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ABSTRACT: Hydrogenation of π-unsaturated reactants in the presence of carbonyl compounds or imines promotes reductive
C�C coupling, providing a byproduct-free alternative to stoichiometric organometallic reagents in an ever-increasing range of CdX
(X=O,NR) additions. Under transfer hydrogenation conditions, hydrogen exchange between alcohols andπ-unsaturated reactants
triggers generation of electrophile�nucleophile pairs, enabling carbonyl addition directly from the alcohol oxidation level, bypassing
discrete alcohol oxidation and generation of stoichiometric byproducts.

1. INTRODUCTION

A principal characteristic of a “process-relevant”method is the
ability to transform abundant, renewable feedstocks to value-
added products in the absence of stoichiometric byproducts.1

This characteristic is embodied by catalytic hydrogenation,2

which has found broad use across all segments of the chemical
industry, including the manufacture of chiral pharmaceutical
ingredients on scale.3 Similarly, alkene hydroformylation,4 which
may be viewed as the prototypical C�C bond forming hydro-
genation, combines basic feedstocks (synthesis gas and α-
olefins) with complete atom economy to produce aldehydes.5,6

Presently, hydroformylation ranks as the largest volume applica-
tion of homogeneous metal catalysis.

Given the broad impact of hydrogenation and hydroformyla-
tion on chemical manufacture, a systematic effort to discover
hydrogen-mediated C�C bond formations beyond hydroformy-
lation was undertaken in our laboratory.7�9 Remarkably, it was
found that hydrogenation of π-unsaturated reactants in the
presence of carbonyl compounds or imines promotes reductive
C�C coupling, providing an alternative to stoichiometric orga-
nometallic reagents in a range of CdX (X = O, NR) additions.
Further, under transfer hydrogenation conditions, hydrogen
exchange between alcohols and π-unsaturated reactants was
found to trigger generation of electrophile�nucleophile pairs,
enabling carbonyl addition directly from the alcohol oxidation
level, bypassing discrete alcohol oxidation10 and generation of
stoichiometric byproducts (Scheme 1).

In this account, a concise overview of enantioselective C�C
bond forming hydrogenations and transfer hydrogenations is
provided. This account is not exhaustive but is meant to survey
functional group interconversions with attention to processes of
greatest potential synthetic utility. More detailed discussions of
mechanism and stereochemistry are provided in the primary
literature, and individual topics encompassed in this review are
presented in several recent monographs.7

2. C�C BOND FORMING HYDROGENATION

Despite its routine use for well over a century, alkene hydro-
formylation and the parent Fischer�Tropsch process remained

the only examples of hydrogen-mediated reductive coupling at
the onset of our studies.4�6 Hence, it became necessary to
identify a mechanistic pathway that would unlock hydrogenation
for C�C bond formation. Whereas neutral rhodium complexes
engage in rapid hydrogen oxidative addition,11 hydrogen oxidative
addition is turnover limiting for cationic rhodium catalysts.12,13

Thus, using cationic complexes of rhodium, it was found that the
diminished rate of hydrogen oxidative addition and the avail-
ability of an additional coordination site conspire to promote
oxidative coupling to formmetallacyclic intermediates, which are
subject to hydrogenolysis to form products of reductive C�C
bond formation in the absence of byproducts (Scheme 2).

Through the implementation of oxidative coupling pathways,
numerous C�C bond forming hydrogenations were developed.
For example, hydrogenation of enones in the presence of
aldehydes employing a cationic rhodium catalyst modified by a
TADDOL-like phosphonite ligand delivers products of reductive
aldol addition with high levels of relative and absolute
stereocontrol.14 Similarly, high levels of substrate directed asym-
metric induction are achieved in hydrogen-mediated reductive
aldol additions to N-Boc-α-amino aldehydes.15 Notably, due to
the configurational instability of N-Boc-α-amino aldehydes,
corresponding additions of alkali enolates are unknown. This
reactivity pattern is applicable to other activated olefins, as demon-
strated by hydrogen-mediated coupling of 2-vinylpyridines and
N-arylsulfonyl imines to furnish branched products of imine
addition.16 In each case, syn-diastereoselectivity is observed, as
the adjacent substituents about the metallacyclic intermediate
prefer a trans-orientation (Scheme 3).

