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Abstract: Hydrogenation of 1,3-enynes in the presence of a-keto aldehydes using cationic Rh(l) catalysts
enables regio- and stereoselective reductive coupling to the acetylenic terminus of the enyne to afford
(E)-2-hydroxy-3,5-dien-1-one products. Reductive condensation of 1-phenyl but-3-en-1-yne 1la with phenyl
glyoxal 2a performed under an atmosphere of D, provides the product of mono-deuteration, (E)-2-hydroxy-
3-deuterio-3,5-dien-1-one deuterio-3a, in 85% yield. Competition experiments involving catalytic hydrogena-
tion of phenyl glyoxal in the presence of equimolar quantities of 1,4-diphenylbutadiene and 1,4-diphenylbut-
3-en-1-yne 10a, as well as 1,4-diphenylbut-3-en-1-yne 10a and 1,4-diphenylbutadiyne, are chemoselective
for coupling to the more highly unsaturated partner, suggesting a preequilibrium involving precoordination
and exchange of the w-unsaturated pronucleophiles with the catalyst prior to C—C bond formation, as well
as a preference for coordination of the most sw-acidic reacting partner, as explained by the Dewar—Chatt—
Duncanson model for alkyne coordination.

Introduction A unifying feature of these transformations appears to involve
) i the formal heterolytic activation of elemental hydrogen by
W!th the goal of developl_ng a broad new cIa_s; of hyo_lrogen- cationic rhodium catalysts @4 Rh*X~ — Rh—H =+ HX).8:10
mediated C-C bond formations, the electrophilic trapping of
organometallic intermediates obtained in the course of catalytic (4) For use of enones as nucleophilic partners in catalytic reductive couplings,

i i ive i i i see: (a) Revis, A.; Hilty, T. KTetrahedron Lett1987 28, 4809. (b)
hydrogenation has become the focus of intensive investigation lsayama, S.. Mukaiyama. TChem. Lett 1089 2005. (c) Matsuda, 1.

in our laboratoryt Through implementation of cationic Rh-based Takahashi, K.; Sato, Setrahedron Lett199Q 31, 5331. (d) Kiyooka, S.;

_ ; ; ; Shimizu, A.; Torii, S.Tetrahedron Lett1998 39, 5237. (e) Taylor, S. J.;
catalyst sygtems, the hydrogen mediated reductive coupling of Morken, J. P.J. Am. Chem. 04999 121, 12202, () Ooi, T.. Doda, K.
enonesaPdienesic and diyne¥ to carbonyl partners has been Sakai, D.; Maruoka, KTetrahedron Lett1999 40, 2133. (g) Taylor, S.

R ; ; f i ; i J.; Duffey, M. O.; Morken, J. PJ. Am. Chem. So@00Q 122 4528. (h)
achieved, |n.clud|ng a highly enantioselective variant of the latter Zhao, C-X.: Duffey, M. O.: Tayior, S. J.; Morken, J. ©rg, Lett. 2001,
transformation. In all casesr-unsaturated products are formed (3:,h1829-s(i) 2Bgci)|§,' 12:?5 Iﬂﬂzs (f)\k/ WanLg,é..-%.; Kri5ﬁh$, IVII_ J. f]\m\./

. e . . em. Soc . ang, L.-C.; Jang, H.-Y.; Lynch, V.;
under hydrpgenatlon condlt.|ons without over-rgductlon. These Krische, M. J.J. Am. Chem. S0@002 124 9448. (k) Huddleston, R. R
new catalytic hydrogen-mediated-C bond formations comple- 5 iérlsche. Mf Jd'J' Org. Chemlzooah _les, 11.t o tamolecular catalv
ment selectivities observed in related catalytic reductive cou- ® re‘gu;'t?ﬁe°cou'§|?r$g;§e’;‘f° ?a%p Sato Y. Takimoto, M. Hayashi, K.
plings involving condensation of alkengalkynes? enoneg,’ Katsuhara, T.; Tagaki, K.; Mori, MJ. Am. Chem. Sod994 116 9771.
. 6 g (b) Sato, Y.; Takimoto, M.; Mori, MTetrahedron Lett1996 37, 887. (c)
and dienes® to carbonyl partners. Moreover, as exemplified Sato, Y.; Takanashi, T.; Hoshiba, M.; Mori, Metrahedron Lett1998
lkene hydroformvlation and rel Fi I h 39, 5579. (d) Sato, Y.; Saito, N.; Mori, Ml. Am. Chem. So200Q 122
by alkene Byd. oformylatio .a d related . schal opsc type_ 2371. (e) Shibata, K.; Kimura, M.; Shimizu, M.; Tamaru, ®rg. Lett.
processe$g prior to our studies, the trapping of hydrogenation 2001 3, 2181.

intermediates throughm bond formation hitherto has 0n|y (6) For use of dienes as nucleophilic partners in intermolecular catalytic
reductive couplings, see: (a) Kimura, M.; Ezoe, A.; Shibata, K.; Tamaru,

been achieved through migratory insertion of carbon monoxide. Y. J. Am. Chem. Sod 998 120, 4033. (b) Kimura, M.; Fujimatsu, H.;
Ezoe, A.; Shibata, K.; Shimizu, M.; Matsumoto, S.; TamaruArigew.
Chem., Int. Ed1999 38, 397. (c) Kimura, M.; Shibata, K.; Koudahashi,

