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ABSTRACT

Catalytic hydrogenation of 1,3-enynes 1a  —8a in the presence of ethyl glyoxalate at ambient pressure and temperature using a rhodium catalyst
modified by ( R)-(3,5-Bu-4-MeOPh)-MeO-BIPHEP results in highly regio- and enantioselective reductive coupling to furnish the corresponding
o-hydroxy esters 1b —8b. As demonstrated by the elaboration of  a-hydroxy ester 1b, the terminal and internal olefin moieties embodied by the
diene side chain are subject to selective manipulation, one over the other.

The Fischer—Tropsch reactitand alkene hydroformyla- In the course of studies aimed at the development of
tion'c are practiced on enormous scale and may be viewedmethods for alkyne carbonyl reductive coupling;,° highly

as prototypical hydrogen-mediated C—C bond formations. enantioselective direct hydrogen-mediated couplings of 1,3-
Whereas these processes rely upon the use of carborenynes to pyruvates amdketoesters using cationic rhodium
monoxide as a coupling partner, only recently has it been catalysts modified byR)-xylyl-WALPHOS were developetf.
shown that catalytic hydrogenation may induce © cou- More recently, related couplings of trialkylsilyl-substituted
pling betweensz-unsaturated reactants and conventional 1,3-diynes to glyoxalates using cationic rhodium catalysts
electrophilic partners in the form of carbonyl compounds modified by (R)-Cl,MeO-BIPHEP were devis&dParallel
and imines7 Through the use of cationic rhodium and efforts toward the enantioselective reductive coupling of 1,3-
iridium precatalysts, the hydrogenative coupling of conju- enynes to glyoxalates were impeded by the fact that
gated enonesconjugated alkengsand both conjugatée9 commercially available chelating chiral phosphine ligands
and nonconjugated alkyri&sik to carbonyl and imin&-5cik
partners have been devised. In addition, hydrogenation of (3) For hydrogen-mediated reductive aldol and Mannich couplings, see:

_di _ _ ; i4a (@) Jang, H.-Y.; Huddleston, R. R.; Krische, MJJAm. Chem. So2002,
1,6-diynes, 1,6-enynes, and 1,6-alkynals is found to provide 124, 15156. (b) Huddleston, R. R.; Krische, MQlqg. Lett.2003,5, 1143.

products of reductive carbocyclizatién. (c) Koech, P. K.; Krische, M. JOrg. Lett.2004,6, 691. (d) Marriner, G.
A.; Garner, S. A.; Jang, H.-Y.; Krische, M. J. Org. Chem 2004, 69,
T University of Texas at Austin. 1380. (e) Jung, C.-K.; Garner, S. A.; Krische, M.Qrg. Lett. 2006, 8,

* Kyungpook National University. 519. (f) Han, S. B.; Krische, M. Drg. Lett.2006,8, 5657. (g) Jung, C.-

(1) Fischer, F.; Tropsch, HBrennstoff Chenil923,4, 276. (b) Fischer, K.; Krische, M. J.J. Am. Chem. So006,128, 17051. (h) Garner, S. A.;
F.; Tropsch, HChem. Ber1923,56B, 2428. (c) Roelen, O. German Patent  Krische, M. J.J. Org. Chem2007,72, 5843.

DE 1938, 849,548. (4) For hydrogen-mediated couplings of alkenes to carbonyl compounds,

(2) For recent reviews, see: (a) Ngai, M.-Y.; Kong, J.-R.; Krische, M. see: (a) Jang, H.-Y.; Huddleston, R. R.; Krische, MAdgew. Chem., Int.
J.J. Org. Chem2007,72, 1063. (b) lida, H.; Krische, M. Jlop. Cur. Ed. 2003,42, 4074. (b) Hong, Y.-T.; Barchuk, A.; Krische, M. Angew.
Chem.2007,279, 77. Chem., Int. Ed2006,128, 6885. Also see ref 7b.
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Scheme 1. a-Hydroxy Esters via Direct Enantioselective

