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Abstract

Classical protocols for carbonyl allylation, propargylation and vinylation typically rely upon the
use of preformed allyl metal, allenyl metal and vinyl metal reagents, respectively, mandating
stoichiometric generation of metallic byproducts. Through transfer hydrogenative C-C coupling,
carbonyl addition may be achieved from the aldehyde or alcohol oxidation level in the absence of
stoichiometric organometallic reagents or metallic reductants. Here, we review transfer
hydrogenative methods for carbonyl addition, which encompass the first cataltyic protocols
enabling direct C-H functionalization of alcohols.
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Introduction to Carbonyl Allylation

Enantioselective carbonyl allylation ranks among the most broadly utilized methods in
organic synthesis.[1] In seminal reports, Mikhailov and Bubnov (1964) and Hosomi and
Sakurai (1976) described the first carbonyl allylations employing isolable allyl boron
reagents and isolable allyl silanes, respectively.[2] Subsequently, Hoffmann (1978) devised
the first chirally modified allyl metal reagent, an allylborane derived from camphor.[3a,b]
These studies inspired the development of numerous protocols for asymmetric carbonyl
allylation based on chirally modified allyl metal reagents, including those developed by
Kumada (1982),[3c] Brown (1983),[3d] Roush (1985),[3e] Reetz (1988),[3f] Masamune
(1989),[3g] Corey (1989),[3h] Seebach (1987),[3i] Duthaler (1989),[3j] Panek (1991),[3k]
Leighton (2002),[3I,m] and Soderquist (2005).[3n] By virtue of these efforts, highly
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enantioselective carbonyl and imine allylation is now possible for nearly every imaginable
substrate class. Nevertheless, the effort required to prepare chirally modified allyl metal
reagents poses a significant barrier to their use. Further, stoichiometric quantities of chiral
inducing element and stoichiometric byproduct generation detracts from the utility of such
reagents (Figure 1).

The aforementioned limitation shave not gone unaddressed. Following groundbreaking work
by Yamamoto (1991),[4a] highly enantioselective chiral Lewis acid catalyzed carbonyl
allylations were described by Umani-Ronchi and Keck (1993).[4b,c] Elegant studies by
Denmark (1994), demonstrate that catalytic quantities of chiral Lewis base also promote
enantioselective carbonyl allylation.[4d,e] These methods are highly effective, but do not
circumvent the use of preformed allyl metal reagents. For example, allyl stannanes
employed in the Umani-Ronchi-Keck allylation mandate stoichiometric generation of tin
byproducts. Further, such allyl metal reagents typically are prepared from the
organomagnesium or organolithium compounds, which, in turn, are prepared from the allyl
halides, meaning that the carbon atom of the allyl donor is activated stoichiometrically three
times in advance of C-C coupling. Naturally, such preactivation increases cost and
contributes to excessive waste generation (Scheme 1).

Another major approach to carbonyl allylation involves the reduction of metallo-r-allyls
derived from allylic alcohols, allylic carboxylates or allylic halides. Here, stoichiometric
quantities of metallic reductants, such as Smly, SnCl, and Ety,Zn are required for catalytic
turnover.[5-8] Finally, byproduct-free carbonyl allylation can be achieved via carbonyl-ene
processes, however, enantioselective variants of these processes are limited to highly
activated electrophiles.[9,10]

We have found that diverse n-unsaturated reactants engage in reductive C-C coupling under
the conditions of catalytic hydrogenation.[11] Specifically, by exploiting unsaturates as
latent carbanion equivalents, highly regio- and stereoselective carbonyl and imine
vinylation, aldol and Mannich coupling, and acyl substitution are achieved.[12] One can
easily envision hydrogenative carbonyl allylations, wherein allenes, dienes and allylic
acetates serve as allyl donors. This concept is extended further through C-C bond forming
transfer hydrogenation, wherein hydrogen embedded within an alcoholic reactant, typically
isopropanol, mediates reductive C-C coupling. Of greater significance, an alcohol may
serve dually as hydrogen donor and precursor to the carbonyl electrophile. In this way,
carbonyl addition may be achieved directly from the alcohol oxidation level in the absence
of preformed organometallic reagents or metallic reductants (Scheme 2).[13,14]

