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1. Introduction

Since its discovery in 1938 by Roelen,[1] hydroformylation,
the byproduct-free synthesis of aldehydes from a-olefins and
synthesis gas (CO/H2), has grown to become one of the
largest-volume applications of homogeneous metal cataly-
sis.[2] While progress in this area continues, attempts to extend
hydroformylation and tandem hydroformylation–hydrogena-
tion[3] beyond a-olefins to 1,3-dienes,[4] allenes,[5] and al-
kynes[6] have proven challenging owing to incomplete regio-
selectivity or “over-hydroformylation” to form dialdehyde
products. Methanol and paraformaldehyde are highly tract-
able compounds derived from synthesis gas and manufac-
tured on enormous scale (Scheme 1). As certain metal
catalysts were recently shown to promote reductive C�C
couplings of p-unsaturated reactants with aldehydes using
alcohols as the hydrogen source,[7] we undertook a collabo-
rative effort to apply this technology to develop hydro-
hydroxymethylations wherein paraformaldehyde or methanol
serve as C1 feedstocks. Towards this end, highly regioselective
metal-catalyzed reductive couplings of paraformaldehyde
with 1,3-dienes,[8] allenes,[9, 10] and alkynes[11] were developed
(Scheme 2). As described in this Minireview, these processes

deliver products that cannot be formed in a selective manner
by conventional hydroformylation. Furthermore, in many
cases, complete inversion of the regioselectivity can be
enforced in reactions of dienes[8] and alkynes[11] through
careful tailoring of the catalytic system. Finally, the first
examples of methanol-mediated hydrohydroxymethylation
reactions have been demonstrated with allenes.[10]

2. Diene Hydrohydroxymethylation

The regioselective reductive coupling of paraformalde-
hyde with 2-substituted dienes at the C1, C2, and C3 positions
is achieved using metal catalysts based on nickel, cationic
ruthenium, and neutral ruthenium, respectively (Scheme 3).
In 2008, one of the authors developed a neutral ruthenium
catalyst for the reductive C�C coupling of 2-substituted 1,3-
dienes with aldehydes and the corresponding redox-neutral
C�C coupling of dienes with alcohols.[12] Under these

Ruthenium-catalyzed reductive couplings of paraformaldehyde with
dienes, alkynes, and allenes provide access to products of hydro-
hydroxymethylation that cannot be formed selectively under the
conditions of hydroformylation. In certain cases, the regioselectivity of
the C�C coupling can be inverted by using nickel catalysts. With
iridium catalysts, methanol engages in redox-neutral regioselective
hydrohydroxymethylations.

Scheme 1. Production of synthesis gas, methanol, and paraformalde-
hyde from methane.
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conditions, hydroruthenation of the monosubstituted olefin
generates a nucleophilic p-allylruthenium intermediate B,
which reacts with the carbonyl partner through the primary s-
allylruthenium haptomer in a six-centered transition structure
to furnish the C3 coupling product (Scheme 4). These cata-
lytic conditions were transferable to the reductive coupling of
2-substituted 1,3-dienes with paraformaldehyde (Sche-
me 3).[8b] As corroborated by isotopic labeling studies, neutral
ruthenium catalysts promote hydrometalation to form 1,2-
disubstituted p-allylruthenium isomers, which deliver C3 cou-
pling products. In contrast, cationic ruthenium catalysts
hydrometalate reversibly at all diene positions, enabling
access to the regioisomeric 1,1-disubstituted allylruthenium
intermediates A, which undergo formaldehyde addition to
furnish C2 coupling products that incorporate all-carbon
quaternary centers (Schemes 3 and 4).[8a] The use of cationic
ruthenium(II) catalysts in couplings of 2-substituted 1,3-
dienes with higher aldehydes results in significant erosion of
the C2 regioselectivity,[14] suggesting that a Curtin–Hammett-
type scenario is in effect. Such cationic ruthenium complexes
are readily generated through the acid–base reaction of
[RuH2(CO)(PPh3)3] and HO2CC7F15 in the presence of
DPPB.[13] In the ruthenium-catalyzed reactions to form the
C3 and C2 coupling products, isopropanol and paraformalde-
hyde both contribute as terminal reductants, the latter
resulting in the conversion of the reaction product into small
quantities of the formate ester, which are cleaved upon
isolation.

The use of paraformaldehyde as both carbonyl electro-
phile and terminal reductant was achieved in nickel(0)-
catalyzed reductive couplings of 2-substituted dienes, which
display C1 regioselectivity (Scheme 3).[8b] A catalytic mecha-
nism involving a diene–aldehyde oxidative coupling was
invoked in earlier work by Tamaru to account for the
C1 regioselectivity in the nickel(0)-catalyzed reductive cou-
pling of 2-substituted dienes with higher aldehydes using
silanes, boranes, and organozinc reagents as the terminal
reductants.[15, 16] In related mechanistic studies by Ogoshi,[17a]

the stoichiometric reaction of nickel(0) with 2-substituted
dienes and aldehydes provided isolable metallacycles. Here,
metallacycle formation was demonstrated to be reversible,
and it was shown that for the formation of the C1 adducts,
oxidative coupling was kinetically preferred. Such oxidative
pathways appear to be operative in the corresponding diene–
paraformaldehyde reductive couplings, where the observed

C1 regioselectivity would suggest a kinetically controlled
process (Scheme 5).