Reductive Coupling of Conjugated Alkynes to Pyruvates and

Glyoxalates Mediated by Hydrogen

Earlier Studies
0 Rh(cod),OTf (2 mol %) R, ©O
R PhsCCO,H (1 mol %)
1 OEt = X~ OEt
o (R)-xylyl-Walphos (2 mol %) HO R4
DCE (0.3 M), 60°C 73-98% Yield
Hy (1 atm) 86-93% ee
RZ%\ >99:1 Regiocontrol
\
o) Rh(cod),OTf (5 mol %) R R3Si Ie)
(R)-CI,MeO-BIPHEP (5 mol %) A
[ TOEt X~ TOEt
o DCE (0.3 M), 40°C HO H
H; (1 atm) 71-84% Yield
R——=—SiR, 89-94% ee
>99:1 Regiocontrol
This Work Rh(cod),OTf (5 mol %)
o0 (R)-(3,5-Bu-4-MeOPh)-MeO-BIPHEP R O
(5 mol %)
[ OEt PN okt
o PhsCCO,H (5 mol %) H OH
DCE (02 M), 25°C 70-82% Yield
Hz (1 atm) 86-97% ee
R%\ >88:1 Regiocontrol
N\

uniformly failed to promote high levels of asymmetric
induction. Here, we report that cationic rhodium complexes
modified by R)-(3,5'Bu-4-MeOPh)-MeO-BIPHEP catalyze

the reductive coupling of 1,3-enyn&a—8ato ethyl glyox-

alate under hydrogenation conditions to furnish the corre-
spondinga-hydroxy esterdb—8b in good to excellent yield
and with high levels of asymmetric induction (Scheme 1).

Preliminary studies involved a ligand assay, wherein 1,3-
enynela (200 mol %) was hydrogenated in the presence of
ethyl glyoxalate (100 mol %) at ambient temperature and
pressure in dichloroethane (0.2 M) using a catalyst derived
from Rh(cod)OTf (5 mol %) and a chiral bidentate phos-
phine ligand (5 mol %). Using (R)-BINAP as the ligand,
the desired product of reductive couplith was obtained
in 84% vyield and 63% enantiomeric excess as a single
regioisomer and with complete control of olefin geometry.
This promising result stimulated further efforts toward the
identification of highly enantioselective catalysts for the
reductive coupling of enynkato ethyl glyoxalate. Numerous
commercially available chiral bidentate phosphine ligands
were assayed under the standard coupling conditions speci-
fied above, which enabled a rough correlation between ligand
structural features vis-a-vis conversion and enantioselection
(Table 1). In general, aryl substitution at phosphorus is
required for high levels of conversion. A single alkyl
substituent at phosphorus, as in the case of WALPHOS type
ligands, significantly decreases the isolated yield (Table 1,
entries 79). In the BINAP, PHANEPHOS and WALPHOS
series of ligands, the xylyl derivatives were slightly better
at enforcing asymmetric induction than the corresponding
phenyl derivatives (Table 1, entries-2, 3—4, and 7-9,
respectively). Among the phenyl-substituted chiral chelating
phosphine ligands assayed, (R)-MeO-BIPHEP enforced the
highest levels of asymmetric induction (Table 1, entry 16).
Stimulated by this result and the aforementioned trends, (R

Table 1. Enantioselective Hydrogen-Mediated Reductive Coupling of Conjugated Erg/twe Ethyl Glyoxalaté

