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|. Catalytic Hydrogenation — A Brief Historical Perspective

The first metal catalyzed additions of elemental hydrogen to rc-unsaturated reactants were
reported by James F. Boyce of the Nathaniel Kellogg Fairbank Soap Company in connection
with the processing of vegetable oils.> Subsequently, Paul Sabatier of the University of
Toulouse developed general protocols for the hydrogenation of alkenes employing
heterogeneous nickel catalysts.2 Foreshadowing the merger hydrogenation and carbonyl
addition described in the present account, Paul Sabatier and Victor Grignard jointly received
the Nobel Prize in Chemistry in 1912.3 Following Sabatier’s pioneering work, numerous
noble metal catalysts for heterogeneous hydrogenation emerged. Among these, the platinum
oxide catalyst developed by Roger Adams in 1922 is still one of the most active and readily
prepared catalysts for heterogeneous hydrogenation.*

The first examples of homogeneous hydrogenation were reported by Melvin Calvin at the
University of California at Berkeley in 1938.% Calvin showed that under one atmosphere of
hydrogen, copper acetate catalyzed the reduction of 1,4-benzoquinone to 1,4-hydrogquinone
in quinoline solution at 100 °C. It was not until 1961 that Halpern’s group at the University
of British Columbia performed the first homogeneous hydrogenation of an olefin.6 In
Halpern’s system, ruthenium catalysts were used to reduce activated alkenes such as maleic
acid. In 1962, Vaska subsequently found that IrCI(CO)(PPhs), reacts reversibly with
elemental hydrogen to form isolable dihydrides.” This result solidified the conceptual
foundation of catalytic hydrogenation by establishing hydrogen “oxidative addition” as a key
mechanistic feature.

Finally, in 1965, Wilkinson’s group at Imperial College reported the homogeneous
hydrogenation of unactivated alkenes and alkynes catalyzed by RhCI(PPhs)3.8° This finding
ultimately led William S. Knowles of Monsanto Company in St. Louis to discover the first
enantioselective hydrogenation in 1968.10 Knowles’ discovery was made possible by Horner
and Mislow’s disclosure of methods for the preparation of nonracemic A-stereogenic
phosphines.1112 In Knowles” initially reported asymmetric hydrogenation, a maximum
enantiomeric excess of 15% was obtained. Subsequent work by Kagan in 1971 using chiral
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bis(phosphines) derived from tartaric acid (i.e. “DIOP”) gave up to 72% enantiomeric
excess.13 Using a P-stereogenic bis(phosphine) known as DiPAMP, chemists at Monsanto
performed the first industrial catalytic asymmetric synthesis for the production of L-DOPA,
a treatment for Parkinson’s disease. Lastly, in 1980 Ryoji Noyori reported the synthesis of
BINAP and demonstrated the broad utility of this ligand in asymmetric hydrogenation.1415

The purpose of this review is to provide a comprehensive summary of ruthenium catalyzed
C-C couplings induced via alcohol-mediated transfer hydrogenation.16-20 These studies
build on several important milestones in the area of ruthenium catalyzed hydrogenation and
transfer hydrogenation (Scheme 1). In 1971, one decade beyond the seminal work of
Halpern on ruthenium catalyzed hydrogenation,® transfer hydrogenations employing
ruthenium catalysts were described.?! The ruthenium catalyzed acceptorless
dehydrogenation of alcohols was reported by Robinson in 1977,22 and ruthenium catalyzed
oxidative esterifications were reported by Shvo in 1981.23:24 These studies were followed by
the first highly enantioselective ruthenium catalyzed hydrogenations and transfer
hydrogenations, reported by Noyori in 1986 and 1995, respectively.2526 As documented in
this account, ruthenium catalyzed transfer hydrogenation now serves as the basis for C-C
bond constructions that directly convert lower alcohols to higher alcohols.16-20 This body of
work was preceded by studies on metal catalyzed carbonyl reductive couplings mediated by
elemental hydrogen, as initially described in 2002 by the present author,2” and as
documented in the review literature.28:29

Il. Conversion of Primary Alcohols to Secondary Alcohols

In 2007, our laboratory reported the first transfer hydrogenative couplings of alcohols with
r-unsaturated reactants using iridium-based catalysts.30 In 2008, the first ruthenium
catalyzed reactions of this type were developed (Scheme 2). Specifically, it was found that
exposure of alcohols to 1,3-dienes in the presence of catalysts derived from HCIRu(CO)
(PPh3)3 and various phosphine ligands resulting in hydrogen transfer to furnish aldehyde-
allylruthenium pairs that combine to form homoallylic alcohols as single regioisomers.3!
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 are consistent with
reversible hydrometalation of the less substituted olefin to form a secondary o-allyl.
Conversion to the more stable primary o-allyl haptomer occurs in advance of carbonyl
addition, which proceeds through the indicated closed six-centered transition state with
allylic inversion to deliver the product of carbonyl allylation.

Remarkably, while the primary alcohol reactants readily dehydrogenate, the secondary
homoallylic alcohol products resist further oxidation due to chelation of homoallylic olefin
to ruthenium to generate a coordinatively saturated complex. Indeed, in the coupling of
isoprene to do-benzyl alcohol, deuterium is completely retained at the carbinol position,
suggesting the product is completely unreactive toward alcohol dehydrogenation. However,
the ruthenium catalyst (F3CCO;)(H)Ru(CO)(PPhs),, which is generated /n situ through the
acid base reaction of H,Ru(CO)(PPhg)3 and F3CCO,H, possesses a higher degree of
coordinative unsaturation, enabling p-hydride elimination at the stage of the homoallylic
ruthenium alkoxide to form the B,y-unsaturated enones (Scheme 2).32 Notably, both
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transformations, diene hydrohydroxyalkylation or hydroacylation, may be conducted from
the alcohol or aldehyde (not shown) oxidation level of the reactant.31:32

Initial studies aimed at directing relative and absolute stereochemistry in alcohol mediated
diene hydrohydroxyalkylation relied on the use of 2-trialkylsilyl-butadienes.33
Hydrometalation of 2-trialkylsilyl-substituted dienes gives rise to crotylmetal species that
exist as single geometrical isomers due to allylic strain.34-36 In the event, using the chiral
ruthenium catalyst generated /n situ from HCIRu(CO)(PPh3)3 and (/)-DM-SEGPHOS, the
indicated 2-trialkylsilyl-butadiene couples with reactant alcohols to furnish the branched
products of hydrohydroxyalkylation with complete syr-diastereoselectivity and uniformly
high levels of enantioselectivity (Scheme 3).