(1) (a) Jang, H.-Y.; Huddleston, R. R.; Krische, MJJAm. Chem. So2002 Y.; Tamaru, Y.Tetrahedron Lett200Q 41, 6789. (d) Kimura, M.; Ezoe,
124, 15156. (b) Huddleston, R. R.; Krische, MQrg. Lett.2003 5, 1143. A.; Tanaka, S.; Tamaru, YAngew. Chem., Int. EQ2001, 40, 3600. (e)

(c) Jang, H.-Y.; Huddleston, R. R.; Krische, Mngew. Chem., Int. Ed. Loh, T.-P.; Song, H.-Y.; Zhou, YOrg. Lett.2002 4, 2715.
2003 42, 4074. (d) Huddleston, R. R.; Jang, H.-Y.; Krische, MJJAm. (7) For recent reviews on alkene hydroformylation, see: (a) BreitA&:.
Chem. Soc2003 125, 11488. Chem. Res2003 36, 264. (b) Breit, B.; Seiche, WSynthesi®2001, 1.

(2) For use of alkenes as nucleophilic partners in catalytic reductive couplings, (8) For reviews on the Fischeffropsch reaction, see: (a) Herrmann, W. A.
see: (a) Kablaoui, N. M.; Buchwald, S. 1. Am. Chem. S0d.995 117, Angew. Chem., Int. Ed. Engl982 21, 117. (b) Rofer-Depoorter, C.-K.
6785. (b) Crowe, W. E.; Rachita, M. J. Am. Chem. Sod995 117, 6787. Chem. Re. 1981, 81, 447.

(c) Kablaoui, N. M.; Buchwald, S. LJ. Am. Chem. Sod.996 118 3182. (9) For a review on the heterolytic activation of elemental hydrogen, see:

(3) For use of alkynes as nucleophilic partners in catalytic reductive couplings, Brothers, P. JProg. Inorg. Chem1981, 28, 1.
see: (a) Tang, X. Q.; Montgomery,J.Am. Chem. S0d999 121, 6098. (10) Mild basic additives induce heterolytic activation of hydrogen via depro-
(b) Huang, W.-S.; Chan, J.; Jamison, T.®tg. Lett.200Q 2, 4221. (c) tonation of cationic rhodium dihydride intermediates: (a) Schrock, R. R;
Colby, E. A.; Jamison, T. FJ. Org. Chem2003 68, 156. (d) Miller, K. Osborn, J. AJ. Am. Chem. So&976 98, 2134. (b) Schrock, R. R.; Osborn,
M.; Huang, W.-S.; Jamison, T. B. Am. Chem. So@003 125, 3442. (e) J. A.J. Am. Chem. S0d976 98, 2143. (c) Schrock, R. R.; Osborn, J. A.
Takai, K.; Sakamoto, S.; Isshiki, DOrg. Lett.2003 5, 653. J. Am. Chem. S0d.976 98, 4450.
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Scheme 1. Heterolytic Activation of Elemental Hydrogen Table 1. Reductive Condensation of Enyne 1a with Phenyl
Facilitates Electrophilic Trapping of Hydrogenation Intermediates Glyoxald
H
- o) LnRh(l) (5 mol%) Ph O
H-MLn r H H . CHReductive H /\ Phosphine
. X MLn Elimination /S/H Pho Ph _— > Ph
Ri—R; Ry X — > R4 1a O 2, Solvent (0.1 M), 25°C OH
ﬂx (cat) L Rz ] R (200 mol%) (100 mol%) Hz (1 atm) 3a
X H entry rhodium source ligand (mol %) solvent yield®
. - H g
w-x (cat) H WL HJLR3 X 1 Rh(COD}OTf PhsP (10%) DCE 3%
Ri—=—R, R1/§/ _— R/J\/k& 2 Rh(COD)OTf rac-BINAP (5%) DCE 85%
H-MLn | R, $:°tfﬁ1ph'u° Ry 3 Rh(COD)OTf BIPHEP (5%) DCE 86%
H-X pping, Mz 4 Rh(CODYOTf  BIPHEP (5%) THF 85%
5 Rh(COD)OTf BIPHEP (5%) benzene 71%
Heterolytic activation of elemental hydrogen is facilitated by 6 Rh(COD}BF;4 BIPHEP (5%) DCE 87%
cationic rhodium catalysts, due to the enhanced acidity of the 7 Rh(PPR):CI DCE -
8 [Rh(COD)CI} BIPHEP (5%) DCE -

dihydrides derived upon oxidative addition of hydrodén.
Deprotonation, or base-assisted reductive elimination, of cationic  a see Experimental Section for detailed procedutésolated yields after
Rh(lIl)—dihydrides affords neutral Rhhhydrides, which, in purification by silica gel chromatography.

