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Trisubstituted allylic alcohols[1,2] are ubiquitous in natural
products and are readily converted into diverse chiral
building blocks by enantioselective epoxidation,[2a,b] cyclo-
propanation,[2a,c] hydrogenation,[2a,d] and allylic substitu-
tion.[2a,e] Among methods for the regio- and stereoselective
synthesis of trisubstituted primary allylic alcohols, alkyne
hydrometalation or carbometalation mediated by stoichio-
metric organometallic reagents has found broad use.[3–7] For
example, in seminal studies by Corey et al. (1967),[4c] the
regio- and stereoselective hydroalumination of propargyl
alcohols was used to construct vinyl iodides, which were
converted into trisubstituted allylic alcohols upon exposure to
lithium dialkyl cuprates. Similarly, alkyne hydromagnesiation
and carbomagnesiation with Grignard reagents delivered
trisubstituted allylic alcohols regio- and stereoselectively.[6,7]

Although alkyne functionalization through hydrometala-
tion and carbometalation remains at the forefront of
research,[3–7] the development of equivalent transformations
that avoid stoichiometric metal reagents is clearly desirable.
Conversely, whereas related nickel-catalyzed alkyne–carbon-
yl reductive couplings can be highly regioselective, such
processes require terminal reductants that are metallic,
pyrophoric, or highly mass intensive (e.g. ZnR2, BEt3,

HSiR3; Scheme 1),[8–10] although nickel-catalyzed alcohol-
mediated alkyne–enone couplings were recently disclosed.[11]

Hence, the discovery of alkyne–carbonyl (or alkyne–
imine) reductive couplings under hydrogenation conditions is
significant.[12, 13] More recently, an alkyne–carbonyl reductive
coupling by ruthenium-catalyzed transfer hydrogenation was
developed; however, regioselectivity in such processes
remains largely unexplored.[14, 15] Herein, we report the
regio- and stereoselective synthesis of trisubstituted primary
allylic alcohols from alkynes in the absence of stoichiometric
metallic reagents. In this reaction, paraformaldehyde is used
as a C1 feedstock and, more remarkably, as a reductant under
conditions of transfer hydrogenation with nickel and ruthe-
nium catalysts, which exhibit complementary regioselectivity
(Scheme 2).

In response to the lack of efficient methods for diene
hydroformylation,[16] we recently developed a process for
diene hydrohydroxymethylation under the conditions of
ruthenium-catalyzed transfer hydrogenation using parafor-
maldehyde as a C1 feedstock;[17] paraformaldehyde was itself
prepared from synthesis gas (via methanol). As the develop-
ment of efficient catalysts for alkyne hydroformylation
remains an unmet challenge,[18] we undertook the current
investigation into alkyne–paraformaldehyde reductive cou-
pling. Initial studies focused on the reductive coupling of 1-
phenylpropyne (1a) with paraformaldehyde. We explored the
nickel-catalyzed reductive coupling of 1a with paraformalde-
hyde in the absence of a reducing agent.[8–10] Remarkably,
conditions were identified under which the nickel catalyst
produced adduct 3a as a single regio- and stereoisomer, as
determined by 1H NMR spectroscopic analysis. Previously
determined conditions for ruthenium-catalyzed alkyne–car-
bonyl coupling with higher aldehydes[14] were further eval-
uated and meticulously adapted for the use of paraformalde-
hyde to enable formation of the isomeric primary trisubsti-
tuted allylic alcohol 2a in 85 % yield as a single regio- and

Scheme 1. Previously developed approaches requiring a stoichiometric
amount of a reducing agent, and the approach investigated in the
current study without exogenous reductants.
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stereoisomer, as determined by 1H NMR spectroscopic anal-
ysis. In both processes, paraformaldehyde may serve as the
electrophilic partner and the reductant. In fact, in the nickel-
catalyzed process, no reductant other than paraformaldehyde
is required. In the ruthenium-catalyzed process, an exogenous
reductant in the form of formic acid is required to enforce
complete conversion. These conditions were applicable to
aryl propynes 1a–d, which were converted into adducts 2a–d
and 3 a–d using ruthenium and nickel catalysts, respectively,
with excellent partitioning of regioselectivity (Scheme 2).