Based on the preceding mechanistic analysis, 2-substitu-
ents on the diene that are capable of weakening the newly
formed C�C bond of the C1 adduct might enable equilibra-
tion between p-allyl A and p-allyl B, potentially providing
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Scheme 2. Paraformaldehyde and methanol as C1 feedstocks in metal-catalyzed couplings to p-unsaturated reactants. c-Hex = cyclohexyl.
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access to the C4 adducts (Scheme 5). Trialkylsilyl or trialkyl-
stannyl substituents at the diene 2-position serve this purpose
owing to hyperconjugation of the C�Si or C�Sn s-bond with
the s-antibonding orbital of the newly formed C�C bond at
the C1 position. In agreement with this interpretation,
exposure of the indicated 2-dimethyl(phenyl)silyl- and
2-tributylstannyl-substituted butadienes to paraformaldehyde

under the conditions of nickel(0) catalysis provides the
C4 adducts as the major reaction products [Eq. (1)].[8b]

3. Alkyne Hydrohydroxymethylation

As described in several reviews,[18] numerous catalytic
systems for alkyne–carbonyl reductive couplings exist, but
they require terminal reductants that are metallic, pyrophoric,
or mass-intensive (e.g., ZnR2, BEt3, HSiR3). Recently re-
ported catalytic alkyne–carbonyl reductive couplings under
the conditions of hydrogenation[19, 20] or alcohol-mediated
transfer hydrogenation[21] overcome this limitation. Condi-
tions for the regioselective ruthenium-catalyzed reductive
coupling of nonsymmetric alkynes to para-nitrobenzaldehyde
with formic acid as the terminal reductant were previously
established.[21a] These conditions were applied successfully to

Scheme 3. Regiodivergent ruthenium- and nickel-catalyzed reductive couplings of 2-substituted 1,3-dienes to paraformaldehyde. Cited yields are of
material isolated by column chromatography on silica gel. cod= 1,5-cyclooctadiene, Cy = cyclohexyl, DPPB= 1,4-diphenylphosphinobutane,
r.r. = regioselectivity ratio.
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reductive couplings of nonsymmetric alkynes with parafor-
maldehyde, which furnished primary allylic alcohols with
good to complete levels of regioselectivity (Scheme 6).[11]

Remarkably, under the conditions of the nickel-catalyzed
reductive coupling, the isomeric allylic alcohols are formed
with good to complete levels of regioselectivity (Scheme 6).
As observed in related diene reductive couplings, deuterium
labeling studies reveal that paraformaldehyde serves as both
the electrophile and the terminal reductant for both the
ruthenium- and nickel-catalyzed reductive couplings. Con-
sequently, the reaction products are generated as formate
esters, which are hydrolyzed in the course of isolation.
Whereas in the nickel-catalyzed reactions exogenous reduc-
tants are not required, for the ruthenium-catalyzed trans-
formations, formic acid is needed to enforce complete
conversion.

The complementary regioselectivities observed in the
ruthenium- and nickel-catalyzed alkyne–paraformaldehyde
reductive couplings appear to reflect the partitioning of
hydrometalative and oxidative coupling pathways. It has been
reported that ethanol and [Ru(TFA)2(CO)(PPh3)2] react to
form acetaldehyde and [RuH(TFA)(CO)(PPh3)2], and that
[RuH(TFA)(CO)(PPh3)2] generated under these conditions
will hydrometalate alkynes to form vinylruthenium com-
plexes.[22] These stoichiometric processes support the feasi-
bility of hydrometalative pathways in ruthenium-catalyzed
alkyne–paraformaldehyde reductive couplings (Scheme 7).
The stoichiometric reaction of [Ni(cod)2] with butyne and
benzaldehyde in the presence of PCy3 delivers isolable
nickeladihydrofurans, which were characterized by single-
crystal X-ray diffraction analysis.[17b] These data support the
feasibility of oxidative coupling pathways in nickel-catalyzed
alkyne–paraformaldehyde reductive couplings (Scheme 7).

4. Allene Hydrohydroxymethylation

Nickel-catalyzed reductive couplings of allenes with
aldehydes were accomplished using silanes, boranes, and
organozinc reagents as the terminal reductants.[23] More
recently, allene–aldehyde reductive couplings were achieved
under the conditions of iridium-[24] and ruthenium-cata-
lyzed[25] hydrogenation[24a] or transfer hydrogenation.[24b,c,25]

In the presence of a ruthenium catalyst and isopropanol as the
terminal reductant, 1,1-disubstituted allenes and paraformal-
dehyde engage in reductive couplings with complete levels of
branch regioselectivity to provide the primary neopentyl
alcohols.[9a] These conditions were adapted to the use of CF3-
substituted allenes, enabling the generation of CF3-bearing
all-carbon quaternary stereocenters (Scheme 8).[9b] The direct
use of methanol as both terminal reductant and formaldehyde
precursor would allow for byproduct-free hydrohydroxyme-
thylations of p-unsaturated reactants. Remarkably, using the
indicated cyclometalated p-allyliridium C,O-benzoate com-
plex, redox-neutral C�C couplings of methanol with 1,1-
disubstituted allenes occur in good yield with complete levels
of branch regioselectivity.[10] This process is the first example

Scheme 4. C2 versus C3 regioselectivity in the ruthenium-catalyzed
reductive coupling of 2-substituted dienes with paraformaldehyde.