turn, enablg mqno-hydrlde-baseq catalytic cycles. In. contrast Table 2. Reductive Condensation of Enyne 1a with Assorted

to related dihydride-based catalytic cycles, mono-hydride-basedglyoxalsa?

catalytic cycles appear to attenuate ordinary “nor€Cbond o] Rh(COD),0Tf (5 mol%) Ph O

forming” hydrogenation pathways, as direct alkyl-hydrogen /\ph ﬂ)I\R BIPHEP (5 mof%) N\KU\R

reductive elimination manifolds are disabled (Schem&®1). 1a O a2 DCE(0.1M),25°C OH
To further expand the scope of this uncommon reaction type, = (200 mol%) (100mol%) M (1atm) 3a-3f

pronucleophile-electrophile combinations amenable to catalytic Ph O Ph O Ph O
reductive coupling under hydrogenation conditions were sought. th Wz-Nap M)*
Here, we report that exposure of 1,3-enynea{keto aldehydes OH OH OH
under the conditions of hydrogenation at ambient temperature 3a, 86% 3b, 89% 3¢, 61%
and pressure results in regio- and stereoselective reductive Ph O CHs Ph O Ph O

coupling to afford E)-2-hydroxy-3,5-dien-1-one products. The \N/ /\% M)K@
OH OH OH

unsaturated products are formed under hydrogenation conditions

without over-reduction. 3d, 75% 3e, 70% 3, 78%

D aSee Experimental Section for detailed procedutésolated yields after
R, 0 Rh(COD),0Tf (5 mol%) Ar O o€ s

\ BIPHEP (5 mol%) purification by silica gel chromatography.
\f\Ar HJ\R3 R1%\)\/U\R3
0 DCE (0.1 M), 25°C . . - .
H(2(1 at)m) Re o the highly unsaturated diene-containing prodsgis obtained
without over-reduction and as a single regio- and stereoisomer.

Results The structural assignment of dieBa is supported by single-

The development of efficient conditions for the reductive crystal X-ray diffraction analysis of the correspondipg

condensation of dienes and diynesotéketo aldehydes under nitrophenyl de.r{vatéh (Y'd_e supra). .
hydrogenation conditions supports the feasibility of related ~Under conditions optimized for the condensationlafand
enynee-keto aldehyde couplings. To explore this prospect, Phenyl glyoxal2a (Table 1, entry 3), the catalytic reductive
1-phenyl but-3-en-1-yn& was exposed to phenyl glyoxal under coupling of 1a to diverse gl_yoxal p_artners was explored._ As
an atmosphere of hydrogen in the presence of various Rh(l) démonstrated by the formation of dier&s-3c, both aromatic
complexes. Applying conditions optimized for related diyne and aliphatic glyoxals prpwde good yields of reduchyg couphng
glyoxal couplingsi® which involves use of Rh(COBPTf (5 prodL_Jcts. Hetero_aromatlc glyoxal partner_s also pgrﬂmpate in the
mol %) and PEP (10 mol %) in DCE (0.1 M) at ambient reaction, as ewdencgd by the formfatlon_ of dierBes-3f.
temperature and pressure, the enyglyoxal condensation Attémpted condensation of enyria with simple aldehydes
product3ais obtained in only 3% yield (Table 1, entry 1). Under under these conditions does not provide reductive coupling
otherwise identical conditions, use of bidentate ligands such asProducts (Table 2).

rac-BINAP and BIPHEP provide dienga in 85% and 86% Tolerance with respect to variation of the 1,3-enyne was
yields, respectively (Table 1, entries 2 and 3). Reactions investigated using phenyl glyoxaaas the electrophilic partner.
performed in THF and benzene provide comparable yields of As demonstrated by the formation of dierfég-3], aromatic
reductive coupling produ@a (Table 1, entries 4 and 5). Using and heteroaromatic substitution is tolerated at the acetylenic
Rh(COD)BF; as precatalyst3a was obtaining in 87% yield  terminus of the 1,3-enyne. As demonstrated by the formation
(Table 1, entry 6). As anticipated on the basis of prior studies Of dienes3k and 3|, aliphatic substitution is tolerated at the
conducted in our laksd reductive coupling fails upon use of —alkene terminus of the 1,3-enyne, independent of alkene
neutral Rh(l) sources, such as Wilkinson's catalyst and geometry (Table 3).

[Rh(COD)CIL (Table 1, entries 7 and 8). Notably, in all cases,  Catalytic reductive condensation of enyha with phenyl
glyoxal 2a conducted under 1 atm of elemental deuterium
(11) For a review of the acidity of metal hydrides, see: Norton, J. R. In provides the mono-deuterated proddetiterio3ain 85% yield.