To evaluate the scope of the nickel- and ruthenium-
catalyzed reductive alkyne coupling with paraformaldehyde,
we investigated a range of nonsymmetrical aryl–alkyl-sub-
stituted alkynes. The ruthenium catalyst tolerated both
electron-donating and electron-withdrawing substituents on
the aryl group (Table 1, entries 2–9); the nickel catalyst
showed compatibility with methoxy and chloro substituents
(Table 1, entries 15–18). Steric hindrance caused by an ortho
methyl substituent (Table 1, entries 5 and 17) diminished the
yield of the isolated product. Heteroaryl substituents, such as
a 2-thienyl or an N-Boc-protected 3-indolyl group, were
tolerated (Table 1, entries 10, 11, and 19). The ruthenium
catalyst showed remarkably high regioselectivity (� 20:1) in
the hydroxymethylation of a dialkyl-substituted alkyne, with
the discrimination of a CH2CH2OBn substituent and a methyl
group, whereas the nickel-catalyzed process enabled discrim-
ination between a methyl and an isopropyl substituent
(Table 1, entries 12 and 21, respectively).

As suggested by established stoichiometric reactions, the
mechanistic origins of regiodivergence with regard to the
nickel- and ruthenium-catalyzed hydroxymethylation reac-
tions appears to arise through the partitioning of hydro-

metalative and carbometalative (oxidative coupling) path-
ways.[19–21] In the case of ruthenium, the stoichiometric
reaction of [Ru(tfa)2(CO)(PPh3)2] with alcohols to generate
[RuH(tfa)(CO)(PPh3)2] along with an aldehyde or ketone is
known.[19] Furthermore, alkyne hydrometalation by [RuH-
(tfa)(CO)(PPh3)2], generated in situ from [Ru(tfa)2(CO)-
(PPh3)2] and ethanol, to furnish vinyl ruthenium complexes
has been established.[20] Finally, the resulting vinyl ruthenium
complexes were subjected to protonolysis by trifluoroacetic
acid to regenerate [Ru(tfa)2(CO)(PPh3)2].[20b] These reactions
support the feasibility of the proposed hydrometalative
mechanism for the ruthenium-catalyzed alkyne hydroxyme-
thylation mediated by formaldehyde (Scheme 3).

Similarly, in the case of nickel, the stoichiometric oxida-
tive coupling of butyne and benzaldehyde in the presence of
[Ni(cod)2] and tricyclohexylphosphane delivers isolable nick-
eladihydrofurans, which have been characterized by single-
crystal X-ray diffraction analysis.[21] At room temperature,
such metallacycles engage in b-hydride elimination to furnish
conjugated enones. These reactions support the feasibility of
the proposed carbometalative mechanism for nickel-cata-
lyzed alkyne hydroxymethylation mediated by formaldehyde.

Scheme 2. Complementary regioselectivity in ruthenium- and nickel-
catalyzed hydrohydroxymethylation reactions of alkynes 1a–d with
paraformaldehyde as a C1 feedstock. Cy =cyclohexyl, TBAI = tetra-
butylammonium iodide, tfa = trifluoroacetate.

Table 1: Scope of the regio- and stereoselective ruthenium- and nickel-
catalyzed hydrohydroxymethylation of alkynes 1a–n.

Entry Cond.[a] Alkyne R1 R2 Yield [%][b]

(2/3[c])

1 A 1a Ph Me 85 (�20:1)
2 A 1b p-MeC6H4 Me 75 (�20:1)
3 A 1c p-MeOC6H4 Me 74 (�20:1)
4 A 1d p-ClC6H4 Me 75 (10:1)
5 A 1e o-MeC6H4 Me 63 (�20:1)
6 A 1 f m-MeOC6H4 Me 78 (12:1)
7 A 1g p-BrC6H4 Me 70 (9:1)
8 A 1h p-MeCOC6H4 Me 70 (8:1)
9 A 1 i p-EtCO2C6H4 Me 69 (9:1)

