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1. INTRODUCTION

Hydrogenation is one of the most fundamental transformations
in organic synthesis, and its industrial applications span from
fine chemicals to pharmaceuticals synthesis.' > Direct hydro-
genation with a pressure of H, gas and transfer hydrogenation
(TH) are the two employed strategies for hydrogenation. TH
reaction, referring to the addition of hydrogen to a molecule
from a non-H, hydrogen source, is a convenient and powerful
method to access various hydrogenated compounds. It is an
attractive alternative to direct hydrogenation, and it has recently
become the center of research in hydrogenation science. The
reasons for that are (i) the TH method does not require
eventually hazardous pressurized H, gas nor elaborate
experimental setups, (ii) the hydrogen donors are readily
available, inexpensive, and easy to handle, (iii) the major side
product can be recycled, and (iv) the catalysts that are involved
usually are readily accessible and not sensitive.*'*

1.1. History, Basic Concepts, and Seminal Studies of
Transfer Hydrogenation

The hydrogen transfer reaction dates back more than a century.
In 1903, Knoevenagel'® first demonstrated that palladium black
smoothly promoted the disproportionation of dimethyl 1,4-
dihydroterephthalate to dimethyl terephthalate and cis-hexahy-
droterephthalate in which hydrogen transfer was achieved
between identical donor and acceptor units.'® Braude and
Linstead'” classified hydrogen transfer reactions into three
types: (i) hydrogen migration taking place within one
molecule; (i) hydrogen disproportionation, involving transfer
between identical donor and acceptor units; and (iii) TH-
dehydrogenation, occurring between unlike donor and acceptor
units. Among them, TH-dehydrogenation, more simply called
TH, is by far the most important and widely used subfield. TH
reactions are divided according to the catalyst type in
Meerwein—Ponndorf—Verley (MPV) reductions, late transition
metal-catalyzed reactions, organocatalytic, enzyme-catalyzed,
thermal, base-catalyzed, and uncatalytic processes. In this
section, we discuss the history, seminal studies, and basic
concepts of all of these categories.

The illustrious MPV reduction was first published
independently by Meerwein and Verley in 1925, and it was
the first TH reaction of carbonyl compounds."®" Hans
Meerwein (1879—1965) studied for his Ph.D. with Richard
Anschiitz in Bonn where he became a Professor in 1914 before
moving to Konigsberg in 1922, then to Marburg. Several
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reactions and reagents bear his name including, in addition to
the MPV reduction, the Wagneer—Meerwein rearrangement,
the Meerwein arylation, and Meerwein’s salt. Albert Verley
(1867—1960) was, as a chemist, dedicated to perfume
chemistry, aromatic synthesis, and synthetic rubber. He studied
for his Ph.D. with Charles Friedel in Paris. At 22, he founded
the first factory producing up to three tons per month of
synthetic vanillin upon iso-eugenol oxidation by ozonized air, a
revolutionary process. He was sent by President Paul Reynaud
in 1940 as scientific ambassador to the U.S. near President
Roosevelt, established a laboratory in New York, and proposed
in 1943 an extremely efficient synthesis of butadiene from
butane at atmospheric pressure that later produced 1200 000
tons of synthetic rubber per year. He was also a known
mathematician and a known composer who studied with Erik
Satie and funded young musicians and composers including
Arthur Honegger.

In the MPV process, an aluminum alkoxide acts as a
promoter for the reduction of a ketone to the corresponding
alcohol in the presence of a secondary alcohol as a hydrogen
donor. Following the pioneering work, the MVP reduction of
carbonyls over aluminum, zirconium, lanthanum, cerium,
samarium, and ytterbium has been reported.”* In the
homogeneous MPV reduction, a direct TH through the
formation of a cyclic six-membered transition state in which
both the reducing alcohol and the carbonyl are coordinated to
the same metal center was proposed to take place (Scheme
1),>'** and the reversibility of the catalytic cycle of the MPV
reduction was exploited.**

Scheme 1. Hydrogen Transfer in the MPV Reduction via a
Cyclic Transition State
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Furthermore, over the past decades, a number of
heterogeneous Lewis acidic or basic catalysts including
supported aluminum alkoxides, magnesium oxide, hydrotalcites,
hydrous zirconia, supported ZrO,, supported zirconium
complexes, zeolites, and grafted lanthanide alkoxides have

been utilized for promoting MPV reduction.”**> Among these
easy-to-separate and regenerable catalysts, hydrotalcites,
zeolites, and mesoporous material-anchored Al, La, Hf
alkoxides showed high catalytic activities for MPV reduction.
Some of them are even used in truly catalytic amounts. The
MPV reduction has been extensively applied in both academic
and industrial syntheses, particularly in the chemical
manufacture of flavor agents, due to its chemoselectivity
toward the keto functionality and the mild reaction conditions.
The usual requirements of a large amount of reagents,
undesired side reactions, and moisture sensitivity (especially
for Al catalysts) are well-known drawbacks.”®

The next milestone of TH was the discovery of late
transition-metal catalysts involving first-, second-, and third-row
transition metals of groups 8, 9, 10, and 11. The pioneering
work reported by Henbest, Mitchell, and co-workers in the
1960s>” > showed that an iridium hydride complex catalyzed
the hydrogenation of cyclohexanones and a,f-unsaturated
ketones to alcohols with isopropanol. In the 1970s, Sasson
and Blum® ™ also provided seminal contributions to the
development of transition metal-catalyzed TH. They demon-
strated that the complex [RuCl,(PPh,),] was active in the
biphasic TH of acetophenone with isopropanol at high
temperature. Two decades later, Chowdhury and Bickvall*®
found that the [RuCl,(PPh;);]-promoted reaction was
accelerated by 10°—10* times upon adding a catalytic amount
of NaOH. In the early 1980s, the first reports of the Ru-
catalyzed asymmetric TH emerged.6’34’35 Since then, asym-
metric TH (ATH) has received significant attention as an
essential branch of TH. Asymmetric hydrogenation (AH) is an
important process in the fragrance and pharmaceutical
industries,***” culminating with the seminal work by Kagan
and the award of the Nobel Prize to Noyori and Knowles for
their contribution to the field in 2001.>**" ATH based on late
transition-metal catalysts has proven to be among the most
powerful methods for asymmetric reduction of various
unsaturated substrates to produce chiral com-
pounds.”¥'%"*2% This is due to the excellent stereo-
selectivities provided by these catalysts, the availability of
various hydrogen sources, operational simplicity, and the use of
readily accessible and little sensitive catalysts.

To date, great progress has been made in the development of
late transition metal-catalyzed symmetrical TH and ATH. A

Scheme 2. Ir TH Catalysts Bearing NHCs
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variety of transition metals, ligands, hydrogen sources, bases,
reaction media, supports, and unsaturated compounds have
been involved in the transformations, which makes the most
important subtopic of TH.

Ir, Ru, and Rh complexes bearing N, P, O, S, C element-
based ligands with various forms (such as metal-N-heterocyclic
carbenes, half sandwich, multidentate metal complexes, and
their combinations) are perhaps the most classic and popular
catalysts for TH.

The family of N-heterocyclic carbene (NHC) ligands has
shortly arrived at the forefront of coordination chemistry and
organometallic catalysis**~*° since the first isolation of a free
NHC that was achieved by Arduengo et al. in 1991.%" This is
due to their strong coordination ability as o-donors and
remarkable adjustability of the steric and electronic properties
on the metal center, and almost infinite possibilities of
topological modifications. In Ir, Ru, and Rh catalysts for TH,
NHC ligands were commonly incorporated into chelating,
pincer, and chiral structures.>

The use of transition-metal complexes containing NHC in
catalytic TH was pioneered by Nolan et al.>> who designed and
synthesized the complexes [Ir(cod)(py)(NHC)]PF; la—1c
(Scheme 2). These complexes were further used as catalysts for
the TH of several unsaturated substrates including ketones,
olefins, and nitroarenes with 2-PrOH as hydrogen donor. All
tested complexes were observed to be active for all involved
THs, especially of ketones, with complex 1c providing the best
catalytic performance. After this pioneering research, many Ir—
NHC complexes have been exploited.***> Crabtree’s group*®
reported the new air-stable and moisture-insensitive Ir catalysts
2 bearing a chelating bis(N-heterocyclic carbene) ligand for
efficient TH of ketones. The first Cp*-functionalized NHC
(Cp* = n°-CsMes) was prepared by Royo et al>’ and
coordinated to [Ir(u-Cl)(cod)], providing complex 3. This
complex was employed at low catalyst loading down to 0.01
mol % for the TH of a series of ketones with up to a TON of
9900. The synthesis of the four-coordinate complex [IrBr-
(cod)(C-NHC)] 4 was reported by the groups of Hahn and
0r0.”*7 The catalytic performances of 4 were evaluated in the
TH of cyclohexanone using 2-PrOH as hydrogen source in the
presence of KOH, showing that excellent conversion was
obtained in a few minutes with a TOF above 6000 h™'. In 2007,
Crabtree and co-workers®' reported the first preparation and
catalytic application of Ir(I) triazole-based NHC complexes.
The TH of C=0, C=N, and C=C double bonds was
successfully conducted in the presence of 1 mol % of $ utilizing
2-PrOH or cyclopentanol as both hydrogen donor and solvent.
A new “I'"™-(C*N)(C"N)” complex 6 with a 1,8-naphthyridine
(NP)—NHC hybrid ligand 1-benzyl-3-(S,7-dimethyl-1,8-naph-
thyrid-2-yl)imidazol-2-ylidene (BIN) was successfully synthe-
sized® The TH of carbonyl compounds catalyzed by 6
proceeded smoothly with 0.1 mol % catalyst loading using
KOPr as base and 2-PrOH as hydrogen source at 30 °C,
providing the corresponding alcohols with 97—100% con-
versions and 83—90% isolated yields in a short time (Scheme
3).