oh o Rh(cod),OTf (5 mol%) Ph O al
Ligand (5 mol% OO O
\/ “)LOEt gand )\ 2 X OEt PAr, = oLy HyCO PPh,
o DCE (0.2 M), 25°C H OH PAr, 2 HsCO PPh,
1a Acid (5 mol%) 1b OO Ph,P o O
Hz (1 atm) Ar=Ph, (R)-BINAP  Ar = Ph, (R)}-PHANEPHOS (R)-Cl,MeO-BIPHEP
Ar = 3,5-Me,CgHa, Ar = 3,5-Me,CgHa,
Entry Rh-Catalyst Chiral Ligand Acid Yield% ee% (R)-xylyl-BINAP (R)-xylyl-PHANEPHOS
1 Rhicod),OTf  (R)-BINAP — 84 63
2 Rh(cod)OTf  (R)-3,5-xylyl-BINAP — 89 89 HsC.( CHs X
3 Rh(cod),0Tf  (R)-PHANEPHOS — 82 48 PAr, AP BiA [ o O oph
4 Rh(cod),OTf  (R)-3,5-xyly-PHANEPHOS — 51 56 W PPh, c; 12k o PPhy
5  Rh(cod),OTf  (R)}-ClMeO-BIPHEP — 70 81 I St e [ O
6 Rh(cod),OTf  (R)-CatASium T2 — 28 32 HsC” 87 "CHj X
7 Rh(cod),OTf  (R,R)-WALPHOS - 24 15 (R)-CatASium T2 Aty = Ar, = Ph, (R}-WALPHOS X = NMe, (R)-SOLPHOS
8  Rh(cod),OTf  (R,R)-xyly-WALPHOS — 29 2 Ar = 3,5-Me,CoHs Ary = Arp = 3,5-Me;CqHs, X =0, (R-SYNPHOS
9 Rh(cod),OTf  (R)-Ph, xylyl-CF3-WALPHOS 10 28 2R>-Xy’l:.\/r:-VAVALP???CF e
10 Rh(cod),OTf  (R)}-SOLPHOS — 70 36 (1= Ph, Ary = 3,5-(CF3),CeHs,
11 Rh(cod)OTf  (R)-SYNPHOS — 77 64 (RY-Ph, xylyl-CF3-WALPHOS
12 Rh(cod),OTf  CTH-(R)}-P-PHOS — 75 T4 CHA0
13 Rh(cod),OTf  CTH-(R)-xylyl-P-PHOS — 74 89 N R = (CHy)s, Ar = Ph, (R)-C3-TUNEPHOS
14 Rh(cod),OTf  (R)}-C3-TUNEPHOS — B8 46 1 Q R = COCeHys, Ar = PN,
15 Rh(cod),OTf  (R)-c-Hex-SONIPHOS — 786 71 €O Pz RO PAT2 ¢ (R)-Cyclohexy SONPHOS
16  Rh(cod),OTf  (R)-MeO-BIPHEP — 775 O™ RO 2 | R=Ms,Ar=Ph, (R}-MeO-BIPHEP
f X R = Me, Ar = 3 5--Bu-4-MeOCgH,,
17 Rh(COd)onf (R)-(3,5— Bu—4—MeOPh)—MeO—BIPHEP - 65 91 X (R)-(3,5-‘Bu-4-MeOPh)-MeO-BIPHEP
18 Rh(cod),BF;  (R)}-(3,5-Bu-4-MeOPh)-MeO-BIPHEP - 65 90 CH40
19 Rh(cod),BARF (R)»(3,5—'Bu—4—MeOPh)—MeO—BIPHEP - 66 93 Ar = Ph, (R)}-CTH-(S)-P-PHOS
20 Rh(cod),0Tf  (R)-(3,5-Bu-4-MeOPh)-MeO-BIPHEP NPOH 78 25 Ar = 3,5-Me,CqH,
21 Rh(cod),0Tf  (R)-(3,5-Bu-4-MeOPh)-MeO-BIPHEP TPAA 82 95 CTH-(S)xylyl-P-PHOS

a Cited yields are of isolated material. Enantiomeric excess was determined via chiral stationary-phase HPLC analysis using a Chiralcel OD-H column.