10 A 1 j 2-thienyl Me 76 (11:1)
11 A 1k N-Boc-3-indoyl Me 77 (�20:1)
12 A 1 l BnOCH2CH2 Me 64 (�20:1)
13 B 1a Ph Me 81 (1:�20)
14 B 1b p-MeC6H4 Me 65 (1:�20)
15 B 1c p-MeOC6H4 Me 77 (1:�20)
16 B 1d p-ClC6H4 Me 67 (1:�20)
17 B 1e o-MeC6H4 Me 52 (1:�20)
18 B 1 f m-MeOC6H4 Me 50 (1:�20)
19 B 1 j 2-thienyl Me 60 (1:�20)
20 B 1m Ph Ph 60 (–)
21 B 1n Me iPr 71 (1:2.3)

[a] Conditions A: alkyne (200 mol%), (CH2O)n (100 mol%), [Ru-
(tfa)2(CO)(PPh3)2] (5 mol%), Bu4NI (5 mol%), HCO2H (100 mol%),
THF (0.2m), 95 8C, 15 h. Conditions B: alkyne (100 mol%), (CH2O)n

(400 mol%), [Ni(cod)2] (10 mol%), PCy3 (10 mol%), Cs2CO3

(20 mol%), H2O (5 mol%), toluene (0.25m), 75 8C, 24 h. See the
Supporting Information for further details. [b] Yield of material isolated
by silica-gel chromatography. [c] Regio- and diastereoselectivity were
determined by 1H NMR spectroscopic analysis of the crude reaction
mixture. Bn = benzyl, Boc = tert-butoxycarbonyl.
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An observation consistent with this proposal is that the
products of hydroxymethylation are the formate esters, which
are cleaved upon isolation (Scheme 4).

In summary, nonsymmetrical disubstituted alkynes were
converted into primary trisubstituted allylic alcohols upon
exposure to paraformaldehyde in the presence of ruthenium
or nickel catalysts, which exhibit complementary regioselec-
tivity and complete stereoselectivity. These procedures pro-
vide an alternative to alkyne hydroformylation, for which
efficient regioselective variants do not exist. Furthermore,
they serve as alternatives to established methods that rely on
the use of stoichiometric amounts of organometallic reagents,
and thus pave the way for more environmentally benign
organic synthesis. Related reductive carbon–carbon bond-
forming reactions are currently under investigation as alter-
natives to hydroformylation.

Received: March 1, 2011
Published online: May 9, 2011

.Keywords: hydrohydroxymethylation · nickel ·
paraformaldehyde · reductive coupling · ruthenium

[1] For a recent review on the preparation of allylic alcohols, see:
D. M. Hodgson, P. G. Humphreys in Science of Synthesis:
Houben-Weyl Methods of Molecular Transformations, Vol. 36
(Ed.: J. P. Clayden), Thieme, Stuttgart, 2007, pp. 583 – 665.

[2] For selected reviews on stereoselective reactions of allylic
alcohols, see: a) A. H. Hoveyda, D. A. Evans, G. C. Fu, Chem.
Rev. 1993, 93, 1307; b) R. A. Johnson, K. B. Sharpless in Catalytic
Asymmetric Synthesis, 2nd ed. (Ed.: I. Ojima), Wiley-VCH, New
York, 2000, pp. 231 – 280; c) A. B. Charette, J.-F. Marcoux,
Synlett 1995, 1197; d) W. Tang, X. Zhang, Chem. Rev. 2003,
103, 3029; e) A. Alexakis, J. E. B�ckvall, N. Krause, O. P�mies,
M. Di�guez, Chem. Rev. 2008, 108, 2796.

[3] For selected reviews on alkyne hydrometalation and carbome-
talation, see: a) E. Winterfeldt, Synthesis 1975, 617; b) G.
Zweifel, J. A. Miller in Organic Reactions, Vol. 32 (Ed.: W. G.
Dauben), Wiley, New York, 1984, chap. 2, pp. 377 – 517; c) P.
Knochel in Comprehensive Organic Synthesis, Vol. 4 (Eds.: B. M.
Trost, I. Fleming), Pergamon, Amsterdam, 1991, pp. 865 – 912;
d) J. J. Eisch in Comprehensive Organic Synthesis, Vol. 8 (Eds.:
B. M. Trost, I. Fleming, S. L. Schreiber), Pergamon, Oxford,
1991, pp. 733 – 761; e) E.-i. Negishi, D. Y. Kondakov, Chem. Soc.
Rev. 1996, 25, 417; f) U. M. Dzhemilev, A. G. Ibragimov in
Modern Reduction Methods (Eds.: P. G. Andersson, P. J. Mun-
slow), Wiley-VCH, Weinheim, 2008, pp. 447 – 489.