Ru—NHC complexes were also applied as catalysts to greatly
promote the TH processes.”*** The early pioneering work on
TH using Ru—NHC catalysts was reported by Peris and
Danopoulos.®®® These authors used 2,6-bis(1-alkylimidazo-
lium-3-yl)pyridine salts as a new source of tridentate CNC
bis(carbenes) to coordinate with Ru precursors, readily
assembling the Ru “pincer” NHCs complexes 7 and 8 (Scheme

Scheme 3. TH of Carbonyl Compounds over Ir—NHC
Complex 6
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4). Both of these complexes exhibited high catalytic activities in
the TH reduction of carbonyl compounds from 2-PrOH. In

Scheme 4. Ru Catalysts Containing NHC Ligands for TH
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particular, 8 gave TONs up to 126 000 and a TOF of 15200
h™ when cyclohexanone was chosen as the reaction substrate.
Later, Yu's group®” prepared the new Ru(I) complex 9
containing a “pincer’-type pyridyl based (pyrazol-3-yl)-N-
heterocyclic carbene ligand and revealed its good to excellent
activity in the TH of ketones. A new orthometalated
heterocyclic ruthenium carbene catalyst 10 with good thermal
stability was synthesized by reaction of the commercially
available NHC derivative 1,34-triphenyl-4,5-dihydro-1H-1,2,4-
triazol-S-ylidene with the complex [Ru-2-(aminomethyl)-
pyridine]. TOF values up to 120000 h™" were obtained in
the TH of ketones with a broad substrate scope with the
catalyst 10.°® In 2006, Gade et al.* described the synthesis and
catalytic application of the first Ru complex bearing an
oxazolinyl-carbene ligand with the half-sandwich structure.
The obtained catalyst 11 showed a moderate activity in the
reduction of ketones by 2-PrOH.

The first example of Rh—NHC catalyst for TH was the
robust and air-stable complex [Rh™(bis-carbene)I,(OAc)] (12)
that was synthesized by Crabtree and Peris in 2002 by reaction
of a bis-imidazolium salt with [Rh(cod)ICI], in the presence of
NaOAc/KI (Scheme 5).”° These complexes displayed good
catalytic performances in TH with both ketones and imines.
However, the complexes 12 were inactive in TH of alkene C=
C double bonds. After this groundbreaking report, several
seminal studies on TH catalyzed by Rh complexes containin%
benzannulated NHCs (13),%° bridged bis(NHC) (14),
amine-functionalized NHC (15),”* and diether-functionalized
NHC (16)”* consecutively emerged, which drove the develop-
ment of catalytic TH. For example, Kiihn’s group’" synthesized
the complex bis-Rh—NHC bridged with hydroxyl groups that is
a potential anchoring point for immobilization onto different
supports providing recyclable metal-NHC catalysts.

In 1995, Noyori and Ikariya introduced the synthesis of
[RuCl(5%-arene) (N-arylsulfonyl-DPEN)], 17 (named Noyori
catalysts; DPEN = 1,2-diphenylethylene-1,2-diamine). This
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Scheme 5. Rh TH Catalysts Bearing NHCs
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complex was reported to catalyze stereoselective TH of various
aromatic ketones®”’* and imines*® (Scheme 6). Subsequently,
TH using half-sandwich complexes including ruthenium arene
and iridium/rhodium Cp* catalysts were much explored. The
use of half-sandwich complexes as catalysts has been one of the
most powerful strategies for asymmetric hydrogenations and
other ATHs.

The well-established family of robust Noyori catalysts is very
effective in terms of activity and stereoselectivity for ATH using
either 2-PrOH or formic acid typically as the hydrogen source
and for AH.” This robustness of the Noyori catalysts promotes
numerous applications in total synthesis and synthetic method-
ology’®™® as well as the development of many structural
variations of these catalysts such as the introduction of the N-R-
sulfonyl fragment, the sulfonamide moiety, the n’-arene ligand,
or the diamine unit.*””*® For example, in 1999 Ikariya’s group®’
reported that a Noyori catalyst efficiently promoted the
asymmetric reduction of 1,2-diphenylethane-1,2-dione (benzyl)
with a substrate/catalyst molar ratio of 1000—2000 in mixed
solvents consisting of formic acid and triethylamine, giving a
series of (R,R)-hydrobenzoin 18 quantitatively with high
diastereomeric (97% de) and enantiomeric purities (>99%
ee) (Scheme 7). As chiral 1,2-diols, the (R,R)-hydrobenzoins
18 are important building blocks in stereoselective organic
syntheses as well as chiral ligands. The same group also

reported the syntheses of the optically active alcohols 19
through ATH of the corresponding ketones in the presence of
the Noyori catalyst in the same reaction media.”® The obtained
functionalized alcohols were further converted to optically
active amino alcohols with excellent enantioselectivity.

The selected variants of the Noyori catalyst based on Ru are
gathered in Scheme 8. Siiss-Fink and co-workers synthesized a
new family of nine cationic organometallic complex 20
containing chiral 1,2-diaminocyclohexane ligand. The water-
soluble and water-stable compound 20 provided good
conversion and enantioselectivity for catalyzing TH of both
prochiral aromatic ketones and imines in aqueous solution.”"**
Zhu et al.”*** reported the first example on ATH of cyclic
imines and iminiums in water with the assistance of
cetyltrimethylammonium bromide (CTAB) using sodium
formate as hydrogen source in the presence of the water-
soluble catalyst 21. Wills’ group”~'*° provided initial reports
on the synthesis of complexes 22 and 23, a structural variation
of Noyori catalysts containing a linking group (a “tether”)
between the ;%-arene and the diamine unit, which increased the
complex rigidity. These complexes were found to be highly
active catalysts for ATH of ketones in formic acid/triethyl-
amine.

Various alternatives of monotosylated diamines in the Noyori
catalysts have also emerged, such as N—O ligands (especially
for amino alcohol ligands), N—P ligands, other related N-
heterocycle-based dinitrogen ligands, and so on (Scheme 9).
These half-sandwich 7°-arene Ru complexes generally showed
excellent activities in the reduction of unsaturated compounds.
One of the most significant breakthroughs reported by Noyori
et al.'®! is that simple f-amino alcohols, for example, ephedrine,
take the place of monotosylated diamines. This innovation
largely improved the practical applications of the Noyori
catalyst 17, because chiral diamines are notoriously complicated
to synthesize in contrast to the large variety and ready
availability of chiral amino alcohols, and the new 7°-arene Ru
complex 24 exhibited excellent catalytic behavior for TH in
terms of enantioselectivity and catalytic activities. Since the
initial discovery, plenty of amino alcohol ligands have been
introduced into Ru-n®-arene complexes and used as TH
catalysts.”' 7' Mixed P,N-chelate ligands have attracted
considerable attention in both coordination chemistry and
catalysis, due to their unusual electronic properties and
pronounced hemilabile character resulting from the presence
of two very different binding sites.'”® In 2003, a half-sandwich

Scheme 6. ATH of Ketones and Imines Catalyzed by [RuCl(7°-Arene)(N-arylsulfonyl-DPEN)] Using 2-PrOH or HCOOH-Et;N

as Hydrogen Donor
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Scheme 7. Practical Syntheses of Hydrobenzoins and Optically Active Amino Alcohols via ATH Reactions Using the Noyori

Catalysts
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[Ru—(cymene)Cl] chelate catalyst 25 bearing the 1-(2-
methylpyridine) phosphole ligand was prepared and gave
extremely high TONs (up to 2 X 10”) and TOF (1.2 x 10°
h™") for TH of ketones.'” Another highly efficient half-
sandwich Ru catalyst with P—N ligand was reported by
Stradiotto and co-workers''® who demonstrated that complex
26 with donor-substituted indenides remarkably promoted TH
of a broad scope of ketones, and near quantitative conversions
were detected within minutes with only 0.05 mol % of catalyst
loading and high TOF values in the range of 54 000—220 000
h™" (Scheme 10). Generally, the presence of a Ru—NH linkage
in Ru catalysts is essential to give the highest levels of catalytic
efficiency in TH of ketones, in particular in the cases of the
Noyori catalysts. This is due to the well-established N—H effect
that has been rationalized in terms of an outer-sphere TH
mechanism involving the concerted transfer of H, from a
{(H)Ru—NH,R} intermediate to a ketone substrate.'***'!!

Scheme 10. TH of Ketones Catalyzed by the Highly Efficient
Ru-Based Half-Sandwich Complex 26
)OJ\ 26 (0.05 mol%) - OH
R2 KOBu (1 mol%)  R'” “R2
PrOH reflux, 5-15 min
R', RZ = alkyl or aryl

R!

Conversion: 94-99%
TOF: 54000-220000 h-!