Eluant: 2%i-PrOH in hexane. Flow rate: 0.5 mL/min. Detection wavelength: 254 nm. Retention tithgs:= 16.7 min,tminor = 18.6 min. NPOH=
2-naphthoic acid. TPPA= triphenylacetic acid. See the Supporting Information for further details.
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(3,5'Bu-4-MeOPh)-MeO-BIPHEP was investigated. Gratify- glyoxalate under standard conditions (Figure 1). In all cases,
ingly, a-hydroxy esteflb was obtained in 65% isolated yield C—C coupling occurs at the acetylenic terminus of the
and 91% enantiomeric excess (Table 1, entry 17). Furtherconjugated enyne to furnigirhydroxy esterd b-8b as single
assay of the rhodium counterion, [Rh(cg) where X = constitutional isomers with complete control of alkene
OTf, BF,, and “BARF” (BARF = B(3,5-(CR).CeH3)s), geometry. The coupling was applicable to conjugated enynes
revealed no significant change in isolated yield or enanti- possessing aryll@, 2a, 3a), heteroaryl4a, 8a), primary alkyl
oselection in response to variation of counterion (Table 1, (6a, 7a), and secondary alkyl58) substituents at the
entries 17—19). In contrast, Brgnsted acid additives were acetylenic terminus. Isolated yields of thehydroxy esters
found to have a profound effect on both isolated yield and 1b—8b ranged from 70 to 82%, and the levels of enantio-
enantioselection. Brgnsted acid additives are believed toselection ranged from 86 to 97% ee (Figure 1). Notably, over-
facilitate the catalytic process by circumventing highly
energetic 4-centered transition structuresdidrond metath-
esis, as required for direct hydrogenolysis of metallacyclic

intermediates, with 6-centered transition structures for hy- Rhfcod),0Tf (5 mol %)

i i i - o (R)-(3,5-'Bu-4-MeOPh)-MeO-BIPHEP R ©
drog_enolysu; of rhodium carboxylates derived upon proto MR ol % W
nolytic cleavage of the metallacycdéVhereas 2-naphthoic R T ocEzm e SO
acid (5 mol %) significantly increases the isolated yield of  1asa ° PhaCCO,H (5 mol %) 1b-8b
1b, a dramatic decrease in enantioselection is observed (Table Fa (1 atm)

1, entry 20). For couplings conducted in the presence of  1ar=pn
. . . . . . 2a, R = p-NOPh
triphenylacetic acid, which provide-hydroxy esterlb in 3a. R = 2-naphthyl
78% isolated yield and 95% enantiomeric excess, an increase g 272 m:g iig
in both isolated yield and enantioselection was observed  sa R=CsHi,
7a, R = (CH;),OTES

(Table 1, entry 20). Accordingly, these latter conditions were 8a, R = 2-indolyl
adopted as standard conditions.

To assess scope, conjugated enyhas-8a possessing
structurally diverse acetylenic termini were coupled to ethyl

L* = (R)-(3,5-'Bu-4-MeOPh)-MeO-BIPHEP

(5) For hydrogen-mediated couplings of alkynes to carbonyl compounds
and imines, see: (a) Huddleston, R. R.; Jang, H.-Y.; Krische, Nl.. Am. o o Y o o o o
Chem. S0c2003,125, 11488. (b) Jang, H.-Y.; Huddleston, R. R.; Krische, "”98520/’6:9[" Zb'gzi/ke\ge[d 3b'9772/°e:e[d 4b'972%//°e:e'd
M. J.J. Am. Chem. So®004,126, 4664. (c) Kong, J.-R.; Cho, C.-W.; ° ’ 5 N
Krische, M. J.J. Am. Chem. So2005 127, 11269. (d) Cho, C.-W.; Krische,
M. J. Org. Lett.2006,8, 891. (e) Kong, J.-R.; Ngai, M.-Y.; Krische, M. J.

J. Am. Chem. SoQ006, 128, 718. (f) Cho, C.-W.; Krische, M. Drg.

Lett. 2006,8, 3873. (g) Komanduri, V.; Krische, M. J. Am. Chem. Soc. Q H3C TESO

2006,128, 16448. (h) Kong, J.-R.; Krische, M.J.Am. Chem. So2006, &

128, 16040. (i) Ngai, M.-Y.; Barchuk, A.; Krische, M. J. Am. Chem. H Vo H Vo H Vo H "OH
Soc.2007,129, 280. (J) Skucas, E.: Kong, J.-R.: Krische, M.JJ.Am. 5b, 74% Yield 6b, 71% Yield 7b, 70% Yield 8b, 72% Yield
Chem. S0c2007,129, 7242. (k) Barchuk, A.; Ngai, M.-Y.; Krische, M. J. 4% ee 86% ee 90% ee 86% ee