Hydrogenative carbonyl allylation employing allenes as allyl donors

The feasibility of hydrogenative carbonyl allylation was established in studies on the
reductive coupling of allenes to aldehydes and activated ketones employing hydrogen as
terminal reductant. Specifically, iridium catalyzed hydrogenation of commercially available
1,1-dimethylallene in the presence of carbonyl electrophiles delivers products of reverse
prenylation as single regioisomers in good to excellent yield (Table 1).[15] Functional
groups often considered “hydrogen-labile,” for example, aryl halides, benzylic ethers and
nitroarenes, remain intact under the conditions of hydrogenative coupling. The combination
of a cationic iridium complex in conjunction with Li,CO3 as a basic additive prevents over-
reduction of the olefinic product. Notably, all atoms of each reactant, including hydrogen,
are incorporated into the product, preventing stoichiometric generation of byproducts.

Hydrogenative coupling of 1,1-dimethylallene to 5-nitro-2-furancarboxaldehyde under an
atmosphere of elemental deuterium provides a product of reverse prenylation incorporating
deuterium solely at the interior vinylic position (80% 2H), as revealed by 2H NMR
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spectroscopic analysis. This result is consistent with a catalytic mechanism involving base-
mediated heterolytic hydrogen activation to furnish an iridium monohydride followed by
allene hydrometallation to deliver the primary c-allyl species A. Allyl addition to the
carbonyl electrophile through a closed six-centred transition structure B provides iridium
alkoxide C, which upon hydrogenolysis releases the alcohol product and an iridium
monohydride to close the cycle. Incomplete deuterium incorporation is likely due to f3-
hydride elimination of the tertiary c-allyl haptomer of A to form isoprene. The results of
isotopic labelling cannot exclude alternative pathways involving allene-aldehyde oxidative
coupling (Scheme 3).

Unlike reverse prenylation, the parent allylation employing gaseous allene was accompanied
by over-reduction of the coupling product. It was postulated that the transfer of hydrogen
from an alcoholic reductant rather, as opposed to direct use of elemental hydrogen, would
enable more precisely controlled introduction of hydrogen into the catalytic system. Indeed,
by simply substituting isopropanol for elemental hydrogen under conditions nearly identical
to those previously employed, allene-aldehyde reductive coupling occurs to provide
products of reverse prenylation in good to excellent yield, as well as products of allylation
and crotylation, which are generated without any detectable over-reduction (Table 2, top).
[16]

Direct C-allylation of alcohols is potentially achieved in transfer hydrogenative C-C
couplings in which an alcoholic reactant serves as both hydrogen donor and aldehyde
precursor. Indeed, under conditions employing a cationic iridium precatalyst and basic
additive, alcohols couple directly to 1,1-dimethylallene to provide an identical set of
carbonyl reverse prenylation products in good to excellent yield.[16] The reaction is broadly
tolerant of the electronics of the alcohol, allowing direct carbinol C-H functionalization of
benzylic and even aliphatic alcohols. Carbonyl allylation and crotylation employing gaseous
allene and methyl allene, respectively, occurs without over-reduction of the olefinic product.
In the case of allylation, lower efficiency is attributed to contamination of commerical allene
gas with propyne (Table 2, bottom).

Exposure of 1,1-dimethylallene to benzaldehyde under standard conditions employing dg-
isopropanol as reductant results in deuterium transfer to the vinylic position (85% 2H) of the
resulting adduct. Similary, exposure of d,-benzyl alcohol to the reaction conditions results in
transfer of the benzylic deuteride to the internal vinylic position of the product (85% 2H).
(Scheme 4, top). These data are consistent with a hydrometallative mechanism, but cannot
exclude catalytic mechanisms involving allene-aldehyde oxidative coupling. Crossover
experiments involving exposure of 1,1-dimethylallene to equimolar quantities of p-
nitrobenzyl alcohol and benzaldehyde under standard coupling conditions result in
formation the indicated p-nitrophenyl- and phenyl-containing adducts in a 4:1 ratio,
respectively. In a related experiment involving exposure of 1,1-dimethylallene to equimolar
quantities of p-nitrobenzaldehyde and benzyl alcohol under standard coupling conditions, an
identical product distribution is observed. These data establish fast and reversible alcohol
dehydrogenation to form non-metal-bound aldehyde in advance of C-C coupling (Scheme 4,
bottom). In preliminary studies, a chiral iridium complex modified by (R)-C3-TUNEPHOS
was found to promote the coupling of 1,1-dimethylallene to p-nitrobenzyl alcohol in 55%
isolated yield and 76% enantiomeric excess.[17] Erosion of enantiomeric excess is not
observed under the coupling conditions, indicating that the product of carbonyl allylation, a
secondary alcohol, is not subject to redox equilibration.