Scheme 5. Formation of C1 versus C4 regioisomers in the nickel-catalyzed reductive coupling of 2-substituted dienes with paraformaldehyde.
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of the direct conversion of methanol into higher alcohols
under the conditions of homogeneous catalysis (Scheme 8).

The proposed mechanism for the direct C�C coupling of
methanol with 1,1-disubstituted allenes reveals the origins of
the branch regioselectivity (Scheme 9). Entry into the cata-
lytic cycle occurs upon methanolysis of the p-allyliridium
precatalyst. The resulting iridium methoxide undergoes
b-hydride elimination to furnish formaldehyde and an iridium
hydride. Allene hydrometalation delivers an allyliridium
complex that reacts with formaldehyde by way of the primary
s-allyl haptomer through a closed six-centered transition
structure. Methanolysis of the resulting homoallylic iridium
alkoxide closes the catalytic cycle. Notably, further oxidation
of the coupling product is disabled by coordination of the
homoallylic olefin to the iridium center. Hydrometalative
mechanisms appear to be operative in the ruthenium-
catalyzed reductive couplings of 1,1-disubstituted allenes
with paraformaldehyde, which also display complete branch
regioselectivity, as corroborated by stoichiometric reactions
of [HXRu(CO)(PR3)3] (X = Cl, Br) with 1,1-disubstituted
allenes or dienes to form p-allylruthenium complexes.[26]

5. Summary and Outlook

While the hydroformylation of terminal alkenes employ-
ing synthesis gas as a C1 feedstock is a well-established
industrial process and a reliable transformation in organic
synthesis, it is of limited value for other substrate classes, such

Scheme 6. Regiodivergent ruthenium- and nickel-catalyzed reductive couplings of alkynes to paraformaldehyde. Cited yields are of material
isolated by column chromatography on silica gel. TFA = trifluoroacetate.

Scheme 7. Complementary regioselectivity in the ruthenium- and nick-
el-catalyzed alkyne–paraformaldehyde reductive couplings by partition-
ing of the hydrometalative and oxidative coupling pathways.
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as 1,3-dienes, alkynes, and allenes, owing to the incomplete
control of the chemo- and regioselectivity. We have demon-
strated that in these cases, the use of alternative C1 sources,
such as formaldehyde and methanol, in the presence of
suitable ruthenium, nickel, or iridium catalysts can overcome
the limitations evident in hydroformylation. Specifically,
2-substituted 1,3-dienes can be coupled in a site-selective
manner at each of the four carbon atoms depending on the
catalyst employed to furnish products of hydrohydroxyme-
thylation. Similarly, nonsymmetric alkynes could be trans-
formed into the C1-elongated trisubstituted allylic alcohols in
a regiodivergent manner employing either ruthenium or
nickel catalysts. For 1,1-disubstituted allenes, paraformalde-
hyde or methanol can serve as the C1 source in hydro-
hydroxymethylations that furnish all-carbon quaternary cen-
ters. Although process optimization is yet required to enhance

catalytic efficiency, these new transformations offer a poten-
tial alternative to the hydroformylation of p-unsaturated
reactants beyond a-olefins, and in certain cases represent the
only catalytic methods available to accomplish these partic-
ular C1 homologations.
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Scheme 8. Regioselective ruthenium-catalyzed reductive couplings of 1,1-disubstituted allenes with paraformaldehyde and related redox-neutral
iridium-catalyzed C�C couplings with methanol. Cited yields are of material isolated by column chromatography on silica gel.
DPPM= methylenebis[(diphenyl)phosphine].

.Angewandte
Minireviews

B. Breit, M. J. Krische, and B. Sam

3272 www.angewandte.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 3267 – 3274

http://www.angewandte.org


[1] O. Roelen, Chemische Verwertungsgesellschaft mbH, Oberhau-
sen, German Patent DE 849,548, 1938/1952 ; O. Roelen, Chemi-
sche Verwertungsgesellschaft mbH, Oberhausen, U.S. Patent
2,327,066, 1943 ; Chem. Abstr. 1944, 38, 550.

[2] For selected reviews on hydroformylation, see: a) K. Weisser-
mel, H. J. Arpe, Industrial Organic Chemistry, Wiley-VCH,
Weinheim, 2003, pp. 127 – 141; b) Rhodium Catalyzed Hydro-
formylation (Eds.: P. W. N. M. van Leeuwen, C. Claver), Kluwer,
Dordrecht, 2000 ; c) B. Breit, W. Seiche, Synthesis 2001, 1 – 36;
d) P. Kalck, Y. Peres, J. Jenck, Adv. Organomet. Chem. 1991, 32,
121 – 146; e) R. Franke, D. Selent, A. Bçrner, Chem. Rev. 2012,
112, 5675 – 5732.