Interestingly, 25 and 26 did not rely on the N—H effect. Along
this line, Stradiotto mentioned that in the case of 26 the anionic
nature of the P—N ligand may play an important role in
generating excellent catalytic activity."'® Moreover, some
pyridine-based dinitrogen ligands were also apFlled to assemble
half-sandwich Ru complexes (Scheme 9, 27)."'>'"?
Half-sandwich Ir and Rh complexes with various combina-
tions of ligands have also been explored in TH, but the number
of complexes is less than those of Ru. In 1999, the group of
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Tkariya'"* discovered the synthesis of new chiral Ir or Rh
complexes containing Cp* and chiral diamine ligands. These
complexes exhibited good catalytic activity and selectivity in
ATH of aromatic ketones (Scheme 11), even comparable to

Scheme 11. First Examples of Chiral Rh or Ir Catalysts with
Cp* and Chiral Diamine for ATH of Aromatic Ketones

0 OH

chiral cat, KO-t-Bu
2 + (CH3),CHOH ————————» 2
| TR (CHa)z (CHslCHOH, 30°C g1l ) R
= =

R'=H, CF3, F, CHg, CoHs, OCH3
R? = CHg, CH(CH3),

Chiralcat: 5 LS »

M =Rh, Ir

those of their Ru counterparts. Since this discovery, Cp*Ir and
Cp*Rh systems have received significantly increasing attention
as catalzsts in a wide variety of TH reactions in the
2000s."°7' For example, Carreira’s group''® prepared an
air-stable Ir complex 30 containing a Cp* unit by combining
the Ir(Il) trihydrate precursor 28 with a donor ligand 29 in
aqueous methanol at room temperature (rt). This complex 30
was then utilized as catalyst for the ATH of f3, -disubstituted
nitroalkenes with a broad range of substituted groups in water
at low pH and in open air, providing excellent yields and good
selectivities (Scheme 12).

Scheme 12. ATH of f,#-Disubstituted Nitroalkenes
Catalyzed by the Half-Sandwich Ir Complex 30

Besides Ru, Ir, and Rh, the utilization of other late transition
metals including Fe, 70181 Co, 72182 j 1837185 p g 186-190
Re,"! 0s,'271 Pt,'* and Au'®”'®® in TH has also been
widely explored.

In catalysis involving transition metals, Fe has been realized
to be a fascinating candidate for a “greener” alternative to
precious metals because Fe is abundant on earth, inexpensive,
environmentally benign, and of low toxicity. The groups of
Chirik'*7?°" ‘well established several iron-catalyzed TH
systems. Shortly afterward, a pioneering breakthrough in the
development iron-catalyzed ATH reactions was reported by
Morris and co-workers'”®'”? who designed the iron(II)
complexes 31 and 32 containing tetradentate diiminodiphos-
phine “PNNP” ligands inspired by the high activity and
enantioselectivity of Ru—PNNP complexes in TH and
hydrogenation using H,.'****> The new Fe complex [trans-
Fe(CO)(NCMe)(CyP,N,)][BF,], (31) displayed a good
activity in ATH of ketones, aldehydes, and imines under very
mild conditions using 2-PrOH as the hydrogen donor, affording
up to 995 h™' TOF (Scheme 13)."”® On the basis of this result,

Scheme 13. ATH of Polar Bonds Using Iron-Based Catalysts
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Ru, Ir, and Rh complexes containing bi- or multidentate
ligands in the forms of [PN],"** [NPN],13513¢ [NPO],'37138
[NCN],139 [NNN],140_146 [PNP],147_150 [PCP],151’152
[CNN],153_156 [NNNP],157 [PNNP],ISS_IéS [SNNS],166
[PPPC],"*” and [ONNO]"*® backbone fragments have been
extensively studied in catalytic TH due to their easy
manipulations and high reactivity.'® Among these units,
phosphorus—nitrogen containing ligands have been particularly
used to assist Ru, Ir, and Rh metals in TH where it is necessary
for part of a ligand to dissociate to allow an organic fragment to
coordinate and undergo transformations. Phosphorus—nitro-
gen-containing ligands are readily synthesized and structurally
and electronically modified, and the coordination behavior and
structural features of the corresponding Ru, Ir, and Rh
complexes are tuned through small variations of these ligands.
Moreover, the refined structure of these complexes enables one
to probe the reaction mechanism straightforwardly.

in 2009 a modified Fe complex 32 was successfully prepared
using a facile and economical two-step synthesis. This complex
showed very high activity and enantioselectivity in ATH of
ketones to enantioenriched alcohols with a broad scope of
substituent groups, producing excellent ee values and up to
4900 h™" TOF that are comparable to those of the Ru
analogues.'” In the past few years, significant progress in the
field of iron-catalyzed TH has been witnessed.

As one of the most frequently used transition metal catalysts,
Pd has also been employed in catalytic TH. The first example of
stereo- and chemoselective transfer semihydrogenation of
alkynes to alkenes was reported by Elsevier’s group.'®® In this
work, the zerovalent Pd—NHC complex 33 was readily
generated and utilized as catalyst in hydrogenation of aromatic
and aliphatic internal alkynes by employing a S-fold excess of
HCO,H/NEt; as the reductant in refluxing THF or CH;CN
under nitrogen atmosphere (Scheme 14). The transfer
semihydrogenation proceeded smoothly with excellent con-
versions, and a series of Z alkenes were obtained with high
stereoselectivities and chemoselectivities."®®

Significant breakthroughs and developments of catalyst
diversity in TH have been achieved by Baratta et al. in 2008
with pioneering studies of the osmium complexes [OsCl-
(CNN)P,] (34)"*'* and [OsCl,P,(Pyme)] (35 and 36)"*
containing CNN or CN pincer (Scheme 15). A remarkably
high catalytic activity (up to 10° h™' TOF) and enantiose-
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Scheme 14. TH of Internal and Terminal Alkynes to Z and E
Alkenes with HCO,H/Et;N as the Hydrogen Source in the
Presence of the Pd Catalyst 33
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Scheme 185. Baratta’s Os Complexes for Efficient Catalytic
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lectivity (up to 98% ee) was disclosed in the TH of ketones
using 2 mol % of NaOiPr as base, 2-PrOH as solvent, and
hydrogen source with down to 0.001 mol % of the Os
complexes. The authors mentioned that deactivation is retarded
in these Os examples resulting in catalytic performances
comparable to those of other elements including Ru.

In the field of transition-metal catalyst-promoted TH, various
“sacrificial” hydrogen sources were employed such as cyclo-
hexene, cyclohexadiene, alcohols (including 2-PrOH, MeOH,
EtOH, glycerol), formic acid, Hantzsch esters,”*> hydrazine,
benzothiazoles, dimethylamine-borane, sodium hypophosphi-
tem, and alkanes. Because of their low costs, 2-PrOH and
formate are the main used sources of reducing reagent. In some
cases, the “sacrificial” hydrogen source was an alkane and the
hydrogen acceptor an appropriate olefin ensuring favorable
thermodynamics of the TH reaction. For instance, in 1979,
Crabtree’s group’® demonstrated for the first time that
[Ir(Me,CO),H, (PPh;),]" efficiently catalyzed hydrogen trans-
fer from cyclones to t-butylethylene, producing the correspond-
ing cycloolefins and 2,2-dimethylbutane. Later, the complexes
[IrH,(O,CCF;)(PAr;),] and [ReH,(PPh,),] were also shown
to be active in the process of dehydrogenation of cyclones using
t-butylethylene as the hgrdrogen acceptor.’>**® In 2003,
Goldman and co-workers®”**® found that the “pincer”-ligated
transition-metal complex [Ir(***PCP)H,] (*®"PCP = 5’-2,6-
(‘Bu,PCH,),C¢H,) was an effective and robust catalyst for TH
reactions between t-butylethylene and tertiary amines (or
cyclooctane), and a series of enamines (or cyclooctene) were
synthesized in acceptable yields.

Organic media in normal or supercritical state, ionic
liquids,®®~?'* and aqueous media were commonly employed
for TH.>"®> Most of the processes take place in an organic
solvent that is generally used as hydrogen donor. Enzyme-
catalyzed TH in aqueous media using formate as hydrogen

donor has been occurring for billions of years. Since the initial
research by the Peruzzini and Watanabe groups on transition-
metal-catalyzed TH in aqueous media,"*>*'* various catalytic
systems involving aqueous solvents have been reported until
recently.”'*™*'® Such systems involve the low-cost and
environmentally benign property of water, the good water-
solubility of the frequently used hydrogen sources, the great
progress in the synthesis of water-soluble catalysts or
ligands,ng_221 and the formation of water-soluble metal—
hydride complexes as intermediates in catalytic cycles.”*> The
catalytic performances of transition metal in aqueous media are
critically affected by the pH value of reaction mixtures, allowing
for fine-tuning of selectivity and limiting side reac-
tions.'>”'?***> In addition, many reactions have been found
to be significantly accelerated in water, as compared to organic
solvents.”****

A series of organic and inorganic bases have been employed
in TH such as Et;N, KOH, NaOH, Na,CO,;, HCOONa, 2-
PrOK, 2-PrONa, 2-PrOLi, KO'Bu, NaO'Bu, KHMDS (potas-
sium hexamethylsilazane), K;PO,, Cs,CO,;, CsOH, NaOAc,
and NaOMe. The pK, value and the cationic or anionic nature
of the base influence the catalytic efficiencies of transition-metal
catalysts.”>° Interestingly, in a few cases, TH proceeded
smoothly without the use of any base.”*’ %

Various unsaturated compounds including ketones, alde-
hydes, imines, nitrocompounds, nitriles, oximes, a,f-unsatu-
rated esters, a,f-unsaturated acids, a,f-unsaturated carbonyl
compounds, heterocycles, alkenes, and alkynes have been
reduced to the corresponding symmetric or asymmetric
compounds through TH processes in the presence of either
homogeneous or heterogeneous transition-metal catalysts.
Moreover, transition-metal-catalyzed TH reactions have been
applied to the synthesis of asymmetric products on industrial
scale.”!