[4] For selected examples of alkyne hydroalumination, see: a) G.
Wilke, H. M�ller, Justus Liebigs Ann. Chem. 1960, 629, 222;
b) G. Zweifel, R. B. Steele, J. Am. Chem. Soc. 1967, 89, 2754;
c) E. J. Corey, J. A. Katzenellenbogen, G. H. Posner, J. Am.
Chem. Soc. 1967, 89, 4246; d) G. Zweifel, R. B. Steele, J. Am.
Chem. Soc. 1967, 89, 5085; e) E. C. Ashby, S. A. Noding, J. Org.
Chem. 1980, 45, 1035; f) F. Gao, A. H. Hoveyda, J. Am. Chem.
Soc. 2010, 132, 10961.

[5] For selected examples of alkyne carboalumination, see: a) D. C.
Brown, S. A. Nichols, A. B. Gilpin, D. W. Thompson, J. Org.
Chem. 1979, 44, 3457; b) M. D. Schiavelli, J. J. Plunkett, D. W.
Thompson, J. Org. Chem. 1981, 46, 807; c) C. L. Rand, D. E.
Van Horn, M. W. Moore, E.-i. Negishi, J. Org. Chem. 1981, 46,
4093; d) J. C. Ewing, G. S. Ferguson, D. W. Moore, F. W. Schultz,
D. W. Thompson, J. Org. Chem. 1985, 50, 2124.

[6] For selected examples of alkyne hydromagnesiation with
Grignard reagents, see: a) F. Sato, H. Ishikawa, M. Sato,
Tetrahedron Lett. 1981, 22, 85; b) F. Sato, H. Watanabe, Y.
Tanaka, T. Yamaji, M. Sato, Tetrahedron Lett. 1983, 24, 1041;
c) F. Sato, J. Organomet. Chem. 1985, 285, 53; d) Y. Takeda, T.
Matsumoto, F. Sato, J. Org. Chem. 1986, 51, 4728; e) M. A.
Djadchenko, K. K. Pivnitsky, J. Spanig, H. Schick, J. Organomet.
Chem. 1991, 401, 1; f) Y. Gao, F. Sato, J. Chem. Soc. Chem.
Commun. 1995, 659; g) H. Zhao, M.-Z. Cai, Synth. Commun.
2003, 33, 1643.

[7] For selected examples of alkyne carbomagnesiation wth
Grignard reagents, see: a) J. J. Eisch, J. H. Merkley, J. Organo-
met. Chem. 1969, 20, P27; b) H. G. Richey, Jr., F. W. Von Rein, J.
Organomet. Chem. 1969, 20, P32; c) F. W. Von Rein, H. G.
Richey, Jr., Tetrahedron Lett. 1971, 12, 3777; d) B. Jousseaume,
J.-G. Duboudin, J. Organomet. Chem. 1975, 91, C1; e) J.-G.
Duboudin, B. Jousseaume, J. Organomet. Chem. 1979, 168, 1;
f) J.-G. Duboudi, B. Jousseaume, A. Bonakdar, J. Organomet.
Chem. 1979, 168, 227; g) E.-i. Negishi, Y. Zhang, F. E. Ceder-
baum, M. B. Webb, J. Org. Chem. 1986, 51, 4080; h) K. Okada, K.
Oshima, K. Utimoto, J. Am. Chem. Soc. 1996, 118, 6076; i) Z. Lu,

Scheme 3. Proposed mechanism for ruthenium-catalyzed alkyne hydro-
hydroxymethylation, as supported by established stoichiometric trans-
formations. tfa = trifluoroacetic acid.

Scheme 4. Proposed catalytic mechanism for nickel-catalyzed alkyne
hydrohydroxymethylation, as supported by established stoichiometric
transformations. (Details on the isolation of the formate ester can be
found in the Supporting Information.)