[3] For selected examples of tandem hydroformylation–hydrogena-
tion processes, see: a) L. H. Slaugh, P. Hill, R. D. Mullineaux
(Shell Oil Company), US 3239569, 1966 ; b) J. K. MacDougall,
D. J. Cole-Hamilton, J. Chem. Soc. Chem. Commun. 1990, 165 –
167; c) T. Ichihara, K. Nakano, M. Katayama, K. Nozaki, Chem.
Asian J. 2008, 3, 1722 – 1728; d) L. Diab, T. Smejkal, J. Geier, B.
Breit, Angew. Chem. Int. Ed. 2009, 48, 8022 – 8026; Angew.
Chem. 2009, 121, 8166 – 8170; e) I. I. F. Boogaerts, D. F. S. White,
D. J. Cole-Hamilton, Chem. Commun. 2010, 46, 2194 – 2196;
f) D. Fuchs, G. Rousseau, L. Diab, U. Gellrich, B. Breit, Angew.
Chem. Int. Ed. 2012, 51, 2178 – 2182; Angew. Chem. 2012, 124,
2220 – 2224; g) K. Takahashi, M. Yamashita, T. Ichihara, K.
Nakano, K. Nozaki, Angew. Chem. Int. Ed. 2010, 49, 4488 – 4490;
Angew. Chem. 2010, 122, 4590 – 4592; h) K. Takahashi, M.
Yamashita, K. Nozaki, J. Am. Chem. Soc. 2012, 134, 18746 –
18757; i) Y. Yuki, K. Takahashi, Y. Tanaka, K. Nozaki, J. Am.
Chem. Soc. 2013, 135, 17393 – 17400; j) I. Fleischer, K. M.
Dyballa, R. Jennerjahn, R. Jackstell, R. Franke, A. Spannenberg,
M. Beller, Angew. Chem. Int. Ed. 2013, 52, 2949 – 2953; Angew.
Chem. 2013, 125, 3021 – 3025; k) L. Wu, I. Fleischer, R. Jackstell,
I. Profir, R. Franke, M. Beller, J. Am. Chem. Soc. 2013, 135,
14306 – 14312.

[4] For selected examples of 1,3-diene hydroformylation, see:
a) W. H. Clement, M. Orchin, Ind. Eng. Chem. Prod. Res. Dev.
1965, 4, 283 – 286; b) B. Fell, H. Bahrmann, J. Mol. Catal. 1977, 2,
211 – 218; c) H. Bahrmann, B. Fell, J. Mol. Catal. 1980, 8, 329 –
337; d) C. Botteghi, M. Branca, A. Saba, J. Organomet. Chem.
1980, 184, C17 – C19; e) P. W. N. M. van Leeuwen, C. F. Roo-
beek, J. Mol. Catal. 1985, 31, 345 – 353; f) J. C. Chalchat, R. P.
Garry, E. Lecomte, A. Michet, Flavour Fragrance J. 1991, 6,

179 – 182; g) S. Bertozzi, N. Campigli, G. Vitulli, R. Lazzaroni, P.
Salvadori, J. Organomet. Chem. 1995, 487, 41 – 45; h) T. Hori-
uchi, T. Ohta, K. Nozaki, H. Takaya, Chem. Commun. 1996,
155 – 156; i) T. Horiuchi, T. Ohta, E. Shirakawa, K. Nozaki, H.
Takaya, Tetrahedron 1997, 53, 7795 – 7804; j) P. Liu, E. N.
Jacobsen, J. Am. Chem. Soc. 2001, 123, 10772 – 10773;
k) H. J. V. Barros, B. E. Hanson, E. N. dos Santos, E. V. Gusev-
skaya, Appl. Catal. A 2004, 278, 57 – 63; l) H. J. V. Barros, J. G.
da Silva, C. C. Guimar¼es, E. N. dos Santos, E. V. Gusevskaya,
Organometallics 2008, 27, 4523 – 4531; m) A. L. Watkins, C. R.
Landis, Org. Lett. 2011, 13, 164 – 167; n) T. E. Smith, S. J. Fink,
Z. G. Levine, K. A. McClelland, A. A. Zackheim, M. E. Daub,
Org. Lett. 2012, 14, 1452 – 1455.

[5] For selected examples of allene hydroformylation, see: a) B.
Fell, M. Beutler, Erdçl Kohle Erdgas 1976, 29, 149 – 153; b) H.
Guo, S. Ma, Adv. Synth. Catal. 2008, 350, 1213 – 1217.

[6] For selected examples of alkyne hydroformylation, see: a) K.
Doyama, T. Joh, S. Takahashi, T. Shiohara, Tetrahedron Lett.
1986, 27, 4497 – 4500; b) J. R. Johnson, G. D. Cuny, S. L. Buch-
wald, Angew. Chem. Int. Ed. Engl. 1995, 34, 1760 – 1761; Angew.
Chem. 1995, 107, 1877 – 1879; c) Y. Ishii, K. Miyashita, K.
Kamita, M. J. Hidai, J. Am. Chem. Soc. 1997, 119, 6448 – 6449;
d) B. G. Van den Hoven, H. Alper, J. Org. Chem. 1999, 64, 3964 –
3968; e) B. G. Van den Hoven, H. Alper, J. Org. Chem. 1999, 64,
9640 – 9645; f) V. Agabekov, W. Seiche, B. Breit, Chem. Sci. 2013,
4, 2418 – 2422; g) X. Fang, M. Zhang, R. Jackstell, M. Beller,
Angew. Chem. Int. Ed. 2013, 52, 4645 – 4649; Angew. Chem.
2013, 125, 4743 – 4747; h) X. Fang, R. Jackstell, M. Beller, Chem.
Eur. J. 2014, 20, 7939 – 7942.