Direct diastereo- and enantioselective hydrohydroxyalkylations of butadiene, an abundant
petrochemical feedstock, required use of a ruthenium catalyst modified by a chiral
phosphate counterion derived from Hg-BINOL. The anion is attached to the metal center
through the acid-base reaction of HoRu(CO)(PPhgz)3 with the indicated chiral phosphoric
acid. With the chiral counterion as the sole chiral inducing element, primary benzylic
alcohols hydrohydroxyalkylate butadiene with good levels of antidiastereo- and
enantioselectivity (Scheme 3).37

The corresponding syr-diastereomers are formed upon use of the ruthenium catalyst
generated /n situ from RuH,(CO)(PPh3)s, (S)-SEGPHOS and the indicated TADDOL-
derived phosphoric acid (Scheme 3).38 It is postulated that the s-cis-conformer of butadiene
hydrometalates to form a (2)-o-crotylruthenium intermediate. The relatively Lewis basic
TADDOL-derived phosphate counterion preserves the kinetic selectivity of diene
hydrometalation by attenuating the degree of coordinative unsaturation, decelerating
isomerization to the (£)-o-crotylruthenium haptomer with respect to carbonyl addition.
Additionally, computational studies suggest a formyl hydrogen bond between the transient
aldehyde and the phosphate oxo-moiety assists in stabilizing the (2)-o-crotylruthenium
intermediate.36

A divergence in regioselectivity is observed upon use of neutral vs cationic ruthenium
complexes in alcohol-mediated hydrohydroxyalkylations of 2-substituted dienes. For
example, in 2-propanol mediated reductive couplings of 2-substituted dienes with
paraformaldehyde (Scheme 4),39-41 neutral ruthenium complexes favor coupling at the C3
position, % whereas ruthenium catalysts with greater cationic character favor coupling at the
C2 position, resulting in formation of an all-carbon quaternary center.3% An erosion in C2-
regioselectivity is observed when cationic ruthenium catalysts are applied in reactions of
higher carbonyl partners with 2-substituted dienes, as illustrated in couplings with ethanol
(Scheme 4).42

The collective data, including deuterium labeling experiments,3940 are consistent with the
following mechanistic interpretation (Scheme 5). Hydroruthenation to form allylruthenium
complex A is kinetically preferred. For neutral ruthenium catalysts, hydrometalation is less
reversible and strongly favors formation of allylruthenium complex A. Hence, formation of
C3-coupling products is preferred. For cationic ruthenium complexes, hydrometalation
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becomes highly reversible, enabling access to both allylruthenium complex A and
allylruthenium complex B. It now appears that a Curtin-Hammett scenario is operative. For
small aldehyde partners (R = H), the transition state leading to C2-adducts is lower in
energy. However, as the aldehyde increases in size (R = Me), the formation of a more
congested C-C bond raises the energy of the transition state for formation of C3-adducts,
eroding regioselectivity.

Hydrogen transfer from primary alcohols to allenes represents an alternate means of
accessing allylruthenium-carbony! pairs that deliver products of hydrohydroxyalkylation
(Scheme 6).43-47 Interestingly, whereas 2-propanol-mediated reductive couplings of 1,1-
disubstituted allenes display poor levels of diastereoselectivity,*3 related redox-neutral
couplings with primary alcohols delivers branched homoallylic allylic alcohols bearing all-
carbon quaternary centers with good to complete control of relative stereochemistry.4® In
reactions conducted from the alcohol oxidation level, diastereoselectivities are highly
concentration dependent. At lower concentrations higher diastereoselectivities are observed.
These data suggest a Curtin-Hammett scenario wherein turn-over limiting carbonyl addition
preferentially consumes the (£)-o-allylruthenium haptomer via stereospecific carbonyl
addition from an equilibrating mixture of transient (2)- and (£)-a-allylruthenium isomers.
At lower concentration, the (£)-isomer can be replenished via isomerization of the (2)-o-
allylruthenium isomer. These conditions have been applied to the coupling of allenes with
fluorinated alcohols (not shown).4’

In the case of mono-substituted allenes, the steric demand of an appropriately defined
substituent can direct exclusive formation of (£)-o-allylruthenium intermediates that
participate in stereospecific carbonyl addition to deliver single diastereomers. For example,
hydrogen transfer from primary alcohols to allenamides provides geometrically defined
(amino)allylruthenium-aldehyde pairs that combine to form vicinal ant-aminoalcohols as
single diastereomers (Scheme 6).%° Identical products are accessible as single diastereomers
via 2-propanol-mediated reductive coupling allenamides and aldehydes (not shown).44

Isomerization of alkynes to allenes under the conditions of ruthenium catalyzed
hydrohydroxyalkylation enables transformations that are otherwise inaccessible, including
the conversion of primary alcohols to (2)-homoallylic secondary alcohols (Scheme 7).48
Isomerization is promoted through the use of cationic ruthenium catalysts generated through
the acid-base reaction of HoRu(CO)(PPh3)3 and 2,4,6-(2-Pr)sPhSO3H. As corroborated by
deuterium labelling studies, the cationic ruthenium complex appears to exist in equilibrium
with zero-valent species that promote isomerization via propargyl C-H oxidative addition.
Allene-aldehyde oxidative coupling mediated by ruthenium(0) then forms an
oxaruthenacycle, which upon transfer hydrogenolysis delivers the (2)-homoallylic alcohols
with good to complete levels of stereocontrol. Oxidative coupling pathways are suppressed
upon introduction of iodide ion and a chelating phosphine ligand, the Josiphos ligands SL-
J009-1 or SL-J002-1, yet alkyne-to-allene isomerization pathways persist. Under these
conditions, the transient allenes accept hydrogen from primary alcohols to form chiral
allylruthenium-aldehyde pairs that deliver enantiomerically enriched branched homoallylic
alcohols as single diastereomers.4° In this way, alkynes serve as chiral allylmetal
equivalents,50-57
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A third mechanism for the coupling of primary alcohols with alkynes becomes operative
when these conditions are applied to the propargyl ether, MeC=CCH,OTIPS (TIPS =
triisopropylsilyl) (Scheme 8).58 Unlike closely related ruthenium catalyzed alkyne-alcohol
C-C couplings, deuterium labeling studies corroborate a novel 1,2-hydride shift mechanism
that converts metal-bound alkynes to vinyl carbenes that protonate to form siloxy-c-
allylruthenium nucleophiles in the absence of intervening allenes. Due to the negative
inductive effect of the siloxy moiety, carbonyl addition occurs through a closed transition
structure from the o-allylruthenium haptomer where ruthenium resides at the oxygen-
bearing carbon. Using a Josiphos (SL-J009-1) modified ruthenium(ll) catalyst, the resulting
products of siloxy-crotylation form as single regioisomers with complete levels of antr-
diastereoselectivity and high levels of enantioselectivity. Although mixtures of enol
geometrical isomers are produced, the (2)- and (£)-selectivity is inconsequential as fluoride
assisted cleavage of the enol in the presence of NaBH,4 converts both isomers to the same
1,4-diol.