An extensive exploration of mechanistic studies of transition-
metal-catalyzed TH of unsaturated compounds has been
witnessed in the last few decades. Taking the TH of ketones
as an example, two mechanisms were most commonly
demonstrated in the transformation. These are inner- (with
substrate coordination) and outer-sphere mechanisms (with no
substrate coordination). The inner-sphere mechanism implies
insertion of the ketone reagent into an M—H bond with
concomitant elimination of acetone. A new alkoxide is formed
that is then protonated by the incoming hydrogen source,
releasing the alcohol product from the metal.'* The outer-
sphere mechanism, initially proposed by Noyori''! in the case
of the Noyori catalysts, implies the existence of the strongly
basic amido ligand that allows deprotonation of the alcohol by
the nucleophilic nitrogen donor with simultaneous hydride
transfer to the adjacent ruthenium atom via a highly ordered
transition state. Transfer of the proton and hydride from the
amine and ruthenium, respectively, to the ketone generates the
alcohol product. In the outer-sphere mechanism, the ligand
plays a critical role in activating the carbon of the unsaturated
substrate to nucleophilic hydride. This provides a cyclic
transition state for H*/H™ transfer by adequate hyper-
conjugation. The metal serves as a source of proton to be
transferred along with the hydride from the metal, offering a
point of interaction for enantioselective recognition of the
prochiral substrate.''' These two mechanisms clearly differ
from that of the direct TH proposed for the MPV reaction in
which the ketone interacts with the metal alkoxide (Scheme 1).
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Organocatalysis that dates back to more than 150 years ago
offers several advantages. Organocatalysts are usually more
robust, less sensitive, less toxic, and easier to synthesize than
organometallic analogues and are immobilized onto a support
and conveniently recycled. Moreover, or%anocatalysis can be
performed under aerobic conditions.”>> Transition metal
catalysts, in particular Rh, Ru, and Ir complexes, were widely
and efficiently used in TH, affording high TONs and high
enantioselectivity. On the other hand, the organocatalytic TH
process has also been shown to be a promising means to reduce
organic compounds containing C=0, C=N, and C=C
bonds using dihgrdropyridines such as Hantzsch esters as the
hydride source.****3?

In 1989, Batra et al.*** discovered the first metal-free ATH of
imine with the use of Hantzsch esters as hydrogen sources in
the presence of amino acid catalysts; up to 62% ee was
obtained. The hydrogenation of a,f-unsaturated carbonyl
compounds is a useful but challenging transformation. The
first metal-free TH of olefins was discovered by List’s group™>®
who reported that iminium catalysts remarkably promoted the
conjugate reduction of @,f-unsaturated aldehydes under TH
conditions. A series of saturated analogues were synthesized
upon using 5 mol % of the organocatalyst dibenzylammonium
trifluoroacetate, Hantzsch ester 37 as hydrogen donor under
mild conditions, with yields in the 81%—96% range (Scheme
16). Shortly afterward, the groups of MacMillan and

Scheme 16. Iminium-Catalyzed TH of @,f-Unsaturated
Aldehydes

R Bn.y-Bn . R E10,0 <" _coyed
H, CF3COz (5 mol%), 2 2
oA oro ———————— (A CHO ||
N

37 (1.1 equiv)
THF, r.t, 56 h Yields: 81-96% H
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Houk™®**” found that imidazolidinone catalyzed ATH of
cyclic a,f-unsaturated ketones smoothly at 0 °C using
Hantzsch esters as hydrogen source, which provided the
corresponding cyclic saturated ketones with good yields and
excellent enantioselectivities.

Over the past decade, Bronsted acids have become an
important alternative to metal catalysts and are the most used
organocatalysts for TH, in particular for ATH transforma-
tion.”**?3? After the initial report by Rueping and co-workers of
the enantioselective Brensted acids-catalyzed TH of N-aryl
ketimines using a phosphoric acid catalyst (Scheme 17),>*

Scheme 17. Phosphoric Acid-Catalyzed ATH of N-Aryl
Ketimines
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several phosphoric acid catalysts and Hantzsch esters (see some

examples in Scheme 18) have been successfully utilized in the

organocatalytic TH of nitrogen-containing substrates such as

imines, quinolines, enamines, benzodiazepines, benzoxazines,
T 233241245

and pyridines.

Scheme 18. Some Successful Phosphoric Acid Catalysts and
Hantzsch Esters Employed in the Organocatalytic TH of
Imines and Olefins
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Hantzsch esters

Although TH of carbonyls is achieved at high temperatures
(220—400 °C) and supercritical alcohols under noncatalytic
conditions,”**>*® these harsh conditions may not be viable for
practical applications. Therefore, Varma et al.*****° reported
that the addition of hydroxide bases to the mixture of carbonyls
and alcohols improved the efficiency of TH processes. KOH
and NaOH were shown to catalyze the TH of aldehydes and
ketones to the corresponding primary and secondary alcohols
in refluxing 2-PrOH. The method is simple, cheap, nontoxic,
and easy-to-handle. However, it is only tolerant to a narrow
range of carbonyls, and the mechanism is still debated.

Homogeneous TH plays a prominent role in the develop-
ment of catalysis, and may be one of the most extensively
studied type of homogeneously catalyzed reactions. However,
the applications to industry of homogeneous TH catalysts are
consumedly restricted by the difficulty of separating homoge-
neous catalysts from reaction media and reusing them. In this
context, from both environmental and economic points of view,
the heterogenization of catalysts has been widely explored and
studied. Until now, numerous heterogeneous catalysts contain-
ing several supports such as polymers,”' ™% silica, 258726
magnetic nanoparticles, graphene, TiO,, and activated carbon
have been prepared and employed in TH.

1.2. Scope of the Review

Many reviews have appeared on some subfields of TH
catalysis.*"'#*1723727% Iy this comprehensive Review, a
broad overview of TH is presented. We begin with an
introductory discussion of the importance and significance of
TH, including the historical background, basic concepts,
catalysts assortment, and seminal discoveries. Given the
explosive development, new catalytic systems and trends have
appeared at a fast rate in the last S years. The key focus of this
Review is then highlighted, that is, new breakthroughs, recent
advances, and trends of TH involving homogeneous and
heterogeneous transition-metal catalysts, organocatalysts, and
other catalysts that have most recently appeared until 2015. At
the end of this Review, we summarize the advantages and
development of TH, demonstrate that TH is now in the golden
age, and offer perspectives for further development.
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2. RECENT ADVANCES AND TRENDS IN TH USING
TRANSITION-METAL CATALYSTS

2.1. Homogeneous or Quasi-Homogeneous
Transition-Metal Catalysts

2.1.1. Iron-Based Catalysts. In the field of catalysis, iron
catalysts have recently appeared as a rising star.””'"’* In
principle, iron catalysts are tolerant to a broad range of
synthetic transformations, thanks to the distinct Lewis acid
character and the facile change of oxidation state. Iron-catalyzed
TH has kept growing in the last S years, and great progress has
been achieved.””®

After their pioneering study on TH based on iron catalysts
containing PNNP backbones, in 2010 Morris" group”’**”
prepared a series of new iron(Il) precatalysts trans-[Fe(Br)-
(CO)(PPh,CH,CH=NCHRCHRN=CHCH,PPh,)][BPh,]
with diamines containing various substituents through a one-
pot synthetic route. These authors found that all of them
showed excellent catalytic properties in the ATH of
acetophenone with 2-PrOH and KO'Bu under mild conditions.
More importantly, a compared examination revealed that the
catalytic activity of these complexes increased with increasir%
the size of the substituents in the backbone of the ligands.”
Another report indicated that the steric and electronic
properties of these complexes were tunable through change
of the substituents of their phosphorus donors, resulting in
seeking out more active and selective iron—PNNP catalysts.””®

Along with catalytic examinations, many theoretical studies
of the mechanism of TH of ketones using iron(II)—PNNP
complexes have been conducted by Morris’ group,”””~*** and
these investigations led to the rational design of other well-
defined iron hydrogenation catalysts. A five-coordinate iron(II)
complex 46 was prepared by double deprotonation of the
PNNP ligand of the precursor complex 45 by a base.”” The
new complex 46 with 0.5 mol % of loading amount displayed a
good activity in ATH of acetophenone to 1-phenylethanol in
isopropanol in the absence of added base (Scheme 19). Hence,

Scheme 19. Catalytic TH of Acetophenone to 1-
Phenylethanol in Isopropanol without Base
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it was inferred that complex 46 could be one of the
intermediates in the catalytic cycle when its parent compound
4S5 was used for the TH with a base. If the ethyl group on
phosphorus of 46 was replaced by bulky Cy or iPr substituents,
the corresponding complexes were inactive for TH, which was
attributed to the inactivity of their parent compounds.”’”> The
same research group also reported that when activation of the
complex trans-[Fe(CO)(Br)(Ph,PCH,CH=N—((S,S)-C(Ph)-
H-C(Ph)H)-N=CHCH,PPh,)][BPh,] with base resulted in
the selective reduction of one of the imine groups of the PNNP
fragment, the formed complex 47 showed extremely high

activity for ATH of acetophenone (Scheme 20).*** This result

suggested that partial ligand reduction is the key for high
catalytic activity and that an outer-sphere mechanism is more
probable for iron—PNNP promoted TH.