[7] For selected reviews on C�C bond forming hydrogenation and
transfer hydrogenation, see: a) J. F. Bower, I. S. Kim, R. L.
Patman, M. J. Krische, Angew. Chem. Int. Ed. 2009, 48, 34 – 46;
Angew. Chem. 2009, 121, 36 – 48; b) R. L. Patman, J. F. Bower,
I. S. Kim, M. J. Krische, Aldrichimica Acta 2008, 41, 95 – 104;
c) S. B. Han, I. S. Kim, M. J. Krische, Chem. Commun. 2009,
7278 – 7287; d) J. F. Bower, M. J. Krische, Top. Organomet.
Chem. 2011, 43, 107 – 138; e) A. Hassan, M. J. Krische, Org.
Process Res. Dev. 2011, 15, 1236 – 1242; f) J. Moran, M. J.
Krische, Pure Appl. Chem. 2012, 84, 1729 – 1739.

[8] For metal-catalyzed reductive couplings of 1,3-dienes with
paraformaldehyde, see: a) T. Smejkal, H. Han, B. Breit, M. J.
Krische, J. Am. Chem. Soc. 2009, 131, 10366 – 10367; b) A.

Scheme 9. General catalytic mechanism for the iridium-catalyzed C�C coupling of methanol with 1,1-disubstituted allenes.

Hydrohydroxymethylation
Angewandte

Chemie

3273Angew. Chem. Int. Ed. 2015, 54, 3267 – 3274 � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/cr3001803
http://dx.doi.org/10.1021/cr3001803
http://dx.doi.org/10.1039/c39900000165
http://dx.doi.org/10.1039/c39900000165
http://dx.doi.org/10.1002/asia.200800163
http://dx.doi.org/10.1002/asia.200800163
http://dx.doi.org/10.1002/anie.200903620
http://dx.doi.org/10.1002/ange.200903620
http://dx.doi.org/10.1002/ange.200903620
http://dx.doi.org/10.1039/b927236d
http://dx.doi.org/10.1002/anie.201108946
http://dx.doi.org/10.1002/anie.201108946
http://dx.doi.org/10.1002/ange.201108946
http://dx.doi.org/10.1002/ange.201108946
http://dx.doi.org/10.1002/anie.201001327
http://dx.doi.org/10.1002/ange.201001327
http://dx.doi.org/10.1021/ja307998h
http://dx.doi.org/10.1021/ja307998h
http://dx.doi.org/10.1021/ja407523j
http://dx.doi.org/10.1021/ja407523j
http://dx.doi.org/10.1002/anie.201207133
http://dx.doi.org/10.1021/ja4060977
http://dx.doi.org/10.1021/ja4060977
http://dx.doi.org/10.1021/i360016a018
http://dx.doi.org/10.1021/i360016a018
http://dx.doi.org/10.1016/0304-5102(77)80054-0
http://dx.doi.org/10.1016/0304-5102(77)80054-0
http://dx.doi.org/10.1016/0304-5102(80)80074-5
http://dx.doi.org/10.1016/0304-5102(80)80074-5
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/10.1016/0304-5102(85)85117-8
http://dx.doi.org/10.1002/ffj.2730060303
http://dx.doi.org/10.1002/ffj.2730060303
http://dx.doi.org/10.1016/0022-328X(94)05107-M
http://dx.doi.org/10.1039/cc9960000155
http://dx.doi.org/10.1039/cc9960000155
http://dx.doi.org/10.1016/S0040-4020(97)00471-7
http://dx.doi.org/10.1021/ja016893s
http://dx.doi.org/10.1016/j.apcata.2004.09.025
http://dx.doi.org/10.1021/om800451t
http://dx.doi.org/10.1021/ol102797t
http://dx.doi.org/10.1021/ol300194x
http://dx.doi.org/10.1002/adsc.200800087
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/10.1002/anie.199517601
http://dx.doi.org/10.1002/ange.19951071613
http://dx.doi.org/10.1002/ange.19951071613
http://dx.doi.org/10.1021/ja9703887
http://dx.doi.org/10.1021/jo982425y
http://dx.doi.org/10.1021/jo982425y
http://dx.doi.org/10.1021/jo9912653
http://dx.doi.org/10.1021/jo9912653
http://dx.doi.org/10.1039/c3sc50725d
http://dx.doi.org/10.1039/c3sc50725d
http://dx.doi.org/10.1002/anie.201300759
http://dx.doi.org/10.1002/ange.201300759
http://dx.doi.org/10.1002/ange.201300759
http://dx.doi.org/10.1002/chem.201402981
http://dx.doi.org/10.1002/chem.201402981
http://dx.doi.org/10.1002/anie.200802938
http://dx.doi.org/10.1002/ange.200802938
http://dx.doi.org/10.1039/b917243m
http://dx.doi.org/10.1039/b917243m
http://dx.doi.org/10.1021/op200195m
http://dx.doi.org/10.1021/op200195m
http://dx.doi.org/10.1021/ja904124b
http://www.angewandte.org


Kçpfer, B. Sam, B. Breit, M. J. Krische, Chem. Sci. 2013, 4, 1876 –
1880.

[9] For metal-catalyzed reductive couplings of allenes with para-
formaldehyde, see: a) M.-Y. Ngai, E. Skucas, M. J. Krische, Org.
Lett. 2008, 10, 2705 – 2708; b) B. Sam, T. P. Montgomery, M. J.
Krische, Org. Lett. 2013, 15, 3790 – 3793.