Remarkably, a fourth mechanism for the coupling of primary alcohols with alkynes is
evident in couplings that form allylic alcohols®® or conjugated enones (Scheme 9).80 These
processes are catalyzed by (TFA),Ru(CO)(PPhs), in the absence of added phosphine ligand.
It is postulated that coordinative unsaturation, the presence of a rt-acidic carbonyl ligand and
the reducing environment provided by 2-propanol promote equilibration between
ruthenium(I1) and ruthenium(0) complexes. Thus, while the experimental data cannot
exclude hydrometalative pathways involving vinylruthenium-aldehyde pairs, another
possible mechanism involves ruthenium(0)-mediated alkyne-carbonyl oxidative coupling to
form a ruthenacyclopentene that suffers alcohol-mediated transfer hydrogenolysis to release
the allylic alcohol and regenerate the zero valent catalyst. Under more forcing conditions
(higher temperatures, longer reaction times) and in the absence of 2-propanol, the initially
formed allylic alcohols undergo further dehydrogenation to form the conjugated enones.
Resubjection of the allylic alcohols to the reaction conditions results in formation of the
enone, suggesting p-hydride elimination may not occur at the stage of the intermediate
ruthenacycle.

Hydrogen transfer from primary alcohols to 1,3-enynes delivers allenylruthenium-aldehyde
pairs that combine to form products of carbonyl propargylation (Scheme 10).61-63 Initially
developed conditions provided products of a-methyl-propargylation as diastereomeric
mixtures.81 Identical products of propargylation are generated upon 2-propanol mediated
1,3-enyne-aldehyde reductive coupling.52 In subsequent work, it was found that anti-
diastereoselectivity improves upon use of sterically demanding reactants.53 More recently,
the chiral ruthenium complex formed /n situ from (TFA),Ru(CO)(PPh3), and (~)-BINAP
was found to catalyze the C-C coupling of primary alcohols with the 1,3-enyne,
TMSC=CC(Me)=CH,, to form secondary homopropargyl alcohols bearing gem-dimethyl
groups. These conditions deliver products of C-C coupling with uniformly high levels of
enantioselectivity and are applicable to aliphatic, allylic and benzylic alcohols. One may
view these protocols as an alternative to the use of stoichiometric allenylmetal reagents in
carbonyl propargylation.54.65
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lll. Conversion of Secondary Alcohols to Tertiary Alcohols

In 2012, it was found that ruthenium(0) complexes catalyze the C-C coupling of activated
secondary alcohols with feedstock dienes such isoprene and myrcene to furnish products of
carbinol C-H prenylation and geranylation, respectively (Scheme 11).66-68 Mechanistic
studies corroborate a catalytic mechanism involving diene-carbonyl oxidative coupling to
form an oxaruthenacycle. The transfer of hydrogen from the secondary alcohol reactant
mediates transfer hydrogenolysis to release the products of C-C coupling and regenerate the
activated ketone to close the catalytic cycle. The regioselectivity of C-C bond formation for
the diene C4-position is unique among diene-carbonyl reductive couplings.41:69 Beyond a.-
hydroxy esters,56 these conditions are applicable to 3-hydroxy-2-oxindoles®” and secondary
alcohols substituted by certain heteroaromatic moieties.®8 In the latter case, the putative
oxaruthenacycle intermediate was isolated, characterized and reversible metalacycle
formation was demonstrated through experiments involving diene exchange.

The transient 1,2-dicarbonyl motifs required for oxidative coupling are also accessible from
vicinal diols. For example, in the presence of the ruthenium(0) catalyst derived from
Ru3(CO)1» and PCys, vicinal diols and alkynes react to form a-hydroxy B,y-unsaturated
ketones as single geometrical isomers (Scheme 12).70 Here, it was found that carboxylic
acid cocatalysts dramatically increase rate and conversion. A catalytic mechanism that
accounts for the effect of the carboxylic acid cocatalysts is as follows. A mononuclear
ruthenium(0) complex’! promotes alkyne-dione oxidative coupling to form the indicated
oxaruthenacycle.”273 Direct protonation of the oxaruthenacycle by the diol or ketol is
postulated to be slow compared to protonolytic cleavage of the oxaruthenacycle by the
carboxylic acid. The resulting ruthenium carboxylate exchanges with the diol or ketol to
form a ruthenium alkoxide, which upon B-hydride elimination releases the ketol or dione,
respectively, and a vinylruthenium hydride. C-H Reductive elimination furnishes the product
of C-C coupling and returns ruthenium to its zero-valent form. Conventional diol-alkyne
transfer hydrogenation provides the initial quantities of dione required for entry into the
catalytic cycle.23.24.74

Intermolecular catalytic reductive couplings of a-olefins with unactivated aldehydes and
ketones remains an unmet challenge.”®=77 In a significant step toward this goal, it was found
that ruthenium(0) catalysts promote the transfer hydrogenative C-C coupling of 3-
hydroxy-2-oxindoles with a.-olefins, including feedstocks such as ethylene, propylene and
styrene, to furnish the branched adducts as single regio- and diastereomers. In the absence of
carboxylic acid cocatalyst, only trace quantities of product were formed (Scheme 13).78