Scheme 20. Partial PNNP Ligand Reduction in the Complex
trans-[Fe(CO)(Br)(Ph,PCH,CH=N—((S,S)-C(Ph)H—
C(Ph)H)~N=CHCH,PPh,)][BPh,]
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On the basis of this research, the iron complexes 48 and 49
that contain a partially reduced PNNP ligand with amine and
imine functionality were constructed through a direct synthetic
approach.”®*®* These complexes were two of the most active
catalysts known for the ATH of polar bonds of ketones and
imines, and the highest rate was obtained without requirement
of an activation period. For example, 49a bearing amine-
(imine)diphosphine ligand exhibited unprecedented catalytic
performance in TH of aromatic and aliphatic carbonyls with a
broad range of substituent with 2-PrOH as hydrogen source
and solvent using 0.033—0.4 mol % of KO'Bu as base at 28 °C.
Within reaction time down to 10 s, a series of alcohols were
obtained at a TOF of 242 s™! (Scheme 21).*** Likewise,
catalyst 49a was also remarkably powerful for the reduction of
imines under TH conditions. Within 3 min, two kinds of
amines were produced with yields up to 99%, and high TONS,
TOFs, and ee values (Scheme 22).2%*

During mechanistic investigation of the catalytic activity of
the iron—PNNP complex trans-[Fe(NCMe)CO-
(PPh,C¢H,CH=NCHR~-),][BE,], for TH of ketones, Morris
found that the real active species formed during catalysis are
iron(0) nanoparticles modified with achiral PNNP-type
tetradentate ligands (Scheme 23).>*° This proposed mechanism
was given strong evidence by various analyses such as in
operando techniques, poisoning experiments, scanning trans-
mission electron microscopy (STEM) imaging with energy-
dispersive X-ray spectroscopy (EDX) analysis, X-ray photo-
electron spectra (XPS) analysis, superconducting quantum
interference device (SQUID) magnetometry analysis, and a
polymer supported substrate experiment.”

Other groups also reported crucial studies on iron—PNNP-
catalyzed TH.>*"%® For instance, Beller and co-workers**®
provided in 2011 the first report of iron-mediated TH of
imines. The use of the iron precursor [Et;NH][HFe;(CO),,]
and PNNP ligand 50 gives excellent results in ATH of a variety
of N-(diphenylphosphinyl)ketimines; excellent enantioselectiv-
ities and high yields were observed in most cases (Scheme 24).
This protocol holds many notable features such as high
accessibility of the iron catalyst, safe and mild reaction
conditions, and operational simplicity.

Because of the properties and applications of the NHC
ligands in catalysis, a few well-defined iron—NHC complexes
were recently designed and synthesized (Scheme 25).
Compounds 51 and 52 are iron complexes bearing tethered
Cp—NHC units in four- or three-legged piano-stool geometry;
the existence of tethered systems may help to stabilize the
complexes and bring some favorable catalytic behaviors.”® The
complex [Fe(IMes),Cl,] (IMes = 1,3-bis(2,4,6-
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Scheme 21. Amine(imine)diphosphine Iron Catalysts for ATH of Ketones
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Scheme 22. Amine(imine)diphosphine Iron Catalysts for
ATH of Imines
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trimethylphenyl)imidazol-2-ylidene), 53a, was straightforwardly
prepared through reaction between [Fe{N(SiMe,),},] and
imidazolium salts. Further replacement of the chloride ligands
by methyl groups resulted in the formation of the complex
[trans-(IMes),FeMe,] (54).>*° The iron—NHC complex 55
was generated in situ from [FeCp(CO),I] and the related 1,3-
dialkylated imidazolium salts.”®' These iron complexes 51—55
were found to serve as good catalysts for the TH of ketones.

Besides carbonyls and imines,”>**> iron catalysts also
tolerate reduction of other nonpolar unsaturated organic
molecules substrates via TH processes, such as alkynes, alkenes,
and nitroarenes.””*7>%® Beller’s group®*>**® demonstrated that

Scheme 23. Iron Nanoparticles Catalyzing the ATH of
Ketones”
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“Reprinted with permission from ref 285. Copyright 2012 American
Chemical Society.

the in situ combination of [Fe(BF,),-6H,0] and tris[(2-
diphenyl-phosphino)-ethyl]-phosphine (PP;) achieved the
catalytic TH of alkynes and nitroarenes, producing alkenes
and anilines, respectively. In both processes, formic acid was
employed as the reducing agent. In addition, no base was
required (Scheme 26). With this protocol, a broad range of
alkenes and anilines bearing various functional groups were
isolated in excellent yields under mild conditions. Notably, this
method was successfully extended to the selective hydro-
genation of acroleins to allyl alcohols (Scheme 26),”*” which is
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Scheme 24. First Example of Iron-Catalyzed TH of Imines
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very useful in both academic and industrial research. Another
report showed that this transformation was also smoothly
conducted using an iron oxide catalyst.””®

2.1.2. Ruthenium-Based Catalysts. Ruthenium catalysts
are by far the most widely used ones to mediate TH. In the past
few years, great improvements of ruthenium-catalyzed TH have
been witnessed in several aspects including the development of
the diversity of ligands and ruthenium catalysts with high
efficiency, the use of “greener” and more economical catalytic
systems, the mechanistic studies and theoretical calculations,
and the exploration of practical applications in the synthesis of
fine chemicals and pharmaceuticals.

Ligand choice is a key issue toward both selectivity and
activity of the metal center. As an ideal alternative of
organophosphine ligands, NHCs have been shown to be
indispensable for the synthesis of homogeneous organometallic
catalysts. Ruthenium NHC complexes with a broad range of
oxidation states, coordination geometries of ruthenium, and
large structural motifs have recently disclosed good activity and
selectivity in catalytic TH.”**7°® Particularly in catalysis
involving ruthenium, NHC ligands functionalized with an
additional donor group have been extensively explored, due to
the potential hemilability of the new donor group involving
reversible dissociation from the ruthenium center. These donor
groups include pyridine, pyrimidine, phosphine, carboxylate,
indenyl, oxazoline, thioether, and ether.

Ruthenium NHC complexes 56 and 57 that contain a
pyridine moiety were well established as a promising new class
of catalysts in TH (Scheme 27).>®7>!" Remarkably, only 0.1
mol % catalyst loading of 57 appeared to be sufficient for the
TH of a wide range of ketones and imines.>'" Albrecht’s
group”'>*"? readily prepared a series of ruthenium complexes
containing different donor substituent-functionalized NHCs
(58—61). Among them, the olefin-tethered NHC ruthenium
complex 58 was a very eflicient and versatile catalyst toward
TH of olefins to alkanes, alkynes to olefins, ketones to alcohols,
nitrobenzene to aniline, benzonitrile to benzamide or benzyl-
amine, and N-benzylideneaniline to N-benzylaniline under
various conditions.*'* Furthermore, the study on the double
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TH of a,f-unsaturated ketones catalyzed by 58 revealed fast
isomerization of the enol intermediate to its saturated ketone
tautomer prior to the second hydrogenation. Recent research
has also been devoted to the synthesis of ruthenium complexes
bearing primary amine- (62 and 63),>'**"* phosphine- (64),>'¢
anionic benzimidazole (65)*'”-based NHC ligands, and NHC
ligand without donor group (66),>'® and their catalytic
performances and DFT studies of TH mechanisms of carbonyls
were explored.

Most NHC ligands that are used in TH catalysis coordinate
to the ruthenium center in a monodentate fashion. Chelating
bis- or tetra-NHCs in general are of great interest, because they
extend the range of possible NHC ligands, and their topological
properties including bite angle, steric hindrance, and fluxional
behavior have been delicately tuned. An alkane-bridged bis-
NHC ligand was synthesized and used to support a
ruthenium(II) carbonyl moiety, forming a new ruthenium
complex with a six-coordinate octahedral geometry (67,
Scheme 28). This complex showed an excellent activity in the
reduction of ketones under TH conditions with 0.1 mol % of
catalyst loading.®'® Peris and co-workers**® reported that the
complexes [Ru(r7%-arene)(bis-NHC)], 68, gave good results in
TH of carbon dioxide to formate using 2-PrOH as hydrogen
source. A maximum TON value of 874 was measured when the
reaction was conducted at 110 °C under 50 atm of carbon
dioxide. These severe reaction conditions require a high stable
catalyst. Apparently the existence of a bis-NHC ligand
enhanced the stability of catalyst 68 resulting in satisfactory
catalytic performances in this key TH.**° A ruthenium complex
69 with octahedral geometry including four chelating NHCs
and two acetonitrile ligands was synthesized and employed as
catalyst in TH of ketones.””’ This process was efficiently
promoted by down to 0.001 mol % of catalyst 69, and
exceedingly high TOFs (up to 56000 h™") were provided.

An analogue of NHC, N,S-heterocyclic carbene (NSHC),
was synthesized and used as ligand for the new ruthenium
complex 70 (Scheme 28).%** Its catalytic property toward TH

Scheme 25. Iron—NHC Catalysts for TH
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Scheme 27. Ru Mono-NHC Catalysts in TH
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Scheme 28. TH Ru Catalysts with Chelating Bis-, Tetra-
NHC, and NSHC Ligands
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of ketones was examined, showing that this kind of catalyst
allowed TH with relatively low efficiency.

On the basis of the previous reports, since 2010 a variety of
half-sandwich ruthenium complexes containing arene (includ-
ing benzene, p-cymene, and hexamethylbenzene), Cp, Cp*, or
indenyl**® have been extensively investigated in TH.**733*
Slight modifications of ligands led to striking changes in their
coordination behavior and properties of the resulting half-

sandwich ruthenium complexes. By choosing an appropriate
ligand system, their catalytic property was finely tuned.