[10] For a metal-catalyzed redox-neutral coupling of allenes with
methanol, see: J. Moran, A. Preetz, R. A. Mesch, M. J. Krische,
Nat. Chem. 2011, 3, 287 – 289.

[11] For a metal-catalyzed reductive coupling of alkynes with
paraformaldehyde, see: C. C. Bausch, R. L. Patman, B. Breit,
M. J. Krische, Angew. Chem. Int. Ed. 2011, 50, 5687 – 5690;
Angew. Chem. 2011, 123, 5805 – 5808.

[12] For ruthenium- and iridium-catalyzed reductive C�C couplings
of conjugated dienes with aldehydes and the corresponding
redox-neutral C�C couplings of dienes with alcohols, see: a) F.
Shibahara, J. F. Bower, M. J. Krische, J. Am. Chem. Soc. 2008,
130, 6338 – 6339; b) J. F. Bower, R. L. Patman, M. J. Krische,
Org. Lett. 2008, 10, 1033 – 1035; c) J. R. Zbieg, T. Fukuzumi,
M. J. Krische, Adv. Synth. Catal. 2010, 352, 2416 – 2420; d) J. R.
Zbieg, J. Moran, M. J. Krische, J. Am. Chem. Soc. 2011, 133,
10582 – 10586; e) J. R. Zbieg, E. Yamaguchi, E. L. McInturff,
M. J. Krische, Science 2012, 336, 324 – 327; f) E. L. McInturff, E.
Yamaguchi, M. J. Krische, J. Am. Chem. Soc. 2012, 134, 20628 –
20631.

[13] A. Dobson, S. R. Robinson, M. F. Uttley, J. Chem. Soc. Dalton
Trans. 1975, 370 – 377.

[14] H. Han, M. J. Krische, Org. Lett. 2010, 12, 2844 – 2846.
[15] For selected examples of nickel-catalyzed diene–aldehyde

reductive couplings, see: a) M. Kimura, A. Ezoe, K. Shibata,
Y. Tamaru, J. Am. Chem. Soc. 1998, 120, 4033 – 4034; b) M.
Takimoto, Y. Hiraga, Y. Sato, M. Mori, Tetrahedron Lett. 1998,
39, 4543 – 4546; c) M. Kimura, H. Fujimatsu, A. Ezoe, K.
Shibata, M. Shimizu, S. Matsumoto, Y. Tamaru, Angew. Chem.
Int. Ed. 1999, 38, 397 – 400; Angew. Chem. 1999, 111, 410 – 413;
d) M. Kimura, K. Shibata, Y. Koudahashi, Y. Tamaru, Tetrahe-
dron Lett. 2000, 41, 6789 – 6793; e) M. Kimura, A. Ezoe, S.
Tanaka, Y. Tamaru, Angew. Chem. Int. Ed. 2001, 40, 3600 – 3602;
Angew. Chem. 2001, 113, 3712 – 3714; f) T.-P. Loh, H.-Y. Song, Y.
Zhou, Org. Lett. 2002, 4, 2715 – 2717; g) Y. Sato, R. Sawaki, N.
Saito, M. Mori, J. Org. Chem. 2002, 67, 656 – 662; h) M. Kimura,
A. Ezoe, M. Mori, K. Iwata, Y. Tamaru, J. Am. Chem. Soc. 2006,
128, 8559 – 8568; i) Y. Yang, S.-F. Zhu, H.-F. Duan, C.-Y. Zhou,
L.-X. Wang, Q.-L. Zhou, J. Am. Chem. Soc. 2007, 129, 2248 –
2249; j) Y. Sato, Y. Hinata, R. Seki, Y. Oonishi, N. Saito, Org.
Lett. 2007, 9, 5597 – 5599.

[16] For a review on nickel-catalyzed diene – aldehyde reductive
couplings, see: M. Kimura, Y. Tamaru, Top. Curr. Chem. 2007,
279, 173 – 207.

[17] Metallacycles obtained upon nickel-mediated diene–aldehyde
and alkyne–aldehyde oxidative couplings have been isolated and
characterized by single-crystal X-ray diffraction; see: a) S.
Ogoshi, K.-I. Tonomori, M.-A. Oka, H. Kurosawa, J. Am. Chem.
Soc. 2006, 128, 7077 – 7086; b) S. Ogoshi, T. Arai, M. Ohashi, H.
Kurusawa, Chem. Commun. 2008, 1347 – 1349.

[18] For reviews on nickel-catalyzed alkyne–carbonyl reductive
couplings, see: a) J. Montgomery, G. J. Sormunen, Top. Curr.
Chem. 2007, 279, 1 – 23; b) R. M. Moslin, K. Miller-Moslin, T. F.
Jamison, Chem. Commun. 2007, 4441 – 4449.

[19] For hydrogen-mediated reductive couplings of non-conjugated
alkynes with carbonyl compounds and imines, see: a) J.-U. Rhee,
M. J. Krische, J. Am. Chem. Soc. 2006, 128, 10674 – 10675; b) E.
Skucas, J. R. Kong, M. J. Krische, J. Am. Chem. Soc. 2007, 129,
7242 – 7243; c) A. Barchuk, M.-Y. Ngai, M. J. Krische, J. Am.
Chem. Soc. 2007, 129, 8432 – 8433; d) M.-Y. Ngai, A. Barchuk,
M. J. Krische, J. Am. Chem. Soc. 2007, 129, 12644 – 12645;

e) S. B. Han, J.-R. Kong, M. J. Krische, Org. Lett. 2008, 10, 4133 –
4135.