Ruthenium catalyzed transfer hydrogenation is one of the most powerful methods for the
reduction of carbonyl compounds.[18] Surprisingly, reductive C-C bond formations
catalyzed by ruthenium are highly uncommon.[19-21] Under the conditions of ruthenium
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catalyzed transfer hydrogenation employing isopropanol as the terminal reductant, 1,1-
disubstituted allenes engage in reductive coupling to paraformaldehyde and higher
aldehydes.[22] Coupling occurs with branched regioselectivity to deliver homoallylic
alcohols bearing all-carbon quaternary centers (Table 3). Ruthenium catalyzed allene-
alcohol transfer hydrogenative coupling is currently under investigation.

Hydrogenative carbonyl allylation employing 1,3-dienes as allyl donors

The hydrometallation of conjugated dienes represents an alternate method for the generation
of allyl metal species. Under the conditions of iridium catalyzed hydrogenative coupling
employing isopropanol as the terminal reductant, 1,3-cyclohexadiene couples to diverse aryl
aldehydes to provide products of carbonyl cyclohexenylation in good to excellent yield and
with high levels of diastereocontrol.[23] Under nearly identical conditions but in the absence
of isopropanol, 1,3-cyclohexadiene couples directly to benzylic alcohols to furnish the very
same products of carbonyl cyclohexenylation. Thus, carbonyl addition is achieved with
equal facility from the aldehyde or alcohol oxidation level. Regioisomeric 1,5-olefinic
adducts are formed as minor byproducts in all cases. Deuterium labelling studies corroborate
a catalytic mechanism wherein alcohol dehydrogenation provides an iridium hydride, which
upon diene hydrometallation produces an allyl metal nucleophile. These data do not exclude
alternate pathways involving diene-aldehyde oxidative coupling (Table 4).

Under the conditions of transfer hydrogenation employing RuHCI(CO)(PPh3)3 as
precatalyst, the acylic conjugated dienes butadiene, isoprene and 2,3-dimethylbutadiene
couple to benzylic alcohols to furnish products of carbonyl crotylation, carbonyl
isoprenylation, and carbonyl reverse 2-methyl-prenylation, respectively.[24a] In these
reactions, the presence of an acid cocatalyst (m-NO,BzOH) is essential as only trace
quantities of product are observed otherwise. Additionally, exogenous acetone and
phosphine ligand are found to have benefical effects upon the efficiency of the reaction. In
all cases, efficient coupling is observed using only 250 mol% of the diene (Table 5, Left).
This first generation catalytic system also promotes coupling to simple unactivated aliphatic
alcohols, as demonstrated by the coupling of isoprene to 1-nonanol in 65% isolated yield
(Scheme 5). Related diene-aldehyde couplings proceed efficiently using either isopropanol
or formic acid as terminal reductants (Table 5, Left). The branched regioselectivity observed
in these processes complements the linear regioselectivity observed in related Ni-catalyzed
diene-aldehyde reductive couplings.[26,27] Transfer hydrogenative diene-alcohol or diene-
aldehyde couplings employing the more highly coordinatively unsaturated ruthenium
catalyst, Ru(TFA),(CO)(PPh3),,[28] induce further oxidation of the initially formed
homoallylic alcohol to furnish B,y-unsaturated ketones (Table 5, Right).[24b,25] Thus, all
oxidations levels of substrate (alcohol or aldehyde) and product (homoallyl alcohol or S,y-
unsaturated ketone) are accessible (Scheme 5).

The coupling of isoprene to do-benzyl alcohol results in transfer of a benzylic deuteride to
the allylic methyl (19% 2H) and allylic methine (32% 2H). These data suggest reversible
hydrometallation of the less substituted olefin to form the secondary c-allyl species.
Isomerization to the more stable primary c-allyl haptomer precedes carbonyl addition, which
occurs with allylic inversion through a six-centred transition state to deliver, upon
protonolysis, the product of carbonyl allylation. Similarly, in aldehyde couplings employing
dg-isopropanol as the terminal reductant, deuterium incorporation is observed at the allylic
methyl (19%?2 H) and allylic methine (10% 2H) (Scheme 6).