The discovery of the Noyori catalysts that was a milestone in
TH still inspires the development of various ana-
logues.>*”*3*73*! Indeed, the Noyori catalysts [RuCl-
(TsDPEN)(5%-p-cymene)] and [RuCl(TsDPEN)(#®-mesity-
lene)] are nowadays commercially available.

Versatile P-based ligands have also been introduced into half-
sandwich ruthenium complexes (Scheme 29) that have been
intensively explored in TH.>** A series of new chiral C2-
symmetric ligands N,N’-bis-[2-O-(diphenylphosphinite)ethyl]-
ethanediamide bearing isobutyl,>* ethyl,** benzyl,*** and
phenyl*** groups have been synthesized and metalized with the
precursor [Ru(p-cymene)Cl,], by Aydemir and co-workers
who demonstrated that these corresponding ruthenium
complexes 71 served as catalysts for ATH of acetophenone
derivatives in 2-PrOH, providing high conversions (up to 99%)
but somewhat low enantioselectivities (up to 75% ee). The
same group”*® found that the ionic-liquid-supported Ru(II)—
phosphinite compound 72 displayed extremely high catalytic
performance in the TH of various ketones with excellent 98—
99% conversions in S min, and up to 1188 h™' TOF. A
binuclear ruthenium complex 73 with P-donor ligand also gave
good conversions and moderate to good enantioselectivities

Scheme 29. Ruthenium TH Catalysts Containing Arene and P-Based Ligands
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Scheme 30. Ruthenium—Arene Complexes with Pincer Scaffolds
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(up to 85% ee) when it was used as catalyst in the TH of
aromatic ketones.**’

The ferrocene moiety has been extensively explored as a
backbone of phosphine ligands in asymmetric synthesis,
because of its relative air stability, easy modifiability, highly
electron-donating property, and unique structure. Recently,
some ferrocene-derived phosphine ligands have been utilized in
transition-metal-catalyzed TH reactions,**® in particular for
ruthenium arene catalysts. A new family of monodentate
phosphinite ligands bearing both a ferrocene moiety and an
NH bridging moiety adjacent to the stereocenter, and their
half-sandwich ruthenium—arene complexes were synthe-
sized.*** 73! These complexes were shown to be highly active
for catalytic TH of aromatic ketones in the presence of 2-PrOH
and NaOH. The corresponding alcohols were provided with up
to 99% conversion and 97% ee.>*” The catalytic properties were
obviously affected by substituent groups of the bridging moiety.

Half-sandwich ruthenium complexes containing pincer
skeletons with P—N, bipyridine, a-amino-oximes, amino
alcohol, Schiff base, thioamide backbones, and 1,3-diamines>>*
have been recently described with applications in TH (Scheme
30). The ruthenium—arene complexes containing 4,4'-
dimethoxy-2,2'-bipyridine (74) showed catalytic activity in
the reduction of water-soluble and -insoluble ketones with the
use of HCOONa as the hydrogen donor at pH 4. The
introduction of OH groups in the bipyridine moiety largely
enhanced water solubility of the ruthenium catalyst. In addition,
the hydrogen bond of the OH groups eventually induced
metal—ligand bifunctional catalysis resulting in excellent
performance in TH of ketones in aqueous media.>** The new
a-amino-oxime ligand 76 based on (R)-limonene provided an
efficient route to a new ruthenium complex of a-amino-oxime
that showed activity for enantioselective TH reactions of
various ketones, giving high conversions but low ee values.>>
Yus et al.>* reported that a cheap achiral, amino alcohol (2-
amino-2-methylpropan-1-ol, 77) was efficiently used as ligand
in ruthenium—arene-mediated ATH of chiral tert-butylsulfiny-
limines to amines. Various primary amines were produced with
up to >99% ee and excellent yields upon using both aromatic
and aliphatic sulfinylimines with 2-PrOH as the hydrogen
source (Scheme 31).*° A new half-sandwich ruthenium
compound readily prepared from [RuCl,(p-cymene)], with
the Schiff base scaffold 78 was examined as catalyst in the TH
of ketones, and up to 1260 h™' TOF was obtained.>’
Following the development of thio- ligand in ruthenium-
catalyzed TH,*® a new cationic half-sandwich complex of the
type [(1°-cymene)Ru(PPh,)(L)]* was synthesized as an air-

Scheme 31. Ruthenium-Catalyzed ATH of Sulfinylimines
1) {RuCly(p-cymene)},] (2.5 mol%)
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stable salt. This complex contains a thioamide ligand 79 that is
coordinated to Ru as a bidentate O, S donor with a typical
piano-stool geometry.>> Several ketones were hydrogenated to
secondary alcohols in a TH process using this catalyst.>>

Singh’s group>***®" synthesized half-sandwich ruthenium(II)
catalysts bearing tridentate (S—N—E or N—E—N)-type ligands
(E =S, Se or Te). The catalysts 80 and 81 gave excellent results
in the TH of ketones using 2-PrOH with TON values up to
98 000 (Scheme 32). The mechanistic study revealed that this
process probably involved Ru—H bond formation.*"

Scheme 32. TH of Ketones Using Half-Sandwich
Ruthenium(II) Catalysts Bearing Tridentate Ligands
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Recently, the early “tethered” Noyori catalysts were still
important in TH,*****® mainly showing significant applications
in the synthesis of functional compounds and in the exploration
of new routes to “tethered” ruthenium catalysts.’** The
“tethered” half-sandwich catalyst 23 exhibited an unexpected
directing effect in the ATH of hindered ketones. For example, a
variety of alcohols were quantitatively formed with high ee
values by reduction of hindered p-tetralones in the TH
procedure.*®® The complex 23 was also found to be a good
catalyst for the synthesis of enantioenriched y-lactones with up
to 94% ee through a four-step tandem process of azide
reduction/cyclopropane ring cleavage/ATH of ketones/lacto-
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nization, using racemic p-azidocyclopropane carboxylates as
starting materials (Scheme 33).3%

Scheme 33. Synthesis of Enantioenriched y-Substituted
Lactones via ATH of fi-Azidocyclopropane Carboxylates
Using the Catalyst 23
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The initial research on the synthesis and catalytic application
of “ether-tethered” half-sandwich ruthenium complexes (82 and
83) was independently reported by the groups of Ikariya and
Wills (Scheme 34).37%% The ATH of ketones was successfully

Scheme 34. “Tethered” Half-Sandwich Ruthenium TH
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conducted in 5:2 formic acid/triethylamine azeotropic mixture
upon using compound 82 as catalyst. Remarkably correspond-
ing chiral alcohols bearing a broad scope of substituents were
enantioselectively synthesized with low catalyst loading, down
to 0.0025 mol %.°’ Complex 83 also exhibited excellent
catalytic performances for ATH of ketones under mild
conditions.**® Stephan et al.’**® observed that the new
ruthenium(II) catalyst 84 featuring an enantiopure N,C-(N-
ethylene-N-methyl-sulfamoyl)-tethered (DPEN-x*N,N")/n°-
toluene hybrid ligand was highly active and enantioselective
in ATH of 1-naphthyl ketones to secondary 1-naphthyl alcohols
in open air at rt in HCO,H—Et;N.

In these reported “tethered” ruthenium—arene catalysts, both
the persistent imposed coordination of the otherwise labile 7°-
arene and the strong chelation of the sulfonamido-amine
anchor led to prolonged life span of the active catalytic species.
This resulted in a reinforced collective three-point ligation of
the conjugate ligand to the ruthenium core, thereby decreasing
the overall structure flexibility and rigidifing the stereoarray of
the catalyst. These factors explain the enhanced catalytic
performances.>”°

Besides Cp, Cp*, and arene, the indenyl moiety was also
used as ligand in half-sandwich ruthenium TH catalysts. Indeed,
the ruthenium phenylindenyl complex 85 was synthesized and
employed as catalyst in TH of ketones, aromatic aldehydes, and
primary imines.>’" In most of the cases, the desired alcohols
and amine products were efficiently produced with excellent
conversions when these reactions were carried out in 2-PrOH
at 89 °C using catalytic amount of KHMDS as base (Scheme

35). Investigation of the tolerance to substrate variations
showed that increasing the steric bulk of substrates caused the

Scheme 35. Efficient TH Catalysis Using a Ru Phenylindenyl
Complex
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reaction to become more sluggish as expected; ketones with
electron-withdrawing substituents displayed lower reactivity,
and TH was faster for aliphatic than for aromatic ketones.>”!

Not surprisingly, TH involving ruthenium complexes with bi-
or polydentate backbones received ever-increasing attention in
the past few years.*’>~>* Numerous variations and modifica-
tions of conventional 6polydentate ligands includin
PNNP,**-3% NNN,***¢ CNN,*”** and NNO types,*
NNP chelating fragments,401 and PPPC*®* have been
extensively investigated with the aim to explore more efficient
ruthenium catalysts. Moreover, the tolerance of these conven-
tional ruthenium catalysts to substrate variations, especially for
the functional unsaturated compounds, has been investigated
with polydentate ligands.