IV. Transfer Hydrogenative Cycloaddition

Intermolecular hydrogen transfer reactions that result in the formation of rings represent a
new class of metal catalyzed cycloadditions.”®:89 Ruthenium catalyzed C-C bond forming
transfer hydrogenation contributes a new dimension to this emerging area. Using a
ruthenium(0) catalyst, diols react with acrylates to form spiro-y-butyrolactones (Scheme
14).81 Ethyl 2-(hydroxymethyl)acrylate reacts with diols by way of transient
oxaruthenacycles that engage in E1cB elimination to furnish a-methylene-spiro-y-
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butyrolactones.81 As illustrated in couplings with 3-hydroxy-2-oxindoles, B-substituted
acrylic esters provides spiro-y-butyrolactones as single diastereomers.81 Remarkably, the
cycloadditions may be conducted in oxidative, redox-neutral or reductive modes using diols,
ketols or diones, respectively, as reactants. To illustrate, ethyl acrylate reacts with
hydrobenzoin, benzoin or benzil to form an identical -y-lactone. For the latter reaction
involving benzyl, 2-propanol (300 mol%) is employed as terminal reductant (Scheme 15).

In the presence of a ruthenium(0) catalyst, vicinal diols transfer hydrogen to conjugated
dienes to furnish diones that engage in diene-carbonyl oxidative coupling. The resulting
oxaruthenacycles incorporate an allylruthenium moiety that engages the pendant ketone in
intramolecular allylruthenation to form products of formal [4+2] cycloaddition as single
diastereomers (Scheme 16).82:83 The cycloadducts are readily transformed to the 9-12
membered 1,6-diketones upon exposure to iodosobenzene diacetate.83 Alternatively, the
cycloadducts can be dehydrated to form products of benzannulation.84 Two-directional
benzannulation is especially powerful. For example, exposure of the indicated pyracylene-
based tetraol to butadiene in the presence of the ruthenium(0) catalyst delivers the double
[4+2] cycloadduct, which is directly dehydrated to form the indeno[1,2,3-cd]-fluoranthene in
a single “one-pot” operation.

Exposure of 3,4-benzannulated 1,5-diynes (benzo-endiynes) to a-ketols in the presence of
ruthenium(0) catalysts derived from Ru3(CO)42 and RuPhos results in successive redox-
triggered C-C coupling to generate products of [4+2] cycloaddition (Scheme 17).85 Here,
redox-neutral couplings using a-ketols are essential, as diols require a sacrificial hydrogen
acceptor, which contributes to partial reduction of the diyne reactant. Regioselective
cycloaddition is achieved using nonsymmetric diynes with alkyne termini substituted by -
propyl and #butyl groups. This strategy for cycloaddition has been extended to the reaction
of ortho-acetylenic benzaldehydes with a-ketols. Using ruthenium(0) catalysts modified by
CyJohnPhos, the indicated products of [4+2] cycloaddition form as single regio- and
diastereomers.88 This methodology enables convergent construction of ring systems
characteristic of type 11 polyketides, specifically those of the angucycline class.87-89

V. Hydroaminoalkylation

Since the initial discovery of metal catalyzed hydroaminoalkylation Maspero® and
Nugent®? in the early 1980’s, significant advances in the field of hydroaminoalkylation using
early transition metal catalysts have been made. In contrast, the development of
corresponding late transition metal catalyzed amine C-H functionalizations has proven
challenging.%2-%4 Indeed, with the exception of the present authors work,?>-99 all other late
transition metal catalyzed hydroaminoalkylations require pyridyl directing groups in
combination with mono-olefin reactants.199-108 |n 3 significant departure from prior art, it
was found that ruthenium catalyzed hydrogen transfer from 4-aminobutanol to 1-
substituted-1,3-dienes results in the generation of dihydropyrrole-allylruthenium pairs,
which combine to form products of hydroaminoalkylation with good to complete control of
anti-diastereoselectivity (Scheme 18).%5 As corroborated by deuterium labeling experiments,
kinetically preferred hydrometalation of the terminal olefin of the 1-substituted-1,3-diene
delivers a 1,1-disubstituted rc-allylruthenium complex that isomerizes to the more stable
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monosubstituted r-allylruthenium complex. Imine addition then occurs with allylic
inversion through a closed transition structure. Using a carboxylic acid cocatalyst,
pyrrolidine itself can be engaged in direct ruthenium catalyzed diene hydroaminoalkylations.
Finally, 2-propanol mediated reductive coupling of butadiene with the dihydropyrrole trimer
provides the identical product of diene hydroaminoalkylation. All three reaction types
proceed through a common set of reactive intermediates, as shown in the indicated
stereochemical model.

Carbonylative hydroaminomethylation (hydroformylation-reductive amination)109-115 has
only been reported for mono-olefin reactants, as hydroformylation of dienes and allenes
suffers from poor regioselectivity and “over-hydroformylation” to form dialdehyde products.
In contrast, 2-propanol-mediated reductive couplings of allenes or dienes with
formaldimines (generated /7 situ from saturated 1,3,5-triazines) are efficient and selective
processes.?>—98 Specifically, ruthenium catalyzed transfer hydrogenation of allenes in the
presence of 1,3,5-#ris(4-methoxyphenyl)-hexahydro-1,3,5-triazine provides products of
hydroaminomethylation as single regioisomers.%6 Under similar conditions, butadiene and
related 2-substituted dienes engage in regioselective reductive C-C coupling to furnish
products of hydroaminomethylation.®” Here, higher temperatures (140 °C) are required to
supress the competing aza-Diels-Alder reaction of formaldimine. Regioselective 2-propanol
mediated reductive coupling of dienes with iminoacetates also have been described (not
shown).%8

Whereas ruthenium(l1) catalysts promote hydroaminoalkylation through hydrometalative
pathways, ruthenium(0) catalysts derived from Ruz(CO)1» and triphos enable catalytic
mechanism involving diene-imine oxidative coupling (Scheme 20).%9 Presently,
transformations of this type are restricted to the hydroaminoalkylation of isoprene with aryl
substituted hydantoins. The catalytic mechanism involves hydrogenolytic cleavage of the
azaruthenacyclopentane intermediate through hydrogen transfer from the hydantoin reactant,
which releases product and regenerates the requisite imine for oxidative coupling.