5689Angew. Chem. Int. Ed. 2011, 50, 5687 –5690 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/cr00020a002
http://dx.doi.org/10.1021/cr00020a002
http://dx.doi.org/10.1055/s-1995-5231
http://dx.doi.org/10.1021/cr020049i
http://dx.doi.org/10.1021/cr020049i
http://dx.doi.org/10.1021/cr0683515
http://dx.doi.org/10.1039/cs9962500417
http://dx.doi.org/10.1039/cs9962500417
http://dx.doi.org/10.1002/jlac.19606290117
http://dx.doi.org/10.1021/ja00987a055
http://dx.doi.org/10.1021/ja00995a074
http://dx.doi.org/10.1021/ja00995a074
http://dx.doi.org/10.1021/jo01294a023
http://dx.doi.org/10.1021/jo01294a023
http://dx.doi.org/10.1021/ja104896b
http://dx.doi.org/10.1021/ja104896b
http://dx.doi.org/10.1021/jo01334a002
http://dx.doi.org/10.1021/jo01334a002
http://dx.doi.org/10.1021/jo00317a032
http://dx.doi.org/10.1021/jo00333a041
http://dx.doi.org/10.1021/jo00333a041
http://dx.doi.org/10.1021/jo00212a024
http://dx.doi.org/10.1016/0040-4039(81)80047-0
http://dx.doi.org/10.1016/S0040-4039(00)81598-1
http://dx.doi.org/10.1016/0022-328X(85)87356-3
http://dx.doi.org/10.1021/jo00374a047
http://dx.doi.org/10.1016/0022-328X(91)86189-W
http://dx.doi.org/10.1016/0022-328X(91)86189-W
http://dx.doi.org/10.1039/c39950000659
http://dx.doi.org/10.1039/c39950000659
http://dx.doi.org/10.1016/S0022-328X(00)80077-7
http://dx.doi.org/10.1016/S0022-328X(00)80077-7
http://dx.doi.org/10.1016/S0022-328X(00)80078-9
http://dx.doi.org/10.1016/S0022-328X(00)80078-9
http://dx.doi.org/10.1016/S0040-4039(01)97286-7
http://dx.doi.org/10.1016/S0022-328X(00)91880-1
http://dx.doi.org/10.1016/S0022-328X(00)91989-2
http://dx.doi.org/10.1021/jo00371a036
http://dx.doi.org/10.1021/ja960791y
http://www.angewandte.org


S. Ma, J. Org. Chem. 2006, 71, 2655; j) D. Zhang, J. M. Ready, J.
Am. Chem. Soc. 2006, 128, 15050.

[8] For intramolecular nickel-catalyzed alkyne–carbonyl reductive
coupling with organozinc reagents or silanes as the reductant,
see: a) E. Oblinger, J. Montgomery, J. Am. Chem. Soc. 1997, 119,
9065; b) X.-Q. Tang, J. Montgomery, J. Am. Chem. Soc. 1999,
121, 6098; c) X.-Q. Tang, J. Montgomery, J. Am. Chem. Soc.
2000, 122, 6950; d) B. Knapp-Reed, G. M. Mahandru, J. Mont-
gomery, J. Am. Chem. Soc. 2005, 127, 13156.

[9] For intermolecular nickel-catalyzed alkyne–carbonyl reductive
coupling, see: a) W.-S. Huang, J. Chan, T. F. Jamison, Org. Lett.
2000, 2, 4221; b) K. M. Miller, W.-S. Huang, T. F. Jamison, J. Am.
Chem. Soc. 2003, 125, 3442; c) K. Takai, S. Sakamoto, T. Isshiki,
Org. Lett. 2003, 5, 653; d) G. M. Mahandru, G. Liu, J. Mont-
gomery, J. Am. Chem. Soc. 2004, 126, 3698; e) T. Luanphaisarn-
nont, C. O. Ndubaku, T. F. Jamison, Org. Lett. 2005, 7, 2937; f) K.
Sa-ei, J. Montgomery, Org. Lett. 2006, 8, 4441; g) M. R.
Chaulagain, G. J. Sormunen, J. Montgomery, J. Am. Chem.
Soc. 2007, 129, 9568; h) H. A. Malik, G. J. Sormunen, J.
Montgomery, J. Am. Chem. Soc. 2010, 132, 6304.