Transition Metal HydridesDedieu, A., Ed.; VCH Pub.: New York, 1992; i - X
Chapter 9. This result excludes pathways involving tandem alkyne hy-
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Scheme 2. Catalytic Reductive Condensation of 1a and 2a Conducted under an Atmosphere of Elemental Deuterium: (Left) Proposed
Catalytic Mechanism Based on Alkyne Hydrometalation; (Right) Proposed Catalytic Mechanism Based on Carbonyl Insertion

Hydrometallative Mechanism Carbonyl Insertion Mechanism
o]
/\ Ph AN Ph o}
= Ph S Ph
Ph = Rh'Ln | Ph M i l
1a b 0O 2a 1a Rh"'LnD O 2a
D, | la Ph O D, | b Ph O
LnRh'X D_X LnRh'D /\%\(U\Ph LnRh!X 5 LnRh'D /\%\KU\Ph
_ -DX
Im_,
D Oplin LnRh"-0
Ph O /_& Ph O ‘/_Ea Ph O /& Ph O A}\D b
th th /\%\’/U\Ph /WLPh
D OH D O D2 D OH D o Dy
) “Rh"(D),Ln ~Rh"(D),Ln
deuterio-3a, 85% la deuterio-3a, 85% b
Table 3. Reductive Condensation of Assorted Enynes 1a—9a with Scheme 3. Competition Experiments
Phenyl Glyoxal 2a#? Ph O
R o Rh(COD),0OTf (5 mol%) Ar O Ph
“‘/\ BIPHEP (5mol%) R . ~F Pt
Ar Ph R Ph P p, o Rh(COD),0Tf (5 mol %) OH
12-92 O 22 DCE(.1M)25° OH 100 mol% S rer oMot Not Formed
(200 mol%) (100 mol%) Hz (1 atm) 3g-3l o DCE (0.1 M), 25°C Ph O

Ph
H, (1 atm)
— ”‘/\ 1a 2 Phy o or

10a Ph 100 mol%

p-CH;0Ph O p-NOPh O o 100 mol% OH
3m, 46% Yield

:

Ph Ph Z Ph
OH OH OH
3g, 89% 3h, 61%° 3i, 75% oh o PR Q
b »,/\ %}\(\kph
S 10a SPh O Rh(COD)OTf (5 mol%) S
0 Ph O Ph O 100 mol% BIPHEP (5 mol%)
Ph 00O 5 Not Formed
HsC Ph [ o
Ph Ph Ph T o) DCE (0.1 M), 25°C  py, Ph O
OH CHs OH OH § 1a Ha (1 atm) N
3, 70% 3k, 80% 3, 80% Ph 100 mol% Pt

100 mol% OH
4, 59% Yield

aSee Experimental Section for detailed procedutésolated yields after
purification by silica gel chromatographyThe structural assignment of

3h is supported by single-crystal X-ray diffraction analysis. butadiyne. In the former case, catalytic hydrogenation results
) ) . . in a 46% vyield of the enyne reductive coupling prodgat.
droacylation-carbonyl reductio? A mechanism consistent  condensation products derived from 1,4-diphenylbutadiene were
with the results of the deuterium labeling experiment entails .t formed. In the latter case, catalytic hydrogenation provides
deuteriemetalation of alkyne to afford vinyl rhodium interme-  , g5go yield of the diyne reductive coupling produdt

diatela. Carbonyl addition then affords alkoxy-rhodium inter-  ~,n4ensation products derived from engawere not formed
mediatella, which upon B-oxidative addition and oxygen (Scheme 3).

deuterium reductive elimination providdsuteric3a along with
LnRh(I)D to complete the catalytic cycle (Scheme 2, left). An
alternative mechanism involves nucleophilic activation of the
alkyne through coordination of low-valent rhodium. The result-
ing complex, which may be viewed as metallocyclopropkne
may insert phenyl glyoxata to afford the Rh(lll}-oxametal-
locyclopentendlb . Carbonr-deuterium reductive elimination,
followed by Dy-oxidative addition, gives compleXb , which
upon oxyger-deuterium reductive elimination provideu-
terio-3a along with LnRh(I)D to complete the catalytic cycle
(Scheme 2, right).

The fact that products of over-reduction and over-addition
are not observed under standard reaction conditions suggests &onclusion

preequilibrium involving precoordination and exchange of the  gjnce the discovery of catalytic hydrogenation over a century
m-unsaturated precursors present in solution with the catalyst ago!617the interception of hydrogenation intermediates has only

prior to C—C bond formation. To test this hypothesis, competi- peen achieved through migratory insertion of carbon monoxide.
tion experiments were performed involving catalytic hydrogena-

tion of phenyl glyoxal in the presence of equimolar quantities (13) stahl, S. S.; Thorman, J. L.; de Silva, N.; Guzei, I. A.; Clark, RIWAm.

These results are consistent with the observation that low-
valent late transition metals prefer to coordinate electron-
deficient alkenes rather than electron-rich alkeffesnd the
general notion that low-valent transition metals prefer ligands
that are strongr-acids, as explained by the Dew&Chatt-
Duncanson model for alkyne coordinati&d>Thus, the chemo-
and regioselectivity of €C bond formation under hydrogena-
tion conditions likely stems from the preference of low-valent
rhodium to coordinate the reacting partner that is the strongest
m-acid at the position that embodies the largest LUMO
coefficient.