VI. Conclusion and Outlook

Since the seminal work of Sabatier and Grignard, hydrogenation and carbonyl addition have
found longstanding use as methods for chemical synthesis. Merging the chemistry of
transfer hydrogenation and carbonyl or imine addition, we have developed a broad, new
family of reductive and redox-neutral hydrohydroxyalkylations and hydroaminomethylations
— processes in which the transfer or redistribution of hydrogen is accompanied by C-C bond
formation. We have just begun to exploit the potential of this novel reactivity mode, yet
already one may see that carbonyl additions traditionally employing stoichiometric
organometallic reagents can now be conducted catalytically via hydrogen transfer. Perhaps
most importantly, this new reactivity has enabled transformations that have no counterpart in
the current lexicon of synthetic methods.
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Halpern J. Am. Chem. Soc. 1961, 83, 753.

o} [0}
(NH3)2RUCI/TiCly
OH (>100 mol%) OH

Hom) HO.

Hz (1 atm)

o HCI (54) (3.0 M) 0

70-90°C
Acceptorless Oxidation of Alcohols
Robinson Inorg. Chem. 1977, 16, 137.

(TFA);Ru(CO)(PPh3)2
jJH (0.03 mol%) P
S Hz

Me(CHz)s CF3COH (0.36 mol%)  Me(CHals

Neat, Reflux

TOF = 2952 h'
Highly Enantioselective Ru-Catalyzed Hydrogenation
Noyori J. Am. Chem. Soc. 1986, 108, T117.
MeO (TFA)RU[(R}-BINAP)]  pmeo
NAc NAc
MeOr | Hg (4 atm) MeO :
Ar EtOH-DCM, 23 °C “Ar

Ar = 3,4-(MeO),Ph )
100% Yield, >99.5 ee%

Scheme 1.

Page 15

Ru-Catalyzed Transfer Hydrogenation
Blum Tetrahedron Lett. 1971, 12, 2167.

ClzRu(PPhs);
o] ?\H (0.2 mal%) o] ﬁ'\
—_—
ﬁMe Ph Neat, 200 °C Me Ph

Ph Ph

87% Yield 90% Yield

Oxidative Esterification of Alcohols
Shvo Tetrahedron Lett. 1981, 22, 1541.

OH Rua(C0)4z (0.3 mol%) j.'\
Me(CHa)3 PhCCPh (100 mol%) Me(CH,)s~ ~O(CHz)sMe
Neat, 147 °C
87% Yield

Highly Enantioselective Ru-Catalyzed Transfer Hydrogenation
Noyori J. Am. Chem. Soc. 1995, 117, 7562.

[RuCly(n®-benzene)), (0.5 mol%)

0 (5,5)-TsDPEN (1 mol%) OH
—_—
Fh: "M KOH (2.5 mol%) Ph"Ma
2-PrOH (0.1 M)
25°C

95% Yield, 97% ee

Selected milestones in homogeneous ruthenium catalyzed hydrogenation and transfer

hydrogenation.?

aBINAP = 2,2”-bis-(diphenylphosphino)-1,1’-binaphthalene. TSDPEN = N-p-Tosyl-1,2-

diphenylethylenediamine.
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Me HO Me HO Me
MM&
T
R HCIRu(CO)(PPhg)s (5 mol%) he Ko
2 1o Ligand (5-15 mol%) 65% Yield® 75% Yield®
kﬁa 31dr 21dr Me™ "Me
m-NO,BzOH (2.5 mol%) HO Me HO

Acetone (2.5 mol%) Z
THF, 85-110°C Mé Me

M
R o < Br
LnRu-H e H-X 90% Yield® 91% Yield®
Me Ra"Ln 2:1dr
X-H R' X-Ruln

§

Me O Me O
/\)\pﬂ“? s,
7 |
Vi
R! HZRU(CO)(PPhs); (5 mol%) his Me
)TRZ HOk CF3CO;H (5 mol%) 87% Yield 75% Yield
R3
PhMe, 110 °C 0 Me O
Ru'Ln
R' O -
LnRu-H H Me m
R? OMe Br
X—H me R2 H-RuLn  96% Yield 91% Yield®

Scheme 2.
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Coupling of isoprene
with dz-benzyl alcohol

Me HO 2 o507
Ph

(14%)°H” 4 (329 2H)

Coupling of isoprene
with dz-benzyl alcohol

(1%2H) Me O

H
Ph

2
(12% “H)H™ e (32% 2H)

Ruthenium catalyzed C-C coupling of primary alcohols with 1,3-dienes to form homoallylic

alcohols or B,y-enones.2

Yields are of material isolated by flash chromatography on silica gel. 2Ligand = (o

MeOPh)sP, PLigand = rac-BINAP, 2,2’-bis-(diphenylphosphino)-1,1’-
binaphthalene. ¢120 °C.
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Me;PhSi HO

Scheme 3.

HCIRu(CO){PPhg)s (5 mol%)

(R)-DM-SEGPHOS (5 mol%)

PhMe, 95°C

HaRu(CO)(PPha)s
(5 mol%s)
dppf (5 mol%)

BINOL Acid (10 mol%)
THF, 85 °C

HzRu(CO)(PPha)s
(7 mol%s)
(S)-SEGPHOS (7 mol%)

TADDOL Acid (14 moi%)
Me,CO, 95 °C

Me;PhSi HO

(CHz)sMe

Me

65% Yield
>20:1 dr, B8% ee

HO
/ -
Me
86% Yield
8:1 dr, 90% ee

HO
/ 2
Me
69% Yield
4:1 dr, 95% ee

(o]
W,

Me,PhSi HO  Me
e

Me

Me

70% Yield
>20:1 dr, 90% ee

HO
/ >
Me
83% Yield
7:1dr, 92% ee

HO
g

Me

84% Yield
4.8:1 dr, 96% ee

CFy
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Ar,
\ L Ar o o Me
R (O F
(R) l/",F{m