The TH of ketones, aldehydes, and imines using the well-
established monofunctional (P"N"N"P)-ruthenium complex
86 possessing tertiary amines showed excellent activities with a
diverse range of substrates at catalyst loadings down to the ppm
level.*** Comparison with the existing (P"N"N"P)-ruthenium
catalysts revealed that the second functional part (usually
provided by the secondary amine within the ligand backbone)
was not needed in this catalyst.>** Another new ruthenium
complex 87 bearing a PNNP scaffold was synthesized through
the reaction of [RuHCI(CO)(PPh,)(dppp)] (dppp = Ph,P-
(CH,);PPh,) with 2-aminomethylpyridine. Catalyst 87 has
been proven to be highly active in the TH of ketones using
iPrOH as hydrogen donor in the presence of 2 mol % of
NaOiPr with low catalytic amount in the range from 0.2 to
0.004 mol %, giving TOF values up to 2.5 X 10° h™'*¥

The past few years have witnessed an extensive exploration of
pyridine-based ruthenium catalysts for TH of a wide variety of
substrates.*>™*° Yu and Pizzano et al. synthesized several
symmetrical pyridine-based NNN-type ligands and the
corresponding ruthenium complexes 88—93 (Scheme 36).
Compound 88 containing a chiral pyridyl-based 1H-pyrazolyl—
oxazolinyl ligand was shown to be a robust and productive
catalyst for ATH of ketones under mild conditions, and a series
of alcohols were obtained with good to excellent conversions
and enantioselectivities within short times down to 5 min.***
Furthermore, the activity of 88 was much higher than that of
ruthenium pyridyl—pyrazolyl—oxazolinyl complexes featuring
no NH functionality, which confirmed an outer-sphere
mechanism for the involved “N—H” effect.'** The “N—H”
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Scheme 36. Selected Examples of Ru TH Catalysts with Polydentate Ligands
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effect was also observed in the ruthenium pyrazolyl—pyridyl—
pyrazole complexes 89 and 91,>"*%° the catalyst 89 with f-NH
functionality of the pyrazole arm amazingly reaching a final
TOF up to 720 000 h~1.3"® For the catalyst 91, the use of the
benzimidazol ligand with NH fragment provided 1.5—23 times
higher TOF values than with the NCH;-modified benzimida-
zole ligand.*®" The authors also showed that the compatibility
of the trifluoromethylated pyrazolyl and unprotected benzimi-
dazolyl was attributable to the high catalytic activity of catalyst
91. In another report, the ruthenium complex 92 containing
both a pybox (2,6-bis(oxazoline)pyridine) and a monodentate
phosphite ligand was shown to be highly active in asymmetric
TH of N-aryl imines using 2-PrOH as hydrogen source.’”
Szymczak’s group®” reported that 6,6'-dihydroxy terpyridine
(dhtp), a rigid bifunctional ligand, was capable of directing
proton transfer with metal-coordinated substrates. The formed
ruthenium compound 93 showed good TH activities for many
carbonyls and catalyzed the formation of a series of alcohol
products, but the chemoselectivity was not satisfactory when a
few carbonyl-containing olefins were tested.*”

As complementary to an evolution of conventional
polydentate ligands, several new ligand types have recently
emerged, such as POP,4O6 ONO,*” CNC,*® ppp,*>*0°
SNS, "' OPPS,*'* PNNNP,** and NOOPP.*'* These ligands
were efficiently utilized to assist and activate ruthenium in TH
processes.

Mesoionic 1,2,3-triazoles, a subclass of NHCs and known as
abnormal N-heterocyclic carbenes (aNHC), have recently
found extensive use as ligands in coordination and organo-
metallic chemistry, as well as in homogeneous catalysis. The use
of 1,2,3-triazoles in catalysis has opened another vibrant field of
research, because these ligands are accessible in a multitude of
variations upon Cu'-catalyzed azide alkyne cycloaddition
(CuAAC click reaction). Moreover, these ligands benefit from
specific o-donor properties that are slightly stronger than those
of classical imidazolium-derived systems.*'>~*'7 TH with
ruthenium complexes featuring a chelating triazolylidene ligand
have appeared, and selected examples of ligands or complexes
are gathered in Scheme 37. The 1,2,3-triazole-based ligands 94
and 95 displayed a good activity in assisting ruthenium-
catalyzed ATH of ketones, but a closely related ligand 96 was
less effective.*'®*'” The tridentate diaminotriazole 97 in
conjunction with Ruy(CO),, in situ formed an efficient catalyst
for ATH of ketones, and up to 93% enantioselectivities were
determined with the use of 2-PrOH with the need for a base.

Scheme 37. Triazolyl Ligands and Ruthenium-triazolyl TH
Catalysts
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Several alcohols were obtained with up to 99% conversions and
85% ee from ortho-substituted acetophenones.*® A proposed
mechanism for this catalysis involving 97 and Ruy(CO)y, is
shown in Scheme 38. Starting from an initial reaction of 97
with fragmentation of Ru;(CO),, a bidentate complex 102 was
formed upon partial loss of CO, followed by insertion of
ruthenium into the N—H(Ts) bond to form the ruthenium
hydride 103 that transferred two hydrogen atoms to substrate
to produce 104. The completion of the catalytic cycle was
achieved by treating 104 with 2-PrOH, which regenerates 103
(Scheme 38).*°

The air- and moisture-stable ruthenium(II) complex 99
bearing an unsymmetrical benzimidazole-benzotriazole-pyri-
dine ligand has been shown to be a robust and highly active
catalyst for the TH of ketones in refluxing 2-propanol, reaching
final TOFs up to 176400 h™**" In addition, a RuH complex
was isolated, and such a species was generally proposed as the
actual catalytically active intermediate. The authors demon-
strated that the excellent catalytic performances resulted from
the hemilabile unsymmetrical coordinating environment
around the central metal and “N—H” effect.*”” The two half-
sandwich ruthenium complexes 100 and 101 containing a
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Scheme 38. Proposed Mechanism of TH Catalysis by 97/

Ru3(CO)12
NB
[N
H, N’

\
-2CO Ph" l?IH CO

0.33Rus(CO)i2
iPrOH, 24 h, 80 °C

insertion into N-H

R,]/\ J'I\ / N\Bn
N
N

nQ
T
o]
-

Ph N, <« > N\ /H
I RU\CO /R\\CO
lpre N o PR co
TS 04 103

chelating 1,2,3-triazolyl or 1,2,4-triazolyl units also exhibited
good catalytic behaviors in TH of carbonyls.******

Binuclear and trinuclear ruthenium complexes have been
recently established as a promising new class of catalysts for TH
(Scheme 39). The Li and Aydemir groups****** obtained the
new stable phosphinite-bridged dinuclear ruthenium arene
complexes 106 and 107 prepared by metalation of the
phosphinite-containing Schiff base ligand with [Ru(%-arene)-
(u-CI)Cl],. The investigation of their catalytic performances
showed that 106 and 107 catalyzed TH of aromatic ketones
giving TOF values as high as 530 h™.*° A binuclear
ruthenium(II) pyridazine complex 108 was found to be an
efficient catalyst for the same transformation.*’* Two new
versatile tridentate aminophosphine—phosphinite and phos-
phinite ligands and their trinuclear neutral ruthenium(II)
dichloro complexes were synthesized and tested in TH of
ketones in 2-PrOH solution, and when 4-fluoro acetophenone

was employed a TOF of 1176 h™' was obtained with catalyst
109.%7

Water is an ideal reaction medium for catalysis, due to its
inexpensive, “green”, and totally innoxious properties. More-
over, the use of water can sometimes lead to remarkable rate
acceleration in catalysis as compared to organic solvents, this
phenomenon being called the “water effect”. TH in water was
relatively unstudied until a few years ago.'***'**** Various
approaches using ruthenium catalysts containing water-soluble
ligands, however, have been investigated; in particular,
polyethylene-glycol-anchored*”**° and aryl-sulfonated”"**"*!

TsDPEN-type ligands were synthesized. Subsequently some
water-soluble polymer-supported,®>****3*  chitosan-anch-
ored** or surface-active™>**° ruthenium catalysts have been
used in TH reactions. Surfactants are useful to significantly
improve the catalytic performances of water-soluble ruthenium
catalysts.”"~** A water-soluble anionic ligand derived from
DPEN (DPEN = 1,2-diphenylethylenediamine) skeleton
bearing two hydrophilic anionic sulfate groups was readily
prepared and used to mediate ATH of ketones in aqueous
formate in the presence of the ruthenium precursor [RuCl,(p-
cymene)],.* Considerable enhancement of activity was
observed upon using a cationic surfactant such as CTAB
(cetyltrimethylammonium bromide) or CPB (cetylpyridine
bromide), presumably caused by accelerated transformation of
formate ions from aqueous solution to micellar phases (Scheme
40). The water-soluble ligand was reused for 21 reaction cycles,
and high conversion and enantioselectivity remained in the
ATH of acetophenone with CPB as the surfactant.***

The synthesis of asymmetric or asymmetric functional
products for various applications in medical science, bioscience,
material science and environmental science is one of the
ultimate aims of design and exploration of effective catalysts.
Both development of substrate diversity**°~*** and synthesis of
functional products are the most notable trends in the area of
ruthenium-catalyzed TH in the past few years. A plethora of
intermediates and final compounds with interesting properties
have been successfully synthesized through TH using various
ruthenium catalysts including chiral p-hydroxy sulfones,***

Scheme 39. Binuclear and Trinuclear Ru TH Catalysts
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Scheme 40. Proposed Mechanism for ATH of Acetophenone
in CTAB-Formed Micelle”
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exocyclic 1,3-dienes,446 y-

enantiopure (+) _}rashabushitriol,445
butyrolactones,*” a-trifluoromethyl arylmethylamines,*** acy-
clic 0(-triﬂuorornethylamines,449 monoprotected 1,2-dihydrox-
yphosphonates, 50 syn-(8,S)-1,2-diols,**"  y- valerolactone,452
almorexant,**® anti-f-amido- a—hydroxy esters,*** functionalized
1-oxo-1-phenyl-2-acetic acids,** (S,S)-(—)-yashabushidiol B, 456
racemic or enantiomerically enriched N-benzyl-(3-aminometh 1
glutarimide) derivatives,*” anti--hydroxy-a-amino acids,**
(S)-(+)-lennoxamine,*’ anti-f-hydroxy-a-amido esters,****¢!
chiral epo xy quinol,**? anti Alzheimer’s drug Ladostigil
(TV3326),* tolvaptan,*** syn-B-hydroxy amides,*** and so on.