-di i -di _2_en-1- Chem. Soc2003 125 12.
of 14 dlphenylbgtadlene and 14 dlphenylbut 3 en_ 1 310& (14) (a) Dewar, M. J. SBull. Soc. Chim. Fr.1951, 18, C71. (b) Chatt, J.;
as well as 1,4-diphenylbut-3-en-1-yfi®a and 1,4-diphenyl- Duncanson, L. AJ. Chem. Soc1953 2939.

(15) For arecent review, see: Frenking,NBod. Coord. Chen2002 111 and
references therein.

(12) For a selected review on Rh-catalyzed alkene hydroacylation, see: Bosnich,(16) For the first example of catalytic homogeneous hydrogenation, see: Calvin,
B. Acc. Chem. Red.998 31, 667. M. Trans. Faraday Socl938 34, 1181.
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The present results, along with earlier studies from our lab, 2-Hydroxy-1-naphthalen-2-yl-3-phenyl-hexa-3,5-dien-1-one (3b).
represent the first examples of the electrophilic trapping of *H NMR (CDCl, 400 MHz): 6 8.28 (s, 1H), 7.91 (dd) = 1.6, 8.4
hydrogenation intermediates. Future studies will be devoted to Hz, 1H), 7.83 (m, 2H), 7.77 (dd} = 0.8, 8.4 Hz, 1H), 7.59 (m, 1H),
expanding the scope of this new reaction type through the 7-51 (M, 1H),7.25 (m, 3H), 7.09 (m, 2H), 6.52 @@= 10.8 Hz, 1H),
development of improved second generation catalyst :3ystems6'23 (m, 1H), 5.82 (d) = 5.6 Hz, 1H), 5.34 (ddd) = 0.4, 1.6, 16.8

. . . . . Hz, 1H), 5.06 (ddd,J = 0.8, 2.0, 9.6 Hz, 1H), 4.67 (dJ = 6.0 Hz,
with the goal of achieving the catalytic coupling of unactivated 1H). 1C NMR (CDCh, 100 MHZ): 6 198.2, 140.8, 136.9, 135.8, 133.4,

alkenes and alkynes to simple carbonyl partners. 133.0, 132.1, 131.2, 130.9, 129.7, 129.2, 128.9, 128.4, 128.2, 127.7,
127.70, 126.9, 124.0, 120.4, 78.6. IR (NaCl): 3430, 1674, 1628, 1352,

Experimental Section 1281, 1086 cm*. HRMS calcd for G;H150, [M + 1] 315.1385, found
315.1385.

General. All reactions were run under an atmosphere of argon, unless 4-Hydroxy-2,2-dimethyl-5-phenyl-octa-5,7-dien-3-one  (3¢)H
otherwise indicated. Anhydrous solvents were transferred by an oven- NvR (CDCls, 400 MHz): 8 7.33 (m, 5H), 6.36 (m, 1H), 6.20 (d,=
dried syringe. Flasks were flame-dried and cooled under a stream of 19 g 1z, 1H), 3.24 (ddJ = 1.7, 16.8 Hz, 1H), 5.18 (dd, = 2.1, 10.3
nitrogen. Dichloroethane was distilled from calcium hydride. Substrates Hz, 1H), 5.15 (dJ = 7.5 Hz, 1H), 3.90 (dJ = 7.9 Hz, 1H), 1.14 (s,

1la—10a'8 2a—2f,*° and4'd were prepared according to the previously 9H). 3C NMR (CDCh, 100 MHZ): ¢ 215.2, 140.1, 137.8, 133.7, 132.6
reported procedures. Analytical thin-layer chromatography (TLC) was 129 3 128.5 128.0. 120.9. 77.7. 43.4. 27.4. 27.4. IR (NaCl): 3358
carried out using 0.2-mm commercial silica gel plates (DC-Fertigplatten 5931 2859 1464 1378. 1341, 1303, 1161. 1130. 953 871. 725 cm

Krieselgel 60 Es4). Preparative column chromatography employing  yrms caled for GaH2102 [M + 1] 245.1542, found 245.1535.
silica gel was performed according to the method of Stibolvents

for chromatography are listed as volume/volume ratios. Infrared spectra
were recorded on a Perkin-Elmer 1420 spectrometer. High-resolution
mass spectra (HRMS) were obtained on a Karatos MS9 and are reporte
as m/z (relative intensity). Accurate masses are reported for the
molecular ion (M+ 1) or a suitable fragment ion. Proton nuclear
magnetic resonancéH NMR) spectra were recorded with a Mercury
(400 MHz) spectrometer. Chemical shifts are reported in déjtarfits,

parts per million (ppm) downfield from trimethylsilane. Coupling

2-Hydroxy-1-(1-methyl-1H-pyrrol-2-yl)-3-phenyl-hexa-3,5-dien-
1-one (3d).2H NMR (CDCls, 400 MHz): 6 7.27 (m, 3H), 7.08 (m,