N4 QMe SiRy
Me
Apical Ligands Omitted for Clarity

BINOL Acid

Me
Ar, Ar

O~"o. .0
e} /<O OH
Ar Ar
Me
TADDOL-Acid
Ar = m-Xylyl

Diastereo- and enantioselective alcohol mediated hydrohydroxyalkylation of butadienes.?
aYields are of material isolated by flash chromatography on silica gel. Diastereoselectivity
was determined through *H NMR analysis of crude reaction mixtures. Enantiomeric excess
was determined by chiral stationary phase HPLC analysis. DM-SEGPHOS = 5,5"—bis-
[di(3,5-xylyl)phosphino]-4,4”-bi-1,3-benzodioxole. dppf = 1,1-bis-
(diphenylphosphino)ferrocene. SEGPHOS = 5,5 - bis-(diphenylphosphino)-4,4" -bi-1,3-
benzodioxole
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HCIRu(CO)(PPha)s (5 mol%)
dppb (5 mol%)
(CHz0), ——
2-PrOH (500 mol%)
1,4-Dioxane
95°C

HzRu(CO)(PPhg)s (5 mol%)
dppb (5 mol%)

R HO,CCF 15 (5 mol%)
)\l (CH;0),
| 2-PrOH-Me,CO (9:1)
80°C
HzRu(CO)(PPhg)s (5 mol%)
dppb (5 mol%)
R "'OL HOLCCF 15 (5 mol%)
/\l Me
| EtOH-Me,CO (1:1)
80-100°C
Scheme 4.

OH

62% Yield
>2001 rr

69% Yield
>20:1 dr, 2:1 C2:C3

OH
MeO
Me

T0% Yield
=201 rr

MeO 7 ""OH

71% Yield,
13:1 dr, 7:1 C2:C3

61% Yield
=201

76% Yield
4:1 C2:C3
Me Meme
7 "OH
Me b I”
73% Yield,

>20:1 dr, 1:1 C2:C3

Divergent regioselectivity in 2-propanol mediated reductive couplings of dienes with
paraformaldehyde and redox neutral couplings of ethanol.?
aYields are of material isolated by flash chromatography on silica gel. Diastereoselectivity
was determined through H NMR analysis of crude reaction mixtures. dppb = bis-

(diphenylphosphino)butane.
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Me

)w LnRu'-H
R —_—
LI"IRUA = LnRu"—H

B (Forms Slower)

R'CHO u

Less Stable T.S. with
Increasing Size of R!

o
R ‘OH
[
C2-Coupling

Favored for Cationic
Ru-Catalysts, R' =H

Scheme5.

RuLn
LnRu'-H o
" | -LnRu'-H B
Me

A (Forms Faster)

H R'CHO

More Stable T.S. with
Increasing Size of R’

|

OH
RJYLR,

Me

C3-Coupling
Favored for Neutral
Ru-Catalysts, R' = Alkyl

Divergent regioselectivity in the hydrohydroxyalkylation of 2-substituted dienes.
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[RuBr(CO)3(*CaHs)] (5 mol %)

R o] t-BuPPh; (15 mol %)
L
Me or 2-PrOH (400 mol %)
(CH20), PhMe, 75 °C
HO HCIRU(CO)(PPh3)3 (5 mol%)
R1 I\ dippf (5 mol%)
R
Me THF, 40-95°C
HO HCIRU(CO)(PPhs); (5 mol%)
k dippf (5 mol%)
R
R'RZN THF, 95 °C
R' = p-Ns
R? = 2,4-(MeO),Bn
Scheme 6.

HO

=
Me Ph

71% Yield

HO

/71/‘\/\/05”

Me “—NPhth

72% Yield
=20:1 dr

HO
WOBH
RIRN

89% Yield
=20:1 dr

Alcohol-mediated hydrohydroxyalkylation of allenes.?
aYields are of material isolated by flash chromatography on silica gel. Diastereoselectivity
was determined through *H NMR analysis of crude reaction mixtures. dippf = bis-

(diisopropylphosphino)ferrocene

HO

m
Me Ph
NO.

87% Yield
2:1dr

2

HO

=
Mé Ph
NO

84% Yield
=20:1 dr

2

th
R'R?N

B85% Yield
=>20:1 dr
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85% Yield
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HzRu(CO)(PPhs)s (5 mol%) HO HO

Page 21

HO

Me ArS0OsH (14 mol%)
S L R? 7 Z (CHp)sMe Z ©OBn
R 2-PrOH (200 mol%) Mé Me
THF, 95 °C Me”™ M CF3 Me PhMe Me™ "Me

0
Ru I:_n LnRu'—o0 78% Yield 80% Yield
via allene >20:1 (Z:E) 1:1(Z:E)
= R2 o
1 (o}
R I L R?
R?

HzRu(CO)(PPh3); (5 mol%)
Ars05H (5 mol%)

P "2 SL-J003-1 (5 mol%) e A Ho
= 2 = = CH,)sM
R B Bu NI (10 mol%) /\é:\( DsMe
2-PrOH (200 mol%) Me” ~Me
THF, 95 °C , ,
i 76% Yield 77% Yield
H-Ru'Ln R2 >20:1 dr, 95% ee >20:1 dr, 90% ee
via allene R Mo”’
R""\/"\"Rulll_n

Scheme7.

57% Yield
>20:1 (Z:E)

HO Me
=
Me Me

90% Yield
>20:1 dr, 96% ee

Alkynes as latent allenes in alcohol-mediated hydrohydroxyalkylation to form linear or

branched homoallylic alcohols.?

aYields are of material isolated by flash chromatography on silica gel. Diastereoselectivity
was determined through H NMR analysis of crude reaction mixtures. Enantiomeric excess
was determined by chiral stationary phase HPLC analysis. SL-J009-1 = (R)-1-[(SP)-2-

(dicyclohexylphosphino)ferrocenyl]ethyldi- fert-butylphosphine. Ar = 2,4,6-

triisopropylphenyl.
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HaRU(CO)(PPhs)s (5 mol%)

ArSO3H (7.5 mol%)

5 e Hi SL-J009-1 (S mol%) b o HO
s R " = = CHa)sM
2 BugNI (10mol%) — pipeny e Tapsol/r (Criatte
oTIPS 2-PrOH (200 mol%) Br
0 SR 77% Yield, >20:1 d
LnRu LnRu" ko i TBAF, NaBH
. . . 4
l/ ELnRuﬂ 3:1 (Z:E), 92% ee l
" rcHo | HO
&
o Me Me Me (Y (CHsMe
LR ||| LnRu® LnRu" - X HO Me
) Vp == D LaRu'—)%—D
TIPso b D D D 81% Yield, >20:1 dr
D ®OTIPS oTIPS oTIPS 90% ee

Scheme 8.