Hydrogenative carbonyl allylation employing allyl acetate as an allyl donor

Prevailing protocols for carbonyl allylation employing allylic alcohols, allylic carboxylates
or allylic halides as allyl donors require stoichiometric quantities of metallic reductants, such
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as Smly,, SnCl, and Et,Zn for catalytic turnover.[5-8] The facility of alcohol
dehydrogenation under the aforementioned transfer hydrogenative coupling conditions
suggests the feasibility of catalytic allyl acetate mediated carbonyl allylations employing
sacrificial alcohols as terminal reductant. Again, one may envision related processes in
which an alcohol serves both as reductant and aldehyde precursor, thus enabling catalytic
carbonyl allylation from the alcohol oxidation level. The outcome of such transformations
was rendered uncertain by reports of alcohol-allyl acetate coupling to form enones under the
conditions of ruthenium catalysis,[29] and the fact that allyl acetates reacts with alcohols to
deliver products of O-allylation upon exposure to iridium catalysts (Scheme 7).[30]

In the presence of an iridium complex derived from [IrCl(cod)], and (-)-TMPTP or (R)-
Cl,MeO-BIPHEP, allyl acetate reductively couples to aryl aldehydes, enals and aliphatic
aldehydes to furnish products of C-allylation with exceptional levels of asymmetric
induction (Table 6, top).[31] In these processes, isopropanol functions as the terminal
reductant. At most, only trace quantities (< 5%) of O-allylation product are observed.
Remarkably, an identical set of carbonyl allylation products are accessible from the
corresponding alcohols. High levels of asymmetric induction are achieved using chiral
iridium catalysts modifed by (R)-BINAP or (R)-Cl,MeO-BIPHEP (Table 6, bottom). Thus,
highly enantioselective catalytic carbonyl allylation is achieved from the aldehyde or
alcohol oxidation level in the absence of allyl metal reagents.

Experiments aimed at illuminating key features of the catalytic mechanism reveal that the
active catalyst is cyclometallated complex I, which arises upon ortho-C-H insertion of
iridium onto m-nitrobenzoic acid. The BINAP derivative of complex I has been
characterized by single crystal X-ray diffraction, and has been established as a catalytically
competent species. The results of isotopic labeling are consistent with intervention of
symmetric iridium z-allyl intermediates or rapid interconversion of c-allyl haptomers
through the agency of a symmetric r-allyl. Competition experiments demonstrate rapid and
reversible hydrogenation-dehydrogenation of the carbonyl partner in advance of C-C
coupling. Notably, the coupling products, which are homo-allylic alcohols, experience very
little erosion of optical purity by way of redox equilibration under the coupling conditions,
yet isopropanol, a secondary alcohol, may serve as terminal reductant (Scheme 8).

Hydrogenative carbonyl propargylation employing 1,3-enynes as propargyl

donors

Like carbonyl allylation, much effort has been devoted to the development of efficient
methods for diastereo- and enantioselective carbonyl propargylation.[32] As early as 1950,
Prévost showed that allenic Grignard reagents participate in carbonyl additions to generate
mixtures of -acetylenic and a-allenic carbinols, which evoked the term “propargylic
transposition.”[33a,b] Relative stereocontrol in such additions was later demonstrated by
Chodkiewicz (1969).[33c] Lequam and Guillerm (1973)[33d] reported that preformed
allenic stannanes enable carbonyl propargylation when exposed to chloral. Subsequently,
Mukaiyama (1981) showed that stannanes generated in situ from propargyl iodides and
stannous chloride provide mixtures of p-acetylenic and a-allenic carbinols upon reaction
with aldehydes.[33€] Related propargylations employing allenylboron reagents were first
reported by Favre and Gaudemar (1966).[33f] Propargylations employing allenylsilicon
reagents were first reported by Danheiser (1980).[33¢]