J. Am. Chem. S0€007,129, 8432. Figure 1. Enantioselective catalytic reductive coupling of substi-

(6) For hydrogen-mediated carbocyclizations, see: (a) Jang, H.-Y.; ~ ; ;
Krische, M. J.J. Am. Chem. So@004,126, 7875. (b) Jang, H.-Y - Hughes, tuted 1,3-enynes to ethyl glyoxalate mediated by hydrogen. Cited

F. W.; Gong, H.; Zhang, J.; Brodbelt, J. S.; Krische, MJJAm. Chem. yields are of isolated material. See the Supporting Information for
S0c.2005,127, 6174. (c) Rhee, J.-U.; Krische, M.d.Am. Chem. Soc. detailed experimental procedures. Enantiomeric excess was deter-
2006,128, 10674. (d) Jung, |. G.; Seo, J.; Lee, S. |.; Choi, Y.; Chung, Y. mined via chiral stationary phase HPLC analysis.
K. Organometallics2006, 25, 4240. (e) Smith, D. M.; Pulling, M. E.;
Norton, J. RJ. Am. Chem. So2007,129, 770 and ref 7a.

(7) Prior to our work, two isolated examples of hydrogen-mediate@€C . ) . .
bond formation that did not involve couplings to carbon monoxide were reduction of the diene side chain of addutibs-8b was not

reported: (a) Molander, G. A.; Hoberg, J.JOAm. Chem. S0d992,114, rv nder th nditions of hvdr n-medi -
3123. (b) Kokubo, K.; Miura, M.; Nomura, MOrganometallics1995,14; Obse ed under the cond to. S 0 yd oge ediated cou
4521, pling. Absolute stereochemical assignmentoshydroxy

(8) Indirect asymmetric alkyne-aldehyde reductive coupling has been esterslb—8b is based upon X-ray diffraction analysis of

achieved via stoichiometric alkyne hydrometallation (hydroboration or H i 1-(0- i
hydrozirconation) followed by transmetallation to afford vinylzinc reagents, the amide derived frorb and ®)-1-(2-naphthyl)ethylamine.

which engage in enantioselective catalytic additions to aldehydes; see: (a) Ea?h olefin of the (_jiene _Side chain IOf the .reduptive
Oppolzer, W.; Radinov, Reelv. Chim. Actal992,75, 170. (b) Oppolzer,  coupling productdb—8b is subject to selective manipulation.

W.; Radinov, RJ. Am. Chem. S0&993,115, 1593. (c) Soai, K.; Takahashi, ; _ ;
K.'J. Chem. Soc., Perkin Trans. 1994 1257. (d) Wipf, P.: Xu, W. To illustrate, a-hydroxy esterlb was subjected to the

Tetrahedron Lett1994,35, 5197. (e) Oppolzer, W.; Radinov, R. N.; De

Brabander, JTetrahedron Lett1995,36, 2607. (f) Wipf, P.; Ribe, SJ. (9) For indirect catalytic enantioselective alkyne—ketone reductive
Org. Chem.1998,63, 6454. (g) Oppolzer, W.; Radinov, R. N.; EI-Sayed, couplings analogous to those described in the preceding reference, see: (a)
E. J. Org. Chem2001, 66, 4766. (h) Dahmen, S.; Brédse, Grg. Lett. Li, H.; Walsh, P. JJ. Am. Chem. So€004,126, 6538. (b) Li, H.; Walsh,
2001,3, 4119. (i) Chen, Y. K.; Lurain, A. E.; Walsh, P. J. Am. Chem. P. J.J. Am. Chem. So2005,127, 8355. (c) Jeon, S.-J.; Li, H.; Garcia, C.;
S0c.2002,124, 12225. (j) Ji, J.-X.; Qiu, L.-Q.; Yip, C. W.; Chan, A. S. C.  La Rochelle, L. K.; Walsh, P. d. Org. Chem2005,70, 448.