Page 22

HO Me
= Me
TIPSO  Me
| TBAF, NaBH,
HO Me

Me
HO  Me

73% Yield, =20:1 dr
94% ee

antf-Diastereo- and enantioselective siloxy-crotylation in the transfer hydrogenative coupling

of primary alcohols with alkynes via hydride-shift enabled m-allyl formation.2

aYields are of material isolated by flash chromatography on silica gel. Diastereoselectivity
was determined through H NMR analysis of crude reaction mixtures. Enantiomeric excess
was determined by chiral stationary phase HPLC analysis. SL-J009-1 = (R)-1-[(SP)-2-
(dicyclohexylphosphino)ferrocenyl]ethyldi- fert-butylphosphine.
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(TFA);Ru(CO)(PPhg), HO

Me L (5 mol%) HO Ho
/ R Me™ MeWOBn Me™
Me 2-PrOH (200 mol%)
Me M Me Br
CO;Me

e

THF, 95°C
RefLn LnRu!—0 o &% Yield 69% Yield 75% Yield
Me” SR Lo
Me |L R or 2-PrOH
R or acetone

(TFA);Ru(CO)(PPhg),

> Me Hi (5 mol%) 9 g 9
i rd R Me” S Mew NPhth  Me™
& THF, 110°C Me Me Me
CO;Me
LnRu',
RuLn H 91% Yield 99% Yield B81% Yield
Me/V\R
Me H-RuLn

Scheme 9.

Transfer hydrogenative couplings of 2-butyne to form allylic alcohols and conjugated

enones.?

aYields are of material isolated by flash chromatography on silica gel.
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HCIRU(CO)(PPh3)s

R! HO c-Hex HO
5 mol%
S ) ( ) SN
| G dppf (5 mol%) kh
]
THF, 95°C Me

7T0% Yield, 1.1:1 dr

Ru'Ln
Ru- Ru"Ln
LnRu-H ..':‘-\\

X-H Me
HCIRu(CO)(PPh3)3

(5 mol%)
dppb (5 mol%)

2-PrOH (400-1000 mol%)
THF, 90 °C

| -RuLn
OH
Me HO
VERRS E
Me
Apical Ligands Omitted for Clarity ~ 85% Yield, >20:1 dr

LnRu-H| Me k Phy
‘\.Ru"/F’

X-H RANor """'P X-Ruln
Ph,

(TFA);Ru(CO){PPh3z),

™S HO 0 MeO
(5 mol%)
Kﬂ, Me L R
(R)-BINAP (5 mol%) Me Me
THF, 105 °C
Apical Ligands Omitted for Clarity B6% Yield, 91% ee
LnRu-H| Me, TMS \ Ph

- \

Ru (R}
xoti|  MpAgr “‘- XR

uln

Scheme 10.

Ph HO

=
(CHgz)sMe

Me

T2% Yield, 2:1 dr

OH

Me HO
me X G
(CHz)sMe

Me

65% Yield, 5:1 dr

T™MS. HO

\‘::\“ H
(CHa)Me

Me Me

69% Yield, 96% ee

Carbony! propargylation via 1,3-enyne hydrohydroxyalkylation.?
aYields are of material isolated by flash chromatography on silica gel. Diastereoselectivity

was determined through TH NMR analysis of crude reaction mixtures. Enantiomeric excess
was determined by chiral stationary phase HPLC analysis. dppb = bis-
(diphenylphosphino)butane. dppf = 1,1-b/s-(diphenylphosphino)ferrocene. BINAP = 2,2"-

bis-(diphenylphosphino)-1,1”-binaphthalene.
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R Ru3(CO)42 (2 mol%) Me_|®
/W HOI"“ PCy; (12 mol%) \/ oH
| o7 OEt PhMe, 130°C e o
R -
RuLn LrRy" 75% Yield

AL
0O._Ph HO.__Ph

0~ "OEt | 0~ "OEt

Ru3(CO)z (2 mol%) Me. _Me

% HO PCys (12 mol%) OH
| N PhMe, 110°C N
0 Bn o Bn
75% Yield
M
R Rus(CO)1 (1 mol%) Me|©
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)m Arger PhMe, 130°C e
/ R
RuLn LrRy" 86% Yield
b LR
0._R HO.__R
et Isolable, X-Ray Lo
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Scheme 11.

Me OH
CO,Et

Me

79% Yield, >20:1 (E:Z)

Me
OH
Me

Me O En

79% Yield, >20:1 (E:Z)

Me Me
1 Lon

"N
==
66% Yield

Page 25

Conversion of secondary to tertiary alcohols via ruthenium(0) catalyzed C-C bond forming

transfer hydrogenation with conjugated dienes.?

aYields are of material isolated by flash chromatography on silica gel. PCy3 =

tricyclohexylphosphine.
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B
Ru3(CO)z (2 mol%) 0 OH
R! HO__R? PCys (12 mol%) Me e Me Me
R®  HoO"TR?'  CioHisCOZH (12 mol%) 0% Me o
PhMe, 130°C
80% Yield a7% Yield 89% Yield
>20:1 (E:2) >20:1 (E:2) >20:1 (E:Z)

ph. " P, )
% il
Me JRu'lLn C4gH4sCOH Ru'(05CC1gH1s)Ln
o OH Diol or Ketol
(8} o] HO.
9
Diol or Ketol

LnRu®
iy stow

Ph
CC
o]
Ph Ph Ph
HO Me}\ HO i HO e
[ | I HO,CC1pH
Ru'lL Ru'Ln 2LLagHes
) W i 01
H Ketol or Dione o alcohol
-
L2 ketone
Scheme 12.