Initially developed asymmetric propargylation protocols relied upon chirally modified
allenyl metal reagents. For example, Yamamoto (1982)[33h] and Corey (1990)[33i] have
shown that allenylboron reagents with chiral modifiers at boron engage in asymmetric
carbonyl propargylation with useful levels of enantioselectivity. Similary, allenylstannanes
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chirally modified at the tin center engage in asymmetric carbonyl propargylation, as first
reported by Mukaiyama (1987).[33]] Axially chiral allenylstannanes, allenylsilanes and
allenylboron reagents propargylate aldehydes enantiospecifically, as first described by
Marshall (1991, 2001),[33k,I] and Hayashi (1993),[33m] respectively (Figure 2). More
recently, chiral Lewis acid and chiral Lewis base catalyzed asymmetric aldehyde
propargylations employing allenylmetal reagents have been reported by Keck (1994)[33n]
and Denmark (2001),[330] respectively.

We envision an alternative approach to carbonyl propargylation based on C-C bond forming
transfer hydrogenation, wherein conjugated enynes serve as surrogates to preformed allenyl
metal reagents. However, the feasibility of such processes was uncertain as related 1,3-
enyne-carbonyl reductive couplings catalyzed by rhodium[34] and nickel[35-37] promote
C-C coupling at the acetylenic terminus of the enyne. Despite this unfavorable precedent,
enyne-alcohol transfer hydrogenative coupling delivers the desired products of carbonyl
propargylation as single regioisomers using a catalyst prepared in situ from RuHCI(CO)
(PPh3)3 and DPPF.[38] Iridium complexes also catalyze this process, but ruthenium
catalysts were found to be superior.

This first generation catalytic system for enyne-mediated propargylation is applicable to
benzylic alcohols, allylic alcohols and unactivated aliphatic alcohols. Additionally, 1,3-
enynes possessing aryl, heteroaryl, alkyl and heteroalky! groups at the alkyne terminus are
tolerated. In all cases, products are formed in good to excellent isolated yields with complete
levels of regioselection (Table 7, top). Under related transfer hydrogenation conditions
employing isopropanol as the terminal reductant, carbonyl propargylation may be conducted
from the aldehyde oxidation level in good to excellent yield (Table 7, bottom). Thus,
carbonyl propargylation is achieved in the absence of preformed allenyl metal reagents from
the alcohol or aldehyde oxidation level.

Ruthenium catalyzed enyne coupling to do-benzyl alcohol results in transfer of a benzylic
deuteride to the allylic methyl (56% 2H) and allylic methine (24% 2H). Deuterium is
completely retained at the benzylic methine of the coupling product (Scheme 9). These
results are consistent with a mechanism involving alcohol dehydrogenation to generate a
ruthenium hydride followed by reversible enyne hydrometallation to furnish an
allenylruthenium intermediate. The aldehyde-allenylmetal nucleophile-electrophile pair thus
formed engages in carbonyl addition with propargylic transposition to deliver the product of
carbonyl propargylation. The ability to bypass barriers imposed by oxidition level, coupled
with the accessibility of diverse enynes, makes the development of stereocontrolled enyne-
mediated propargylations an important goal of ongoing research.

Hydrogenative carbonyl vinylation employing 1,3-enynes as propargyl

donors

The synthetic utility of allylic alcohols has led to the development of diverse methods for
their preparation. Among existing protocols, carbonyl vinylation represents an effective and
convergent means of preparing allylic alcohols. Following seminal studies of Oguni (1984)
and Noyori (1986),[39] enantioselective catalytic addition of vinylzinc reagents to aldehydes
were developed by Oppolzer (1992) and Wipf (1994).[40,41,42] Generation of the vinylzinc
reagent relies upon alkyne hydroboration or hydrozirconation with subsequent
transmetallation to zinc employing using ZnMe,, meaning successive use of four
stoichiometric organometallic reagents is required to pre-activate the alkyne as a vinyl
carbanion equivalent. Consequently, molar equivalents of multiple metallic byproducts are
generated (Scheme 10).
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Direct alkyne-carbonyl reductive coupling bypasses the use of multiple stoichiometric
organometallic reagents. As reported by Ojima (1994), Crowe (1995) and Montgomery
(1997), this pattern of reactivity was first observed in the cyclization of acetylenic aldehydes
catalyzed by rhodium, titanium and nickel, respectively.[43,44,45] Intermolecular variants
of the nickel catalyzed alkyne-carbonyl reductive couplings soon followed.[37,45] However,
while reductive couplings of this type signal a departure from stoichiometric organometallic
reagents, they exploit terminal reductants such as hydrosilanes, hydrostannanes, organozinc
reagents, organoboron reagents or chromium(ll) chloride, which generate molar equivalents
of chemical byproducts. Under the conditions of rhodium and iridium catalyzed
hydrogenation, byproduct-free alkyne-carbonyl and imine-carbonyl reductive coupling may
be achieved in a highly regio-and stereoselective fashion (Scheme 11).[11,12a—c,34]