[10] For reviews of nickel-catalyzed alkyne–carbonyl reductive
coupling, see: a) J. Montgomery, G. J. Sormunen, Top. Curr.
Chem. 2007, 279, 1; b) R. M. Moslin, K. Miller-Moslin, T. F.
Jamison, Chem. Commun. 2007, 4441.

[11] For the nickel-catalyzed alcohol-mediated reductive 1,4-addition
of alkynes to a,b-unsaturated carbonyl compounds, see: a) A.
Herath, W. Li, J. Montgomery, J. Am. Chem. Soc. 2008, 130, 469;
b) W. Li, A. Herath, J. Montgomery, J. Am. Chem. Soc. 2009,
131, 17024; c) J. H. Phillips, J. Montgomery, Org. Lett. 2010, 12,
4556.

[12] For the hydrogen-mediated reductive coupling of nonconjugated
alkynes with carbonyl compounds and imines, see: a) J.-U. Rhee,
M. J. Krische, J. Am. Chem. Soc. 2006, 128, 10674; b) E. Skucas,
J. R. Kong, M. J. Krische, J. Am. Chem. Soc. 2007, 129, 7242;
c) A. Barchuk, M.-Y. Ngai, M. J. Krische, J. Am. Chem. Soc.
2007, 129, 8432; d) M.-Y. Ngai, A. Barchuk, M. J. Krische, J. Am.
Chem. Soc. 2007, 129, 12644; e) S. B. Han, J.-R. Kong, M. J.
Krische, Org. Lett. 2008, 10, 4133.

[13] For the hydrogen-mediated reductive coupling of 1,3-enynes
with carbonyl compounds and imines, see: a) H.-Y. Jang, R. R.
Huddleston, M. J. Krische, J. Am. Chem. Soc. 2004, 126, 4664;
b) J.-R. Kong, C.-W. Cho, M. J. Krische, J. Am. Chem. Soc. 2005,
127, 11269; c) J.-R. Kong, M.-Y. Ngai, M. J. Krische, J. Am.
Chem. Soc. 2006, 128, 718; d) V. Komanduri, M. J. Krische, J.
Am. Chem. Soc. 2006, 128, 16448; e) Y.-T. Hong, C.-W. Cho, E.
Skucas, M. J. Krische, Org. Lett. 2007, 9, 3745.

[14] R. L. Patman, M. R. Chaulagain, V. M. Williams, M. J. Krische, J.
Am. Chem. Soc. 2009, 131, 2066.

[15] For reviews on ruthenium-catalyzed C�C coupling under trans-
fer-hydrogenation conditions, see: a) F. Shibahara, M. J. Krische,
Chem. Lett. 2008, 37, 1102; b) J. F. Bower, I. S. Kim, R. L.
Patman, M. J. Krische, Angew. Chem. 2009, 121, 36; Angew.
Chem. Int. Ed. 2009, 48, 34.

[16] Diene hydroformylation typically occurs in low yield to provide
complex mixtures; see: a) W. H. Clement, M. Orchin, Ind. Eng.

Chem. Prod. Res. Dev. 1965, 4, 283; b) B. Fell, H. Bahrmann, J.
Mol. Catal. 1977, 2, 211; c) H. Bahrmann, B. Fell, J. Mol. Catal.
1980, 8, 329; d) C. Botteghi, M. Branca, A. Saba, J. Organomet.
Chem. 1980, 184, C17; e) P. W. N. M. van Leeuwen, C. F. Roo-
beek, J. Mol. Catal. 1985, 31, 345; f) J. C. Chalchat, R. P. Garry,
E. Lecomte, A. Michet, Flavour Fragrance J. 1991, 6, 178; g) S.
Bertozzi, N. Campigli, G. Vitulli, R. Lazzaroni, P. Salvadori, J.
Organomet. Chem. 1995, 487, 41; h) T. Horiuchi, T. Ohta, K.
Nozaki, H. Takaya, Chem. Commun. 1996, 155; i) T. Horiuchi, T.
Ohta, E. Shirakawa, K. Nozaki, H. Takaya, Tetrahedron 1997, 53,
7795; j) H. J. V. Barros, B. E. Hanson, E. J. dos Santos, E. V.
Gusevskaya, Appl. Catal. A 2004, 278, 57; k) H. J. V. Barros, J. G.
da Silva, C. C. Guimar¼es, E. N. dos Santos, E. V. Gusevskaya,
Organometallics 2008, 27, 4523.