J. Org. Chem2003,68, 1589. (k) Lurain, A. E.; Walsh, P.J. Am. Chem. (10) Direct alkyne-aldehyde reductive coupling to furnish allylic alcohols
So0c.2003,125, 10677. (I) Ko, D.-H.; Kang, S.-W.; Kim, K. H.; Chung, has been achieved under the conditions of nickel catalysis; see: (a) Oblinger,
Y.; Ha, D.-C. Bull. Kor. Chem. Soc2004, 25, 35. (m) Sprout, C. M,; E.; Montgomery, JJ. Am. Chem. S0d.997,119, 9065. (b) Huang, W.-S;

Richmond, M. L.; Seto, C. TJ. Org. Chem.2004, 69, 6666. (n) Jeon, Chan, J.; Jamison, T. POrg. Lett.2000,2, 4221. (c) Mahandru, G. M,;
S.-J.;; Chen, Y. K.; Walsh, P. Org. Lett.2005,7, 1729. (o) Jeon, S.-J.; Liu, G.; Montgomery, JJ. Am. Chem. So2004,126, 3698. (d) For enyne

Fisher, E. L.; Carroll, P. J.; Walsh, P. J. Am. Chem. So2006, 128, coupling, see: Miller, K. M.; Luanphaisarnnont, T.; Molinaro, C.; Jamison,
9618. (p) Lauterwasser, F.; Gall, J.; Hoefener, S.; Braséds. Synth. T. F.J. Am. Chem. So@004,126, 4130. (e) Miller, K. M.; Jamison, T. F.
Catal. 2006, 348, 2068. Org. Lett.2005,7, 3077.
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following transformations. Hydroxy-directed epoxidation of
1b catalyzed by OV(acag) stereoselectively delivers vinyl
epoxidelc. Oxidative cleavage of the diene terminus using
the Lemieux-Johnson protocol furnishes the conjugated enal
1€'? Exhaustive reduction of the diene side chain to form
the saturatedr-hydroxy esterld is achieved upon hydro-
genation oflb using Crabtree’s cataly$tFinally, exposure

of diene 1b to conditions for ruthenium catalyzed cross
metathesis with 1,4-diacetoxy-2-butéhenables formation

of allylic acetatelf. The structural assignment at-1f is
made in analogy to the corresponding pyruvate coupling
products (Figure 23¢

Ph Ph O
ol | :
/\Nl\oa chNOEt
H OH H OH

1c, 84% Yield, 5:1 dr 1d, 91% Yield, 2:1 dr

Ph O OV(acac)y, 'BUO2H  [In(Cy3P)(cod)(pyn]IPFg
Hy (1 atm)
/\/\\ej\oa I:> ’
H\ OH Ph (o] OAc Ph o]
1 OWLOEt ~ “OEt
H OH HaC' OH

1e, 76% Yield 1f, 72% Yield, 5:1 (E:Z)
0804 (cat), NalO4 (IMes)(Cy3P)(Cl)o,Ru=CHPh
1,4-diacetoxy-2-butene

Figure 2. Elaboration of coupling productb.

In summary, we report a regio- and enantioselective
hydrogenative coupling of substituted 1,3-enynes to ethyl

(11) (a) Sharpless, K. B.; Michaelson, R. &.Am. Chem. Sod 973,
95, 6136. (b) For a review, see: Sharpless, K. B.; Verhoeven, T. R.
Aldrichim. Actal979,12, 63.
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glyoxalate catalyzed by rhodium. Good to excellent levels
of asymmetric induction are achieved usif){3,5!Bu-4-
MeOPh)-MeO-BIPHEP as chiral ligand with triphenylacetic
acid as a Brgnsted acid cocatalyst. A stereochemical model
accounting for the high levels of enantioselection enforced
by (R)-(3,5Bu-4-MeOPh)-MeO-BIPHEP will be disclosed

in due course. These studies serve as a prelude to our long-
term goal of developing hydrogenation catalysts enabling
reductive C-C coupling of simple, commercially available
nonconjugated alkynes to diverse aldehydes en route to
optically enriched allylic alcohols.
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14212.
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