By exploiting alcohols as both aldehyde precursors and sources of hydrogen, it should be
possible to promote direct byproduct-free carbonyl vinylation in the absence of any
stoichiometric reductant. Accordingly, transfer hydrogenative alkyne-alcohol coupling was
explored under the conditions of ruthenium catalysis. In an initial set of experiments, it was
found that Ru(O,CCF3),(CO)(PPh3), catalyzes alkyne-alcohol coupling to provide the
desired allylic alcohols, representing a direct C-H vinylation of the alcohol (Table 8).[47]
Thus, simple nonconjugated alkynes are activated as vinyl anion equivalents in carbonyl
addition from the alcohol oxidation level under mild conditions. Ruthenium catalyzed
alkyne-aldehyde transfer hydrogenative coupling is currently under investigation.

Conclusions and outlook

Through hydrogenative and transfer hydrogenative C-C coupling, nonstabilized carbanion
equivalents may be generated from unsaturates, enabling carbonyl allylation, propargylation
and vinylation from the aldehyde or alcohol oxidation level in the absence of preformed
organometallic reagents or metallic reductants. Further, the alcohol-unsaturate couplings
described in this account represent a byproduct-free method for direct C—H functionalization
of alcohols, evoking numerous avenues of exploration. For example, ethylene-alcohol
transfer hydrogenative coupling would dispense with the requirement of utilizing
diethylzinc, a pyrophoric liquid, in carbony! ethylation. The coupling of ethylene to
(bio)ethanol would provide an efficient means of preparing (bio)butanol. Amine-unsaturate
coupling would enable imine addition from the amine oxidation level, providing efficient
access to pharmaceutical building blocks. These and many other challenges remain - just as
classical carbanion chemistry is broad, so is the potential to generate their carbanion
equivalents via hydrogenation and transfer hydrogenation.
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Figure 1.
Chirally modified allyl metal reagents for use in asymmetric carbonyl allylation.
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Chirally modified allenyl metal reagents for use in asymmetric carbonyl propargylation.
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Scheme 1.
Chirally modified Lewis acid and Lewis base catalyzed enantioselective carbonyl allylation.
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Scheme 2.
Conceptual framework for hydrogenative and transfer hydrogenative carbonyl allylation.
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Iridium catalyzed hydrogenative coupling of 1,1-dimethylallene to an aldehyde under an
atmosphere of deuterium.
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o PhCH,OH OH
Me (100 mol%)
\/ L - A(‘\PNP/Ph
PNP  PNP = p-NO,Ph
Me Me Me
(400 mol%) (100 mol%) PNP:Ph, 4:1

Scheme 4.

Top: Isotopic labeling experiments in iridium catalyzed transfer hydrogenative couplings of
1,1-dimethylallene. Bottom: Crossover experiments establish rapid redox equilibration in
advance of C-C coupling.
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Scheme 5.
Ruthenium catalyzed transfer hydrogenative coupling of isoprene to an unactivated aliphatic
alcohol.
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Scheme 6.
Isotopic labeling experiments in ruthenium catalyzed transfer hydrogenative couplings of
isoprene.
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Scheme 7.
Reversal of reactivity in the metal catalyzed coupling of allyl acetates to alcohols.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2009 November 10.

Page 20



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Bower et al.