[17] T. Smejkal, H. Han, B. Breit, M. J. Krische, J. Am. Chem. Soc.
2009, 131, 10366.

[18] Alkyne hydroformylation typically occurs in low yield to provide
complex mixtures; see: a) I. Ojima, C.-Y. Tsai, M. Tzamariou-
daki, D. Bonafoux, Org. React. , Vol. 56, Wiley, New York, 2000,
pp. 1 – 354; b) S. Castill�n, E. Fern�ndez in Rhodium Catalyzed
Hydroformylation (Eds.: P. W. N. M. van Leeuwen, C. Claver),
Kluwer, Dordrecht, 2000, chap. 6.7, pp. 178 – 182; for the chemo-
selective but nonregioselective hydroformylation of internal
alkynes, see: c) J. R. Johnson, G. D. Cuny, S. L. Buchwald,
Angew. Chem. 1995, 107, 1877; Angew. Chem. Int. Ed. Engl.
1995, 34, 1760; d) Y. Ishii, K. Miyashita, K. Kamita, M. Hidai, J.
Am. Chem. Soc. 1997, 119, 6448; for the chemo- and regiose-
lective hydroformylation of specific alkynes, see: e) B. G.
Van den Hoven, H. Alper, J. Org. Chem. 1999, 64, 2964;
f) B. G. Van den Hoven, H. Alper, J. Org. Chem. 1999, 64,
9640; g) K. Doyama, T. Joh, S. Takahashi, T. Shiohara, Tetrahe-
dron Lett. 1986, 27, 4497.

[19] For stoichiometric and catalytic reactions of [Ru(tfa)2(CO)-
(PPh3)2] with alcohols to produce [RuH(tfa)(CO)(PPh3)2] and
an aldehyde or ketone, see: a) A. Dobson, S. D. Robinson, M. F.
Uttley, J. Chem. Soc. Dalton Trans. 1975, 370; b) A. Dobson,
S. D. Robinson, Inorg. Chem. 1977, 16, 137.

[20] For stoichiometric reactions of [HXRu(CO)(PR3)n] (X = halide
or carboxylate) with alkynes to furnish vinyl ruthenium com-
plexes, see: a) A. Dobson, D. S. Moore, S. D. Robinson, M. B.
Hursthouse, L. New, J. Organomet. Chem. 1979, 177, C8; b) A.
Dobson, D. S. Moore, S. D. Robinson, M. B. Hursthouse, L. New,
Polyhedron 1985, 4, 1119; c) S. S. Deshpande, S. Gopinathan, C.
Gopinathan, J. Organomet. Chem. 1991, 415, 265; d) A. Santos, J.
L�pez, L. Matas, J. Ros, A. Gal�n, A. M. Echavarren, Organo-
metallics 1993, 12, 4215; e) A. Santos, J. L�pez, J. Montoya, P.
Noheda, A. Romero, A. M. Echavarren, Organometallics 1994,
13, 3605.

[21] Isolable nickeladihydrofurans obtained upon intermolecular
nickel-mediated alkyne–aldehyde oxidative coupling have
been characterized by single-crystal X-ray diffraction: S.
Ogoshi, T. Arai, M. Ohashi, H. Kurusawa, Chem. Commun.
2008, 1347.