Ruthenium(0) catalyzed C-C coupling of diols with alkynes viatransfer hydrogenation.?
aYields are of material isolated by flash chromatography on silica gel. C;gH15CO,H = 1-
adamantanecarboxylic acid. PCy3 = tricyclohexylphosphine.
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Scheme 13.

OH
Me
o}
N
Bn
Ru3{CO)q2 (2 mal%) :
PCys (12 mol%h) 89% Yield
C1oH15COzH (10 mol%)
m-xylene, 120°C Ph OH
Me
(o]
N
Bn
94% Yield
>20:1 dr

Bn

80% Yield
>20:1dr

Page 27

CHz)sMe
(: 2)6H
Me
(o]
N
En
83% Yield
=20:1 dr (x-ray)
Me;Si_
: OH
Me
o]
N
Bn

95% Yield
=>20:1 dr

Ruthenium(0) catalyzed C-C coupling of diols with a-olefins via transfer hydrogenation.2
aYields are of material isolated by flash chromatography on silica gel. C;gH15CO,H = 1-
adamantanecarboxylic acid. PCy3 = tricyclohexylphosphine.
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Ru3(CO)2 (2 mol%) Me Me
dppp (6 mol%) =
(oo} Lo jl o )
C1gH15CO02H (10 mol%) o o
m-xylene, 140 °C
96% Yield T4% Yield
Rug(CO}42 (2 mol%)
dppp (6 mol%) Ph
0" o 0™ "o
CyoH45CO2H (10 mol%) 0% “Ph o
m-xylene, 140 °C
96% Yield 71% Yield

Rug(CO)q2 (2 mol%)
dppp (6 mol%)
BUOK (10 mol%)
m-xylene, 140 °C
92% Yield 90% Yield
>20:1 dr (X-ray) >20:1dr

Ruthenium(0) catalyzed C-C coupling of acrylic esters with diols and a-hydroxycarbonyl
compounds via transfer hydrogenation.?

aYields are of material isolated by flash chromatography on silica gel. C1gH15CO,H = 1-
adamantanecarboxylic acid. dppp = b/s-(diphenylphosphino)propane.
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Ph.__.OH
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Ph OH
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Ph” “OH |
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Scheme 15.

Ru3(CO)s2 (2 mol%)
dppp (6 mol%)

C1pH15CO2H (10 mol%)
m-xylene, 140 °C

For Benazil
2-PrOH (300 mol%)

Ph
(o e’
Ph™ O

90% Yield (dihydrobenzoin)
92% Yield (benzoin)
61% Yield (benzil)

Redox level-independent cycloaddition to form a y-lactone.2
aYields are of material isolated by flash chromatography on silica gel. C;gH15CO,H = 1-
adamantanecarboxylic acid. dppp = bis-(diphenylphosphino)propane.
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n=1,81% Yield n=1,89% Yield
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/< HO, Ligand (6 mol%) n =2, 83% Yield n =2, 99% Yield
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R HO™ PhMe, 130°C n=3,82%Yield Me n = 3, 90% Yield

(rac-BINAP) HO " (rac-BINAP)
n = 4, 62% Yield n =4, 73% Yield
(dppp) (dppp)

HO 0
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\
o 0 HO __ PhI(OAc); (120 mol%) __
j\:; ” ’ DCM, 25 °C
0 \ £ 5, : o 0
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n=1, 88% Yield n=1,86% Yield
n =2, 88% Yield n =2, 93% Yield
n =3, 99% Yield n =3, 93% Yield
n=4,99% Yield n =4, 73% Yield

Ru3(CO)q2 (4 mol%)
dppPh (12 mol%)
OH  putadiene (1000 mol%)

“oH PhMe-DMA, 130 °C
Then p-TsOHH;0

el
O

mixture of meso-, (20 mol%), 75 °C 62% Yield
d.l-isomers Single "One-Pot" Operation
Scheme 16.

Transfer hydrogenative diene-diol [4+2] cycloaddition.2

aYields are of material isolated by flash chromatography on silica gel. dppp = bis-
(diphenylphosphino)propane. BINAP = 2,2"-bis-(diphenylphosphino)-1,1”-binaphthalene.
dppPh = bis-(1,2-diphenylphosphino)benzene.
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i C‘;Bu é’Pr
& Me
OHAr 0
. | L,
MeO
"Pr "Pr
T7% Yield R = Ph, 75% Yield

R = 3-MeOPh, 77% Yield
O Ar Oy -Ar R = 3,4-Cl,Ph, 86% Yield
T T R = (CHg):Ph, 70% Yield
OH o] R = CH,0TBS, 60% Yield
'Bu i
MeO EU Ln PCy,
0 R i
Ar H O Q
o R
pr RuPhos, R = O-Pr

CyJohnPhos, R= H

HO OH HO o
404 Q;;O
MeO MeC
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Transfer hydrogenative cycloaddition of a-ketols with benzannulated 1,5-diynes or ortfio-

acetylenic benzaldehydes.?

aYields are of material isolated by flash chromatography on silica gel.
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Scheme 18.
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Stereochemical Model

Transfer hydrogenative imine addition and hydroaminoalkylation.?
aYields are of material isolated by flash chromatography on silica gel. FcCO,H = ferrocene

carboxylic acid. dCypp = bis-(dicyclohexylphosphino)propane.
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Scheme 19.

Regioselective hydroaminomethylation of allenes and dienes via 2-propanol mediated

reductive coupling with formaldimines.2

aYields are of material isolated by flash chromatography on silica gel. dCypm = bis-
(dicyclohexylphosphino)methane. dCype = bis-(dicyclohexylphosphino)ethane.

Top Curr Chem (J). Author manuscript; available in PMC 2017 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Perez et al.

Ru3(CO)y2 (2 mol%) HN’Q

o
i .. | triphos (12 mol%) Me MEn
NBn
[ Ar)\@ THF, 140°C Me o

75% Yield

(o]
Hint /QNBn
Ar)\ﬁ

o]

Scheme 20.
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Regioselective ruthenium(0) catalyzed hydroaminoalkylation of isoprene with hydantoins.2

aYields are of material isolated by flash chromatography on silica gel. triphos = bis-

(diphenylphosphinoethyl)phenylphosphine.
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