D
\NR

[Ir(cod)Cll» (2.5 mol%) D

OH

OAc BIPHEP (5 mol%) 83% Yield

SN - T

5 b R Cs,CO3 (20 mol%) :
m-NO,BzOH (10 mol%) OH
THF, 100 °C (sealed tube
( ) / -
D D

Scheme 8.
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Ph2P \\\\Pphz

W

r

O

Complex |
NO,

Left: Iridium catalyzed transfer hydrogenative coupling of allyl acetate to an alcohol
employing isotopically labeled allyl acetate. Right: catalytically competent cyclometallated

complex 1.
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= OH OH .
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| D~ [Pn (24%) D Ph

Me (56% °H)

Scheme 9.
Isotopic labeling in the ruthenium catalyzed transfer hydrogenative coupling of a 1,3-enyne.
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Scheme 10.
Carbonyl vinylation via stoichiometric alkyne hydrometallation.
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BocHN AcO
o}
7 2 “OCHj Z % “OCHs
o} Rh(cod),0Tf (2 mol%) HC COH HC OH
P Rz\H)J\ or (RI-XylyWALPHOS (2 mol%) 87% Yield 98% Yield
7 i PhsCCOH (1 mol%) 90% ee 90% ee
DCE, 60°C
H, (1 atm) HsC o
Z 7, “OCHs
HsC OH
96% Yield 85% Yield
91% ee 88% ee
BocHN BocHN
N//N\S | N
2, T
Rh(cod),0Tf (2 mol%) 2
(R)-XylyMWALPHOS (2 mol%) HO H HO D
P RZ\H/ArHET or (R)-Tol-BINAP (2 mol%) 71% Yield 89% Yield
N g PhyCCOH (2 mol%) 94% ee CHy 97% ee
DCE, 40°C BocHN Ny
Ha (1 atm) o) | /j
Z " Z £ N
HO H HO' CHs
73% Yield 92% Yield
94% ee 98% ee
Me Me Me
Me Ph Me
., X A Me
fIr(cod) JBARF (5 mol%) PhSONHH PhSO,NH H
P R, R, (R)-CI,MeO-BIPHEP (5 mol%) 76% Yield 69% Yield
Me/ orso PhsCCOH (5 mol%) 99% ee 94% ee
2 Na,SO, (200 mol%) Me_ _Me Me._ _Me
PhCHg, 60 °C | \
H, (1 atm) Me gy o Me .
PhSO,NHH PhSO,NH H
80% Yield 66% Yield
97% ee 94% ee
Me
= A Me
Rh(cod) ,BARF (5 mol%) ) TsNHH
P H R (S)-C1,MeO-BIPHEP (5 mol%) 86% Yiekd 0% Yield
H/ e m-NOPhCOLH (2 mol%) 96% ee 98% ee
2 Na,SO, (200 mol%) £
(1 atm) DCE, 40°C
Hy (1 atm) s
a Br .
_J NsNHH TsNHH
70% Yield 65% Yield
97% ee 97% ee
Scheme 11.

Selected examples of rhodium and iridium catalyzed hydrogenative coupling of alkynes to
carbonyl compounds and imines.
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Table 1

Iridium catalyzed hydrogenative coupling of 1,1-dimethylallene to carbonyl compounds.
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Table 2

Iridium catalyzed transfer hydrogenative coupling of allenes to aldehydes and alcohols.

o [Ir(cod)BIPHEP]BARF OH
\/Rz U\ (5-10 mol%) %%
> R
Ry  CsyCO3(5-10 mol%) WA 3
Ry DCE-EtOAc (1.0 M), 75 °C 1 "2
(400-800 mol%) i-PrOH (200-400 mol%)
/%/Npthl
Me Me Me Me Me Me
81% Yield 90% Yield 57% Yield
83% Yield 79% Yield 50% Yield
1.3:1dr
OH [Ir(cod)BIPHEP]BARF oH
\/Rz k (5-10 mol%) /%R
Rs  Cs,COs(5-10 mol%) AN 3
Ry DCE-EtOAc (1.0 M), 75 °C L
(400-800 mol%)
OH OH OH
NPth
= | S = M
Me Me / Me Me Me Me
NO,
68% Yield 92% Yield 84% Yield
OH OH OH
7~ = =
Me Me Me
OMe OMe NO,
70% Yield 72% Yield 23% Yield

1.3:1dr
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Table 3

Ruthenium catalyzed transfer hydrogenative coupling of allenes to paraformaldehyde and higher aldehydes.
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Iridium catalyzed transfer hydrogenative coupling of 1,3-cyclohexadiene to aldehydes and alcohols.