H), 6.89 (ddJ = 1.7, 4.1 Hz, 1H), 6.83 () = 1.7 Hz, 1H), 6.49 (d,

=10.9 Hz, 1H), 6.22 (m, 1H), 6.08 (dd,= 2.4, 4.1 Hz, 1H), 5.40
(d, J = 6.2 Hz, 1H), 5.35 (ddJ = 1.7, 17.1 Hz, 1H), 5.10 (dd] =
1.7, 10.1 Hz, 1H), 4.37 (d] = 6.5 Hz, 1H), 3.82 (s, 3H)!*C NMR
(CDCls, 100 MHz): 6 187.7, 142.6, 137.1, 134.0, 132.6, 132.2, 129.6,
128.2,128.0, 127.7, 121.1, 119.9, 109.0, 78.3, 37.8. IR (NaCl): 3053,
constants are reported in hertz (Hz). Carbon-13 nuclear magnetic 2958, 2926, 2871, 2305, 1645, 1527, 1408, 1265, 1061, 946, 896, 740

resonancefC NMR) spectra were recorded with a Mercury 400 (100 e HRMS caled for GiHiNOz [M + 1] 268.1338, found 268.1340.

MHz) spectrometer. Chemical shifts are reported in dedaufits, 1-Furan-2-yl-2-hydroxy-3-phenyl-hexa-3,5-dien-1-one (3e):H

parts per million (ppm) relative to the center of the triplet at 77.00 NMR (CDCh, 400 MHz): 6 7.56 (m, 1H), 7.28 (m, 3H), 7.16 (m,

ppm for deuteriochlorofornt3C NMR spectra were routinely run with ~ 1H), 7.10 (m, 3H), 6.51 (m, 2H), 6.24 (m, 1H), 5.47 (b= 6.4 Hz,

broadbrand deCOUleng lH), 5.36 (ddd,\J = 168, 16, 0.4 HZ, 1H), 5.12 (ddd,: 04, 20,
Representative Procedure for the Reductive Coupling of Enynes ~ 10-0 Hz, 1H), 4.08 (d) = 6.4 Hz, 1H).C NMR (CDCl, 100 MHz):

and Glyoxals.To a solution of phenyl glyoxal monohydrate (152 mg, © 186.6, 150.0, 147.3, 140.2, 136.4, 133.4, 132.8, 129.2, 128.0, 127.6,

1 mmol, 100 mol %) and enynka (256 mg, 2 mmol, 200 mol %) in 120.2, 119.6, 112.4, 78.4. IR (NaCl): 3401, 1658, 1465, 1384, 1291,

DCE (0.1 M) at ambient temperature were added Rh(GODj (23.4 1080, 1025, 957 cmt. HRMS calcd for GeH1405 [M + 1] 255.1021,

mg, 0.05 mmol, 5 mol %) and BIPHEP (26 mg, 0.05 mmol, 5 mol %). found 255.1011.

The system was purged with hydrogen gas, and the reaction was allowed 2-Hydroxy-3-phenyl-1-thiophen-2-yl-hexa-3,5-dien-1-one (3ffH

to stir until the glyoxal was complete consumed, at which point the NMR (CDCls, 400 MHz): 6 7.66 (m, 2H), 7.27 (m, 3H), 7.09 (m,

reaction mixture was evaporated onto silica gel. Purification by silica 3H), 6.55 (d,J = 10.8 Hz, 1H), 6.25 (m, 1H), 5.50 (d,= 5.2 Hz,

gel chromatography using an eluant composed of ethyl acdtateane 1H), 5.39 (dddJ = 17.2, 2.0, 0.8 Hz, 1H), 5.15 (ddd,= 0.8, 1.6,

affords the product of reductive condensation. 10.4 Hz, 1H), 4.20 (dJ = 5.6 Hz, 1H).13C NMR (CDCk, 100 MHz):
2-Hydroxy-1,3-diphenyl-hexa-3,5-dien-1-one (3a}H NMR (CDCl, 0 190.8, 140.8, 139.6, 136.6, 134.9, 133.8, 133.4, 133.38, 129.3, 128.2,

400 MHz): 6 7.84 (m, 2H), 7.56 (m, 1H), 7.40 (m, 2H), 7.25 (m, 3H), 128.1, 127.7, 120.5, 79.5. IR (NaCl): 3413, 2097, 1657, 1515, 1413,

7.04 (m, 2H), 6.46 (dJ = 11.2 Hz, 1H), 6.21 (m, 1H), 5.67 (d,= 1353, 1265, 1092, 1058, 997 c HRMS calcd for GeH1405S; [M

6.4 Hz, 1H), 5.37 (ddd) = 16.8, 1.6, 0.4 Hz, 1H), 5.12 (ddd~= 0.4, + 1] 271.0793, found 271.0802.

1.6, 10.0 Hz, 1H), 4.32 (d} = 6.0 Hz, 1H)."*C NMR (CDCk, 100 2-Hydroxy-3-(4-methoxy-phenyl)-1-phenyl-hexa-3,5-dien-1-one

MHz): 6 198.5, 140.6, 136.7, 133.9, 133.8, 133.4, 133.2, 129.2, 128.8, (3g). 'H NMR (CDCl, 400 MHz): 6 7.82 (m, 2H), 7.52 (m, 1H),
128.5, 128.1, 127.7, 120.3, 78.6. IR (NaCl): 3428, 1678, 1642, 1448, 7.37 (m, 2H), 6.96 (m, 2H), 6.76 (m, 2H), 6.41 (= 11.2 Hz, 1H),