[20] For hydrogen-mediated reductive couplings 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 –
4668; b) J.-R. Kong, C.-W. Cho, M. J. Krische, J. Am. Chem. Soc.
2005, 127, 11269 – 11276; c) J.-R. Kong, M.-Y. Ngai, M. J.
Krische, J. Am. Chem. Soc. 2006, 128, 718 – 719; d) V. Koman-
duri, M. J. Krische, J. Am. Chem. Soc. 2006, 128, 16448 – 16449;
e) Y.-T. Hong, C.-W. Cho, E. Skucas, M. J. Krische, Org. Lett.
2007, 9, 3745 – 3748.

[21] a) R. L. Patman, M. R. Chaulagain, V. M. Williams, M. J.
Krische, J. Am. Chem. Soc. 2009, 131, 2066 – 2067; b) J. C.
Leung, R. L. Patman, B. Sam, M. J. Krische, Chem. Eur. J. 2011,
17, 12437 – 12443; c) K. Nakai, Y. Yoshida, T. Kurahashi, S.
Matsubara, J. Am. Chem. Soc. 2014, 136, 7797 – 7800; d) B. Y.
Park, K. D. Nguyen, M. R. Chaulagain, V. Komanduri, M. J.
Krische, J. Am. Chem. Soc. 2014, 136, 11902 – 11905.

[22] For the stoichiometric reaction of [HXRu(CO)(PR3)n] (X = ha-
lide, carboxylate) with alkynes to furnish vinylruthenium com-
plexes, see: a) A. Dobson, D. S. Moore, S. D. Robinson, M. B.
Hursthouse, L. New, J. Organomet. Chem. 1979, 177, C8 – C12;
b) A. Dobson, D. S. Moore, S. D. Robinson, M. B. Hursthouse,
L. New, Polyhedron 1985, 4, 1119 – 1130; c) S. S. Deshpande, S.
Gopinathan, C. Gopinathan, J. Organomet. Chem. 1991, 415,
265 – 270; d) A. Santos, J. L�pez, L. Matas, J. Ros, A. Gal�n,
A. M. Echavarren, Organometallics 1993, 12, 4215 – 4218; e) A.
Santos, J. L�pez, J. Montoya, P. Noheda, A. Romero, A. M.
Echavarren, Organometallics 1994, 13, 3605 – 3615.

[23] For selected examples of nickel-catalyzed allene–aldehyde
reductive couplings, see: a) K. K. D. Amarasinghe, J. Montgom-
ery, J. Am. Chem. Soc. 2002, 124, 9366 – 9367; b) J. Montgomery,
M. Song, Org. Lett. 2002, 4, 4009 – 4011; c) S.-K. Kang, S.-K.
Yoon, Chem. Commun. 2002, 2634 – 2635; d) M. Takimoto, M.
Kawamura, M. Mori, Org. Lett. 2003, 5, 2599 – 2601; e) M.
Takimoto, M. Kawamura, M. Mori, Synthesis 2004, 791 – 795;
f) M. Song, J. Montgomery, Tetrahedron 2005, 61, 11440 – 11448;
g) S.-S. Ng, T. F. Jamison, J. Am. Chem. Soc. 2005, 127, 7320 –
7321; h) S.-S. Ng, T. F. Jamison, Tetrahedron 2005, 61, 11405 –
11417; i) S.-S. Ng, T. F. Jamison, Tetrahedron 2006, 62, 11350 –
11359; for a computational study, see: j) H. P. Hratchian, S. K.
Chowdhury, V. M. Guti�rrez-Garc�a, K. K. D. Amarasinghe,
M. J. Heeg, H. B. Schlegel, J. Montgomery, Organometallics
2004, 23, 4636 – 4646.

[24] For iridium-catalyzed allene–aldehyde reductive couplings un-
der hydrogenation and transfer hydrogenation conditions, see:
a) E. Skucas, J. F. Bower, M. J. Krische, J. Am. Chem. Soc. 2007,
129, 12678 – 12679; b) J. F. Bower, E. Skucas, R. L. Patman, M. J.
Krische, J. Am. Chem. Soc. 2007, 129, 15134 – 15135; c) S. B.
Han, I. S. Kim, H. Han, M. J. Krische, J. Am. Chem. Soc. 2009,
131, 6916 – 6917.

[25] For ruthenium-catalyzed allene–aldehyde reductive couplings
under transfer hydrogenation conditions, see: a) E. Skucas, J. R.
Zbieg, M. J. Krische, J. Am. Chem. Soc. 2009, 131, 5054 – 5055;
b) J. R. Zbieg, E. L. McInturff, M. J. Krische, Org. Lett. 2010, 12,
2514 – 2516; c) J. R. Zbieg, E. L. McInturff, J. C. Leung, M. J.
Krische, J. Am. Chem. Soc. 2011, 133, 1141 – 1144.

[26] For leading references on the stoichiometric reaction of
[HXRu(CO)(PR3)3] (X = Cl, Br) with allenes or dienes to
furnish p-allylruthenium complexes, see: a) K. Hiraki, N. Ochi,
Y. Sasada, H. Hayashida, Y. Fuchita, S. Yamanaka, J. Chem. Soc.
Dalton Trans. 1985, 873 – 877; b) A. F. Hill, C. T. Ho, D. E. T.
Wilton-Ely, Chem. Commun. 1997, 2207 – 2208; c) P. Xue, S. Bi,
H. H. Y. Sung, I. D. Williams, Z. Lin, G. Jia, Organometallics
2004, 23, 4735 – 4743.