Table 4

Page 28

o

(400 mol%)

OH

-~

(1200 mol%)

[Ir(cod)Cl], (3.75 mol%)
BIPHEP (7.5 mol%)

BugNI (10 mol%)
PhMe (1.0 M), 70 °C
i-PrOH (400 mol%)

[Ir(cod)Cl] (3.75 mol%)
BIPHEP (7.5 mol%)

BugNI (10 mol%)
DCE (1.0 M), 65 °C

OH

I I CN

66% Yield
>955dr, 25:1rr

OH

I I CN

94% Yield
>95:5dr, 6:1rr

OH OMe

96% Yield
>955dr, 11:1 rr

OH OMe

80% Yield
>95:5dr, 5:1rr

OH

I ! NO,
Br
73% Yield

>955dr, 331
OH

CrC
Br
63% Yield
>95.5dr, 15:1 rr
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Table 5

Left: Ruthenium catalyzed transfer hydrogenative coupling of acyclic dienes to alcohols and aldehydes to
furnish homoallylic alcohols.? Right: Ruthenium catalyzed transfer hydrogenative coupling of acyclic dienes
to alcohols and aldehydes to furnish B, y-unsaturated ketones.?

aConditions A employ no added ligand: Conditions B employ (p-MeOPh)3P (15 mol%) as ligand; Conditions C employ rac-BINAP (5 mol%) as
ligand

bButadiene (800 mol%), isoprene (250 mol%), 2,3-dimethylbutadiene (300 mol%)

c . . . .
The reaction product was contaminated with approximately 10% of the a, B-unsaturated ketone.
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Table 6

Iridium catalyzed carbonyl allylation from the aldehyde or alcohol oxidation level employing allyl acetate.?

o [Ir(cod)Cl], (2.5 mol%) oH
/\/OAC |k Chiral Ligand (5 mol%)‘ /\/'\
1000 mol% R Cs,CO3 (20 mol%) = R
(1000 mol%) i-PrOH (200 mol%)
m-NO,BzOH (10 mol%)
THF, 100 °C (sealed tube)
OH OH OMe OH
/\/v\©\ /\/K@ /A/k©[o>
Br (@]
77% Yield, 97% ee 85% Yield, 97% ee 76% Yield, 91% ee
(-TMBTP ()-TMBTP ()-TMBTP
OH OH OH
th /\/'\(CHZ)7Me /\/S(\OBn
Me Me
73% Yield, 94% ee 77% Yield, 97% ee 81% Yield, 94% ee

(R)-Cl,MeO-BIPHEP (R)-Cl,MeO-BIPHEP (R)-Cl,MeO-BIPHEP

[Ir(cod)Cl], (2.5 mol%)

OH A . OH
/\/OAC k Chiral Ligand (5 mol A)‘ /\/’\
\ R Cs,COj3 (20 mol%) = R
(1000 mol%) m-NO,BzOH (10 mol%)
THF, 100 °C (sealed tube)
OH OH OMe OH
O D
Br o
74% Yield, 93% ee 80% Yield, 92% ee 76% Yield, 91% ee
(R)-BINAP (R)-BINAP (R)-BINAP
OH OH OH
/\)\/\ph /\)\(CHz)ﬂ\ﬂe /\/'>(\08n
Me Me
72% Yield, 91% ee 78% Yield, 95% ee 63% Yield, 93% ee
(R)-Cl,MeO-BIPHEP (R)-Cl,MeO-BIPHEP (R)-Cl,MeO-BIPHEP

a(—)—TMPTP = (-)-4,4’-bis(diphenylphosphino)-2,2’,5,5’-tetramethyl-3,3’-bithiophene.
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Table 7

Ruthenium catalyzed transfer hydrogenative coupling of 1,3-enynes to alcohols and aldehydes.

am-NOszOH (5 mol%) employed as additive.
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Table 8

Page 32

Ruthenium catalyzed transfer hydrogenative coupling of alkynes to alcohols.

Me on  RU(O2CCF3),(CO)(PPh), OH
NN (5 mol%)
\ \\ > Me” N Ar
Me — “Ar THF (2 M)
95°C Me
(200 mol%)
OH OH
Me AN Me”
Me Me
NO,
78% Yield (12%) 70% Yield
OH OH
Cl OMe
Me”™ " Me™ "N
Me Me
72% Yield (14%) Cl 78% Yield (6%)
OH OH
Me™ ™ Me™ "N
Me
CO,Me Me By

81% Yield (10%)

81% Yield (7%)

a . . - .
Isolated yield of enone side-product indicated in parentheses.
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