Hydrogenation of alkynes in the presence of carbonyl and
imine partners provides allylic alcohols and allylic amines, respec-
tively, in the absence of stoichiometric byproducts. For example,
hydrogenation of acetylenic aldehydes employing a cationic rho-
dium catalyst induces reductive cyclization to form enantio-
merically enriched heterocycles.17 Using cationic iridium
catalysts, hydrogenation of 1,2-dialkyl substituted alkynes in
the presence of N-arylsulfonyl imines provides trisubstituted
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allylic amines.18 For both processes, complete levels of E/Z
selectivity (g95:5) are observed. Such alkyne-CdX (XdO,NR)
reductive couplings bypass use of preformed vinylmetal reagents
(Scheme 4).

Underscoring functional group compatibility, conjugated en-
ynes participate in reductive couplings to diverse heterocyclic
aromatic aldehydes and ketones to provide heteroaryl substituted
secondary and tertiary carbinols, respectively. Using rhodium

catalysts modified by (R)-tol-BINAP or (R)-xylyl-WALPHOS,
uniformly high levels of enantioselectivity are observed. Manip-
ulation of the dienemoiety of the coupling products allows access
to a variety of functional group arrays (Scheme 5).19

Using cationic rhodium catalysts, hydrogenation of conju-
gated alkynes in the presence of glyoxalates and pyruvates
provides the corresponding α-hydroxy esters with high levels
of enantiomeric enrichment.20 Conjugated enynes and diynes

Scheme 1. Hydrogen-mediated C�C bond formations beyond hydroformylation

Scheme 2. Cationic rhodium complexes promote hydrogen-
mediated reductive coupling via oxidative coupling pathways

Scheme 5. Hydrogen-mediated couplings of 1,3-enynes with
heterocyclic aromatic aldehydes or ketones

Scheme 3. Hydrogenation of activated olefins to form
products of C�C bond formation

Scheme 4. Intra- and intermolecular hydrogen-mediated
C�C coupling of unactivated alkynes
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also participate in reductive couplings to (N-sulfinyl)iminoacetates
under the conditions of rhodium catalyzed hydrogenation.21

Using an appropriately substituted N-sulfinyl substituent,22 the
corresponding β,γ-unsaturated α-amino acid esters are gener-
ated as single diastereomers. Exhaustive hydrogenation of the
diene or enyne side chain of the C�C coupling product provides
access to β-substituted α-amino acids (Scheme 6).

The hydrogen-mediated reductive coupling of acetylene in the
presence of carbonyl and imine partners provides products of
(Z)-butadienylation.23 As corroborated by isotopic labeling, ESI-
MS, and computational studies,24 the reaction occurs through an
unusual mechanism involving formation of a rhodacyclopentadiene25

followed by CdX (X = O, NR) insertion and hydrogenolysis of
the seven-membered metallacycle. Using chirally modified ca-
tionic rhodium catalysts, allylic alcohols and allylic amines are
formed in highly optically enriched form. Hydrogenative cou-
pling of acetylene to α-chiral aldehydes using enantiomeric
rhodium catalysts ligated by (S)-MeO-BIPHEP and (R)-MeO-
BIPHEP provides adducts with good levels of catalyst directed
diastereoselectivity. This process was used in a formal synthesis
of all eight L-hexoses (Scheme 7).23c

3. C�C BOND FORMING TRANSFER HYDROGENATION

Under transfer hydrogenation conditions using ortho-cyclo-
metalated iridium catalysts generated in situ from allyl acetate,
3-nitrobenzoic acid, and a chiral bis-phosphine ligand, enantio-
selective carbonyl allylation is achieved from the alcohol or
aldehyde oxidation level using allyl acetate as the allyl donor.26

Aliphatic, allylic, and benzylic alcohols are transformed to the
corresponding homoallylic alcohols with uniformly high levels of
enantioselectivity. In the presence of isopropanol, but under
otherwise identical conditions, aldehydes are converted to an
equivalent set of adducts. This protocol circumvents cryogenic
conditions and the stoichiometric use of metallic reagents or
reductants (Scheme 8).