.Angewandte
Minireviews

B. Breit, M. J. Krische, and B. Sam

3274 www.angewandte.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 3267 – 3274

http://dx.doi.org/10.1039/c3sc22051f
http://dx.doi.org/10.1039/c3sc22051f
http://dx.doi.org/10.1021/ol800836v
http://dx.doi.org/10.1021/ol800836v
http://dx.doi.org/10.1021/ol401771a
http://dx.doi.org/10.1038/nchem.1001
http://dx.doi.org/10.1002/anie.201101496
http://dx.doi.org/10.1002/ange.201101496
http://dx.doi.org/10.1021/ja801213x
http://dx.doi.org/10.1021/ja801213x
http://dx.doi.org/10.1021/ol800159w
http://dx.doi.org/10.1002/adsc.201000599
http://dx.doi.org/10.1021/ja2046028
http://dx.doi.org/10.1021/ja2046028
http://dx.doi.org/10.1126/science.1219274
http://dx.doi.org/10.1021/ja311208a
http://dx.doi.org/10.1021/ja311208a
http://dx.doi.org/10.1039/dt9750000370
http://dx.doi.org/10.1039/dt9750000370
http://dx.doi.org/10.1021/ol101077v
http://dx.doi.org/10.1021/ja973847c
http://dx.doi.org/10.1016/S0040-4039(98)00827-2
http://dx.doi.org/10.1016/S0040-4039(98)00827-2
http://dx.doi.org/10.1002/(SICI)1521-3773(19990201)38:3%3C397::AID-ANIE397%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/(SICI)1521-3773(19990201)38:3%3C397::AID-ANIE397%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/(SICI)1521-3757(19990201)111:3%3C410::AID-ANGE410%3E3.0.CO;2-H
http://dx.doi.org/10.1016/S0040-4039(00)01079-0
http://dx.doi.org/10.1016/S0040-4039(00)01079-0
http://dx.doi.org/10.1002/1521-3773(20011001)40:19%3C3600::AID-ANIE3600%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1521-3757(20011001)113:19%3C3712::AID-ANGE3712%3E3.0.CO;2-T
http://dx.doi.org/10.1021/ol026216i
http://dx.doi.org/10.1021/jo0106086
http://dx.doi.org/10.1021/ja0608904
http://dx.doi.org/10.1021/ja0608904
http://dx.doi.org/10.1021/ja0693183
http://dx.doi.org/10.1021/ja0693183
http://dx.doi.org/10.1021/ol702543m
http://dx.doi.org/10.1021/ol702543m
http://dx.doi.org/10.1007/128_2007_121
http://dx.doi.org/10.1007/128_2007_121
http://dx.doi.org/10.1021/ja060580l
http://dx.doi.org/10.1021/ja060580l
http://dx.doi.org/10.1039/b717261c
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/ja0637954
http://dx.doi.org/10.1021/ja0715896
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/ol8018874
http://dx.doi.org/10.1021/ol8018874
http://dx.doi.org/10.1021/ja0316566
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/ja0673027
http://dx.doi.org/10.1021/ol7015548
http://dx.doi.org/10.1021/ol7015548
http://dx.doi.org/10.1021/ja809456u
http://dx.doi.org/10.1002/chem.201101554
http://dx.doi.org/10.1002/chem.201101554
http://dx.doi.org/10.1021/ja500666h
http://dx.doi.org/10.1021/ja505962w
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/10.1016/0022-328X(91)80124-3
http://dx.doi.org/10.1021/om00034a070
http://dx.doi.org/10.1021/om00021a037
http://dx.doi.org/10.1021/ja027148y
http://dx.doi.org/10.1021/ol026670m
http://dx.doi.org/10.1039/b207620a
http://dx.doi.org/10.1021/ol034480l
http://dx.doi.org/10.1016/j.tet.2005.08.066
http://dx.doi.org/10.1021/ja0521831
http://dx.doi.org/10.1021/ja0521831
http://dx.doi.org/10.1016/j.tet.2005.08.063
http://dx.doi.org/10.1016/j.tet.2005.08.063
http://dx.doi.org/10.1016/j.tet.2006.05.006
http://dx.doi.org/10.1016/j.tet.2006.05.006
http://dx.doi.org/10.1021/om049471a
http://dx.doi.org/10.1021/om049471a
http://dx.doi.org/10.1021/ja075971u
http://dx.doi.org/10.1021/ja075971u
http://dx.doi.org/10.1021/ja077389b
http://dx.doi.org/10.1021/ja902437k
http://dx.doi.org/10.1021/ja902437k
http://dx.doi.org/10.1021/ja900827p
http://dx.doi.org/10.1021/ol1007235
http://dx.doi.org/10.1021/ol1007235
http://dx.doi.org/10.1021/ja1104156
http://dx.doi.org/10.1039/dt9850000873
http://dx.doi.org/10.1039/dt9850000873
http://dx.doi.org/10.1039/a704157h
http://dx.doi.org/10.1021/om049646g
http://dx.doi.org/10.1021/om049646g
http://www.angewandte.org