1262, 1089, 1001, 972, 917 cm HRMS: calcd for GgH160, [M] 6.23 (m, 1H), 5.63 (dJ = 5.6 Hz, 1H), 5.31 (ddJ = 1.6, 16.8 Hz,
264.1150, found 264.1140. 1H), 5.08 (ddJ = 1.6, 10.0 Hz, 1H), 4.33 (d] = 6.4 Hz, 1H), 3.75
deuterio2-Hydroxy-1,3-diphenyl-hexa-3,5-dien-1-onedeuterio (s, 3H).13C NMR (CDCk, 100 MHz) 6 198.5, 159.0, 140.3, 133.79,

3a).'"H NMR (CDCls, 400 MHz): 6 7.83 (m, 2H), 7.53 (m, 1H), 7.37  133.76, 133.5, 133.0, 130.3, 128.9, 128.8, 128.5, 119.9, 113.5, 78.8,
(m, 2H), 7.24 (m, 3H), 7.04 (m, 2H), 6.21 (dd,= 10.0, 16.8 Hz, 55.1. IR (NaCl): 3444, 1678, 1640, 1608, 1510, 1462, 1449, 1288,

1H), 5.68 (s, 1H), 5.33 (dd] = 2.0, 17.2 Hz, 1H), 5.10 (dd} = 2.0, 1249, 1178, 1089 cm. HRMS calcd for GoH1503 [M] 294.1256, found
10.0 Hz, 1H), 4.38 (s, 1H)C NMR (CDCk, 100 MHz): 6 198.4, 294.1268.

140.5, 136.6, 133.8, 133.7, 133.3, 129.1, 128.7, 128.5, 128.0, 127.6,
120.2, 78.5. IR (NaCl): 3431, 1673, 1643, 1259, 1088, 964'cm
HRMS: calcd for GgH1sD10, [M + 1] 266.1291, found 266.1283.

2-Hydroxy-3-(4-nitro-phenyl)-1-phenyl-hexa-3,5-dien-1-one (3h).
H NMR (CDCl;, 400 MHz): ¢ 8.06 (dt,J = 2.1, 8.9 Hz, 2H), 7.82
(m, 2H), 7.58 (tJ = 7.5 Hz, 1H), 7.41 (tJ = 7.5 Hz, 2H), 7.17 (d,
J = 8.5 Hz, 2H), 6.59 (dJ = 10.9 Hz, 1H), 6.06 (m, 1H), 5.70 (d,

(17) For the first practical catalyst systems for heterogeneous hydrogenation,

see: (a) Loew, OBer. 189Q 23, 289. (b) Voorhees, V.; Adams, B. Am. = 5.5 Hz, 1H), 5.42 (ddJ = 1.0, 16.8 Hz, 1H), 5.19 (dd] = 1.0,
Chem. Soc1922 44,1397, 10.3 Hz, 1H), 4.37 (dJ = 5.5 Hz, 1H)33C NMR (CDCk, 100 MHz):
O B e o gy L1978 50,4467, 5 198 3,147.5, 143.7, 138.6, 135.3, 134.6, 133.8, 132.6, 130.5, 129.1,
(20) Still, W. C.:'Kahn, M; Mitra, A.J. Org. Chem197§ 43, 2923. 129.0, 123.5, 122.7, 78.6. IR (NaCl): 3055, 2985, 2305, 1681, 1599,
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1520, 1347, 1265, 1107, 737 clnHRMS calcd for GgH1eNO4 [M + 137.0, 133.8, 133.6, 133.2, 132.9, 129.1, 128.7, 128.4, 127.9, 127.3,

1] 310.1079, found 310.1073. 78.7,18.2. IR (NaCl): 3473, 3058, 3028, 2931, 2912, 1681, 1648, 1598,
3-Furan-2-yl-2-hydroxy-1-phenyl-hexa-3,5-dien-1-one (3i).*H 1578, 1492, 1447, 1380, 1259, 1098, 1075, 971 crkiRMS calcd

NMR (CDCls, 400 MHz): 6 7.89 (m, 2H), 7.52 (m, 1H), 7. 40 (m, for Ci1gH150, [M] 278.1307, found 278.1305.