The cyclometalated iridium π-allyl C,O-benzoate com-
plexes, which have been characterized by single crystal X-ray

Scheme 6. Formation of α-hydroxy esters and α-amino
esters via C�C bond forming hydrogenation

Scheme 7. Rhodium catalyzed hydrogenation of acetylene in
the presence of carbonyl and imine partners

Scheme 8. Enantioselective iridium catalyzed carbonyl ally-
lation from the alcohol or aldehyde oxidation level

Scheme 9. Chromatographic recovery and recycling of the
iridium catalyst in enantioselective carbonyl allylations from
the alcohol oxidation level
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diffraction, are sufficiently robust that they may be purified
chromatographically. Even more remarkable, these com-
plexes may be recovered from reaction mixtures by conven-
tional silica gel chromatography and recycled multiple times
without any decline in performance. This capability is
established in highly enantioselective reactions of aliphatic,
allylic, and benzylic alcohols under microwave conditions
in aqueous organic media.27 While chromatographic recy-
cling is certainly not feasible on scale, the stability displayed
by the catalyst augers well for distillative product removal,
as in hydroformylation, and immobilization of the catalyst
(Scheme 9).

A catalytic mechanism consistent with the collective data
begins with protonolysis of the iridium π-allyl complex by the
reactant alcohol to furnish a pentacoordinate iridium alkoxide.
β-Hydride elimination produces aldehyde and an iridium

hydride, which deprotonates to generate an anionic iridium(I)
intermediate. Oxidative addition of allyl acetate provides the
π-allyl complex. Because the π-allyl complex is the catalyst
resting state, it can be chromatographically recovered from the
reaction mixture. Turnover-limiting aldehyde addition provides
an iridium alkoxide. This hexacoordinate 18-electron complex is
resistant to β-hydride elimination due to coordination of
the homoallylic olefin. Exchange of the homoallylic iridium
alkoxide with reactant alcohol releases the product and regenerates
the pentacoordinate iridium alkoxide to close the catalytic cycle
(Scheme 10).

Corresponding carbonyl crotylations employing α-methyl
allyl acetate can be conducted using the iridium C,O-benzoate
complex that is assembled in situ from [Ir(cod)Cl]2, allyl acetate,
4-cyano-3-nitrobenzoic acid, and the chiral phosphine ligand (S)-
SEGPHOS.28a However, although in situ assembly of the catalyst
is convenient and excellent enantioselectivities typically were
observed (>95% ee), only modest levels of anti-diastereoselec-
tivity were evident (5:1�11:1 dr). Use of the chromatographi-
cally purified catalyst allows the reaction to be performed at lower
temperature (60 �C), resulting in enhanced levels of anti-
diastereo- and enantioselectivity (Scheme 11).28b

Enantioselective carbonyl allylation and crotylation from the
alcohol oxidation level enables carbonyl allylation processes that
are not possible using conventional allylmetal and crotylmetal
reagents. For example, although 1,3-dialdehydes are intractable
and cannot be used in enantioselective double allylation,29 1,3-
propanediols are stable and engage in efficient two-directional
allylation to provide C2-symmetric adducts.30 In these processes,
the minor enantiomer of the mono-allylated intermediate is

Scheme 11. Enantioselective iridium catalyzed carbonyl crotylation from the alcohol or aldehyde oxidation level