Communications

5690 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 5687 –5690

http://dx.doi.org/10.1021/jo0524021
http://dx.doi.org/10.1021/ja0647708
http://dx.doi.org/10.1021/ja0647708
http://dx.doi.org/10.1021/ja9719182
http://dx.doi.org/10.1021/ja9719182
http://dx.doi.org/10.1021/ja990997+
http://dx.doi.org/10.1021/ja990997+
http://dx.doi.org/10.1021/ja001440t
http://dx.doi.org/10.1021/ja001440t
http://dx.doi.org/10.1021/ja054590i
http://dx.doi.org/10.1021/ol006781q
http://dx.doi.org/10.1021/ol006781q
http://dx.doi.org/10.1021/ja034366y
http://dx.doi.org/10.1021/ja034366y
http://dx.doi.org/10.1021/ol0272996
http://dx.doi.org/10.1021/ja049644n
http://dx.doi.org/10.1021/ol050881k
http://dx.doi.org/10.1021/ol061579u
http://dx.doi.org/10.1021/ja072992f
http://dx.doi.org/10.1021/ja072992f
http://dx.doi.org/10.1021/ja102262v
http://dx.doi.org/10.1007/128_2007_139
http://dx.doi.org/10.1007/128_2007_139
http://dx.doi.org/10.1039/b707737h
http://dx.doi.org/10.1021/ja0781846
http://dx.doi.org/10.1021/ja9083607
http://dx.doi.org/10.1021/ja9083607
http://dx.doi.org/10.1021/ol101852w
http://dx.doi.org/10.1021/ol101852w
http://dx.doi.org/10.1021/ja0637954
http://dx.doi.org/10.1021/ja0715896
http://dx.doi.org/10.1021/ja073018j
http://dx.doi.org/10.1021/ja073018j
http://dx.doi.org/10.1021/ja075438e
http://dx.doi.org/10.1021/ja075438e
http://dx.doi.org/10.1021/ol8018874
http://dx.doi.org/10.1021/ja0316566
http://dx.doi.org/10.1021/ja051104i
http://dx.doi.org/10.1021/ja051104i
http://dx.doi.org/10.1021/ja056474l
http://dx.doi.org/10.1021/ja056474l
http://dx.doi.org/10.1021/ja0673027
http://dx.doi.org/10.1021/ja0673027
http://dx.doi.org/10.1021/ol7015548
http://dx.doi.org/10.1021/ja809456u
http://dx.doi.org/10.1021/ja809456u
http://dx.doi.org/10.1246/cl.2008.1102
http://dx.doi.org/10.1021/i360016a018
http://dx.doi.org/10.1021/i360016a018
http://dx.doi.org/10.1016/S0022-328X(00)94374-2
http://dx.doi.org/10.1016/S0022-328X(00)94374-2
http://dx.doi.org/10.1016/0022-328X(94)05107-M
http://dx.doi.org/10.1016/0022-328X(94)05107-M
http://dx.doi.org/10.1039/cc9960000155
http://dx.doi.org/10.1016/S0040-4020(97)00471-7
http://dx.doi.org/10.1016/S0040-4020(97)00471-7
http://dx.doi.org/10.1016/j.apcata.2004.09.025
http://dx.doi.org/10.1021/om800451t
http://dx.doi.org/10.1021/ja904124b
http://dx.doi.org/10.1021/ja904124b
http://dx.doi.org/10.1002/ange.19951071613
http://dx.doi.org/10.1002/anie.199517601
http://dx.doi.org/10.1002/anie.199517601
http://dx.doi.org/10.1021/ja9703887
http://dx.doi.org/10.1021/ja9703887
http://dx.doi.org/10.1021/jo9912653
http://dx.doi.org/10.1021/jo9912653
http://dx.doi.org/10.1016/S0040-4039(00)84988-6
http://dx.doi.org/10.1016/S0040-4039(00)84988-6
http://dx.doi.org/10.1039/dt9750000370
http://dx.doi.org/10.1021/ic50167a029
http://dx.doi.org/10.1016/S0022-328X(00)94088-9
http://dx.doi.org/10.1016/S0277-5387(00)84091-7
http://dx.doi.org/10.1016/0022-328X(91)80124-3
http://dx.doi.org/10.1021/om00034a070
http://dx.doi.org/10.1021/om00034a070
http://dx.doi.org/10.1021/om00021a037
http://dx.doi.org/10.1021/om00021a037
http://dx.doi.org/10.1039/b717261c
http://dx.doi.org/10.1039/b717261c
http://www.angewandte.org