3H), 7.01 (m, 1H), 6.42 (m, 2H), 6.23 (d,= 10.9 Hz, 1H), 5.72 (d, 2-Hydroxy-1,3,6-triphenyl-hexa-3,5-dien-1-one (3m)!H NMR

J = 5.8 Hz, 1H), 5.38 (m, 1H), 5.28 (m, 1H), 4.42 (@= 5.8 Hz, (CDCls, 400 MHz): 6 7.83 (m, 2H), 7.56 (m, 1H), 7.41 (m, 2H), 7.31

1H).13C NMR (CDCk, 100 MHz): 6 199.1, 151.3, 142.8, 134.2, 133.9, (m, 4H), 7.17 (m, 6H), 6.79 (dd] = 0.8, 11.2 Hz, 0.34 1H), 6.63
132.4,129.0, 128.9, 128.9, 122.3,111.6, 111.3, 76.8. IR (NaCl): 3053, (m, 0.66x 3H), 6.44 (d,J = 11.6, 0.34x 1H), 6.09 (m, 0.34x 1H),
2959, 2928, 2361, 2338, 2306, 1717, 1265, 947, 740'ciHRMS 5.71 (m, 1H), 4.40 (dJ = 6.4 Hz, 0.66x 1H), 4.30 (d,J = 6.0 Hz,

calcd for GeHis03 [M + 1] 255.1021, found 255.1014. 0.34 x 1H). 3C NMR (CDCk, 100 MHz): ¢ 198.4, 198.37, 142.0,
2-Hydroxy-1-phenyl-3-thiophen-2-yl-hexa-3,5-dien-1-one (3jjH 140.3, 137.0, 136.9, 136.86, 136.77, 135.5, 133.9, 133.89, 133.83,

NMR (CDCl;, 400 MHz): 6 7.87 (dd,J = 1.4, 8.2 Hz, 2H), 7.55 (t, 13380, 132.83, 132.7, 129.3, 129.2, 129.0, 128.97, 128.8, 128.6, 128.5,

J=75Hz, 1H), 7.41 (t) = 7.9 Hz, 2H), 7.26 (dd) = 1.0, 5.1 Hz, 128.49, 128.2, 128.19, 128.13, 127.9, 127.7, 127.4, 126.6, 126.4, 125.3,

1H), 6.92 (ddJ = 3.4, 5.1 Hz, 1H), 6.78 (dd] = 1.0, 3.4 Hz, 1H), 788 78.6. IR (NaCl): 3029, 1681, 1597, 1448, 1261, 1087, 968, 752,
6.56 (m, 2H), 5.66 (d) = 5.8, 1H), 5.42 (m, 1H), 5.22 (M, 1H), 448 699 cnr1, HRMS calcd for GaHaO: [M + 1] 341.1542, found
(d, J = 5.8 Hz, 1H).1%C NMR (CDCk, 100 MHz): 6 198.6, 1369, 341 1530,

135.4, 134.2, 133.9, 133.7, 133.6, 129.1, 128.9, 128.3, 127.0, 126.7,

121.8, 79.2. IR (NaCl): 3054, 2959, 2928, 2305, 1681, 1460, 1422, Acknowledgment. We acknowledge the Robert A. Welch

f103u7n9d g‘ﬁv);gg ct. HRMS called for GeHisO,S [M + 1] 271.0793, ko ndation (F-1466), the NSF-CAREER program (CHE0090441),
2-Hydroxy-1.3-diphenyl-cis-hepta-3,5-dien-1-one (3k)!H NMR the Herman Frasch Foundation (535-HF02), the NIH (RO1

(CDCl, 400 MHz): 6 7.84 (m, 2H), 7.53 (m, 1H), 7.37 (m, 2H), 7.23 GM6.5.149-01), the donors of the Petroleum Research Fupd

(m, 3H), 7.03 (m, 2H), 6.77 (d] = 11.2 Hz, 1H), 5.87 (tg) = 1.8, administered by the ACS (34974-G1), the Research Corporation

11.2 Hz, 1H), 5.72 (s, 1H), 5.52 (m, 1H), 4.38 (s, 1H), 1.79 (Hle: Cottrell Scholar Award (CS0927), the Alfred P. Sloan Founda-

1.6, 7.2 Hz, 3H)13C NMR (CDClk, 100 MHz): 6 198.6, 139.4, 136.8,  tion, the Camille and Henry Dreyfus Foundation, Eli Lilly, and

133.9, 133.7, 129.6, 129.2, 128.8, 128.4, 128.0, 127.4, 125.7, 78.9,the UT Austin Center for Materials Chemistry (CMC) for partial

13.5. IR (NaCl): 3451, 3058, 3031, 2991, 2929, 1681, 1598, 1448, support of this research.

1381, 1260, 1088, 967 cth HRMS calcd for GoH150, [M] 278.1307,

found 278.1310. Supporting Information Available: Spectral data for all new
2-Hydroxy-1,3-diphenyltrans-hepta-3,5-dien-1-one (3)*H NMR compounds ‘H NMR, 13C NMR, IR, HRMS) (PDF). X-ray

(CDCls, 400 MHz): 6 7.84 (m, 2H), 7.50 (m, 1H), 7.35 (M, 2H), 7.23  crystallographic data for compourgh (CIF). This material is

(m, 3H), 7.06 (m, 2H), 6.41 (d] = 10.4 Hz, 1H), 5.94 (m, 1H), 5.82 v iaple free of charge via the Internet at http://pubs.acs.org.
(m, 1H), 5.65 (d,J = 6.0 Hz, 1H), 4.35 (dJ = 6.0 Hz, 1H), 1.63 (dd,

J=1.2, 6.4 Hz, 3H)**C NMR (CDCk, 100 MHz): § 198.5, 137.3, JA0316566
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