Scheme 10. Catalytic mechanism for iridium catalyzed car-
bonyl allylation under transfer hydrogenation conditions
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transformed to the meso-diastereoisomer, thereby amplifying
levels of enantioselectivity.31 Through iterative two-direc-
tional chain elongation of 1,3-propanediol, a total synthesis
of the oxo-polyene macrolide (+)-roxaticin was achieved in 20
steps.32 Corresponding double crotylations of 2-methyl-1,3-
propanediol result in the generation of pseudo-C2-symmetric
polypropionate stereoquintets, which appear as substructures
in diverse polyketide natural products. Using the chromato-
graphically isolated iridium catalyst modified by (R)-SEG-
PHOS, 1 of 16 possible stereoisomers is formed predo-
minantly.33 This methodology was used to form the C19�
C27 ansa chain of rifamycin S in 8 steps (originally prepared in
26 steps), constituting a formal synthesis of the natural
product (Scheme 12).34

Beyond carbonyl allylation and crotylation, other types of
enantioselective allylations are promoted by ortho-cyclometa-
lated iridium catalysts, including α-(trimethylsilyl)allylation,35a

α-(hydroxymethyl)allylation,35b α-(trifluoromethyl)allylation,35c

and α-(hydroxy)allylation.35d In each case, enantioselective
carbonyl addition is achieved in the absence of stoichiometric
metallic reagents (Scheme 13).

The products of allylation are readily transformed to enantio-
merically enriched heterocycles that would otherwise be difficult
to prepare. For example, diastereo- and enantioselective
α-(trifluoromethyl)allylation of N-Boc-aminopropanol enables

a four-step synthesis of the indicated piperidine.35c A three-step
synthesis of cis-2,3-disubstituted oxetanes is achieved through
carbonyl α-(hydroxy)allylation from the alcohol oxidation level
(Scheme 14).35d

The appearance of iridium hydrides in the catalytic mechan-
ism (Scheme 10) suggests the feasibility of recruiting allenes and
dienes as allyl donors via hydrometalation. Indeed, cyclometa-
lated iridium C,O-benzoates modified by (S)-SEGPHOS pro-
mote enantioselective carbonyl tert-prenylation from the alcohol
or aldehyde oxidation level under exceptionally mild conditions
(30�50 �C).36 For reactions conducted from the alcohol oxida-
tion level, stoichiometric byproducts are completely absent.
Interestingly, the absolute stereochemistry of tert-prenylation is
opposite to that observed in the aforementioned allylations
(Scheme 15).

Finally, transfer hydrogenation catalysts based on ruthenium
also promote carbonyl addition from the alcohol or aldehyde
oxidation level. For example, using chiral ruthenium catalysts
modified by (R)-SEGPHOS or (R)-DM-SEGPHOS, the in-
dicated silyl-substituted butadiene, which is prepared in a single
manipulation from chloroprene, engages in syn-diastereo- and

Scheme 12. Enantioselective double allylation and double
crotylation of 1,3-propanediols to form polyacetate and
polypropionate building blocks

Scheme 13. Various diastereo- and enantioselective
allylations via iridium catalyzed transfer hydrogenation
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enantioselective carbonyl crotylation from the alcohol or alde-
hyde oxidation level.37 Here, to address the issue of relative

stereocontrol, the silyl substituent directs formation of geome-
trically defined σ-allylruthenium intermediates, which react
stereospecifically through closed, chairlike transition structures
(Scheme 16).

4. CONCLUSION

While numerous first-generation methods for chemical synth-
esis exist, very little of this methodology is amenable to large
volume application. Inspired by the process relevance of hydro-
genation and hydroformylation, we have developed a broad, new
family of enantioselective C�C bond forming hydrogenation
and transfer hydrogenations. The atom economy exhibited by
these transformations, particularly the exclusion of stoichio-
metric metallic byproducts, suggests these methods would be
viable candidates for use at the process level upon minimization
of the catalyst loading. The reactivity embodied by these processes
evokes numerous possibilities in terms of related transforma-
tions, including imine addition from the amine oxidation and the
direct C�C coupling of α-olefins. These topics are currently
under investigation in our laboratory.
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