt Ph OEt
OH OH OH
OyN H3CO
4a, 93% Yield 4b, 78% Yield 4c, 97% Yield
Me O Me O Ph O
Ph OMe Ph OFt We OFt
OH —( OH H3;C OH
Br LS

4f, 90% Yield

4d, 73% Yield 4e, 88% Yield 1.4:1 Regioselectivity

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

Table 3. Hydrogen-Mediated Reductive Coupling of Alkynes
1c—h to a-Ketoesters 2c?

Ir(COD),BARF (5 mol%)

Q BIPHEP ( 5 mol%) Ye @
M 0
/ e Ar\rHLOEt RMOB
R 0o Ph3CCO,H (5 mol%) Ar OH
H, (1 atm)
1c-h  2¢, Ar=p-MeOPh pcE or PhCHj, 80 °C 5a-5f

1c, R = Me 1e, R = 4-FPh 1g, R = 4-MeOPh
1d, R = i-Pr 1f, R = 3-FPh 1h R = 2-Thiophenyl
Me O Me Me O F Me O
Me%(u\oa Me OFt OFEt
A’ OH A’ OH A OH

5a, 84% Yield® 5b, 78% Yield®d

(15:1 Regioselectivity

F )
Me o MO Me O /Yy Me O
OMe OEt S

Ar OH Ar OH Ar OH
5d, 97% Yield® 5e, 99% Yield® 5f, 87% Yield®

5¢, 97% Yield®

OEt

aCited yields are of isolated material. See Supporting Information for
further details® Toluene was used as solvefil,2-Dichloroethane was used
as solventd The reaction was performed at 36 using DPPF as ligand.

Scheme 1. Plausible Catalytic Cycle as Supported by 2H-Labeling
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panied by over-reduction of the olefinic product. Excess Brgnsted
acid does not diminish the extent of deuterium incorporation. Recent
studies by Musashi and Sak&kiuggest that Bransted acid cocata-
lysts may accelerate coupling by circumventing four-centered transi-
tion structures for-bond metathesisX), as required for direct hy-

drogenolysis of the putative oxametallacyclic intermediate, with six-
centered transition structureS)(for hydrogenolysis of iridium car-
boxylates derived upon protonolysis of the oxametallacycle. Proton-
olysis itself may occur through a six-centered transition structure
(B). Studies aimed at elucidating the precise role of Brgnsted acid
cocatalysts in hydrogenative couplings are currently underway.
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