2.1.3. Osmium-Based Catalysts. Osmium-catalyzed TH
has been rarely studied, because osmium catalysts were
generally regarded as less active than ruthenium, rhodium,
and iridium analogues.'” A few recent examples seem to
indicate that certain osmium complexes exhibit high and
comparable efficiency to ruthenium counterparts.

Baratta and co-workers devoted many efforts to this field
(Scheme 41). They prepared the mixture of complexes 111 and

Scheme 41. Ru and Os TH Catalysts Synthesized by Baratta
and Co-workers
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112 through reaction of Ph,P(CH,),PPh, with [OsCL,(PPh,),]
and Pyme (Pyme = 1-(pyridine-2-yl)methanamine). Up to 5.7
X 10° h™' TOF was determined in TH 1nvolv1ng ketones using
0.05—0.001 mol % of this mixed catalyst."”* Several CNN
pincer osmium complexes such as 113 and 114 with
Ph,P(CH,),PPh, or Josiphos units were also designed and
readily synthesized by the same group'®>'* 66 who observed
that these osmium catalysts exhibited exceptionally high

efficiency for TH of ketones with very high TOFs (up to 1.8
X 10° h™) at very low loading (0.005—0.01 mol %). Indeed,
the catalytic activity of 113 was even higher than that of its
ruthenium analogue (1.8 X 10° vs 1.6 X 10° h™') when
acetophenone was employed as test substrate.'”> The new
osmium complex 115 containing both dppf (1,1’-bis-
(diphenylphosphino)ferrocene) and ampy (2-aminomethylpyr-
idine) fragments*®’ was shown to efficiently reduce various
ketones and aldehydes by means of TH using 0.005—0.1 mol %
of catalyst at 82 °C with TOF values up to 3.0 X 105 h™".
Interestingly, the reaction rate with the catalyst 115 was higher
than that of its ruthenium analogue.*®

Osmium(II)-half-sandwich complexes with L-a-amino car-
boxylate ligands in the forms of neutral mononuclear complex
or cationic trimers were obtained and utilized as catalysts in
ATH of ketones using 2-PrOH as hydrogen donor, and up to
82% ee value was obtained.**® The authors took the
enantiodifferentiation into account by assuming that Noyori’s
bifunctional mechanism was operatmg

In 2013, Gamasa’s group*® reported that the presynthesized
complexes trans-[OsCL(L){(S,S)-Pr-pybox}] (L = P(OR)3;; R
= Me, Et, Pr, Ph ; (S,S)-Pr-pybox = 2,6-bis[4'-(S)-
isopropyloxazolin-2'-yl|pyridine), 116, served as catalysts for
ATH of ketones (Scheme 42). When the reaction of

Scheme 42. ETH of Ketones Catalyzed by the Enantiopure
Osmium(II) pybox Complexes 116

| AN
o
O l N \ O,
I\C|
Pr /I “ipr
L =P(OR);

0o 116 OH

Xy R2 116 (0.6 mol%), KO'Bu Ny R
IR+ > R
# 'PrOH, 82°C \F

R' = H, 2-OMe, 2-Br, 3-OMe,
3-Br, 4-OMe, 4-Br
R2 = Me, Et

conversions: 96-99%
ee: 54-94%

acetophenone was conducted in 2-PrOH at 82 °C in the
presence of 0.6 mol % 116 and 12% KOBu, the corresponding
alcohol was produced with 96—99% conversion and 86—94%
ee. To probe the applicability scope of the catalysts, a series of
aromatic ketones with various substituents were examined in
the catalytic system, and within 60 min the desired alcohol
products were obtained with nearly complete conversion and
54—94% ee.*”

2.1.4. Cobalt-Based Catalysts. Cobalt is one of the earth-
abundant metals; thus cobalt catalysts are all the more
appreciated as they provide precious hydrogenation perform-
ances,”’® even in the TH process.”’"*"?

An easily accessible cobalt complex 117 showed excellent
activity in diverse ranges of substrates including ketones,
aldehydes, imines, and a,f-unsaturated carbonyls, and provided
the alcohol and amine products in 94—99% yields with TH
under mild conditions (Scheme 43).*” Interestingly, the use of
conjugated substrates including trans-4-phenyl-3-buten-2-one
and cinnamaldehyde revealed that both C=C and C=0 were
completely reduced, affording the corresponding alcohols in
98% and 95% yields, respectively. Furthermore, mechanistic
studies indicated that cobalt—ligand cooperativity was not
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Scheme 43. Cobalt-Catalyzed TH of C=0, C=C, and C=
N Bonds

Scheme 45. Recent Examples of Rhodium TH Catalysts
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required for catalysis that was conducted by a cobalt-
monohydride intermediate.*”

Herzon’s group*’* reported a new route for the selective
hydrogenation of alkenyl halides to alkyl halides catalyzed by
[Co(acac),] through a HT pathway using both triethylsilane
and 1,4-cyclohexadiene as hydrogen donors. This procedure
tolerated various alkenyl compounds with fluoro, chloro,
bromo, and iodo substituents, and the desired alkyl halides
were isolated in moderate to good yields (Scheme 44). Isotopic

Scheme 44. Selective TH of Alkenyl Halides to Alkyl Halides
over Cobalt Catalyst
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labeling experiments using 118 as test model suggested that the
terminal hydrogen atom of the product 119 derived primarily
from triethylsilane and that internal hydrogen atom derived
from 1,4-cyclohexadiene (1,4-CHD) (Scheme 44).47*

These pioneered examples of homogeneous cobalt catalysts
for TH should trigger the design, synthesis, and catalytic
applications of effective cobalt catalysts.

2.1.5. Rhodium-Based Catalysts. On the basis of previous
studies on rhodium—NHC catalysts for TH, some new
counterparts were reported. Complexes 120 and 121 of the
type [Rh(NHC)X(COD)] were well-established, and their
catalytic properties have been evaluated in TH of ketones
(Scheme 45).*7>%7% Catalyst 120 that contains a perimidin-2-
ylidene NHC exhibited low catalytic activity, probably due to
the weak 6-donocity of the 1,3-disubstituted perimidin-2-
ylidene ligand.*”> On the other hand, catalyst 121 bearing
symmetric mesityl (Mes) substituents at N1 and N3 positions
of imidazoline or imidazole efliciently promoted the TH
reaction, giving almost complete conversion within 2 h with 0.5
mol % of catalyst loading.*’® Comparative studies of the
efficiencies indicated that the introduction of the CH,Mes

group to the nitrogen atoms increased TH performances, and
the catalyst 121a with imidazoline induced a faster reaction
than 121b with imidazole. The pyridazine-annelated bis-NHC
cationic rhodium com_/plexes 122 showed a good activity in TH
of ketones at 80 °C.*”” The IR stretching frequencies confirmed
that the order of electron donor effect is triazole-derived bis-
carbene ibitz > 7pyridazine-annelated bis-NHC bearing n-Pr >
2,2'-dipyridine.*””

Given the increasing interest in 1,2,3-triazolyl ligands in
homogeneous transition-metal catalysis, the catalytic applica-
tions of these ligands were also investigated in rhodium-
catalyzed TH. As mentioned in the section on “ruthenium-
based catalysts”, the 1,2,3-triazol-S-ylidene (tzNHC) ligands
have become a rising star in catalysis. A bidentate monovalent
rhodium-cod complex (123) with square-planar geometry that
contains tzZNHC and an Arduengo-type NHC motif was
synthesized. This tzNHC-NHC ligand possesses stronger
electron-donating properties than classic di-NHC ligands.
Complex 123 was successfully used as catalyst for the TH of
carbonyls, imine, and diene using 2-PrOH as the hydrogen
source.”’”® More importantly, catalyst 123 was much more
active than its analogue 124 in which the triazolyl moiety
coordinates through a nitrogen donor. Adolfsson and Singh et
al H18479 synthesized a series of 1,2,3-triazole-functionalized -
amino acid thioamide and organochalcogen ligands. The
combination of the L-amino acid thioamide 125 with the half-
sandwich rhodium precursor [RhCL,Cp*], provided good
catalytic results in the ATH of ketones, providing moderate
to excellent conversions and up to 93% ee.*'® The complexes
127 having the N(2) atom of 1,2,3-triazole coordinated to the
rhodium center have shown better activity in the TH of ketones
than 126 in which N(3) is involved in ligation. Moreover, the
reactivity with respect to the ligands is in the order Se > S.*”*
The mechanistic studies indicated that the Rh species that had
lost the Cp* ligand was an intermediate in the catalytic cycle.
The iridium analogues of complexes 123, 124, 126, and 127
were also synthesized and exhibited even better catalytic
performances in TH reactions than these rhodium counterparts
(Scheme 46).77%47°

The half-sandwich rhodium complexes are the most
extensively used rhodium TH catalysts (Scheme 47).*%07*%
An easily accessible Rh(III)-77°>-Cp* complex 128 containing a
bis(phosphino)amine ligand catalyzed TH of substituted
acetophenones in 2-PrOH at 82 °C, and 94—99% conversions
and 5—50 h™' TOF values were obtained.**® Treatment of
[Rh(7°-Cp*)Cl(u-Cl)], with the ligand 1,2-bis-
(phenylthiomethyl)benzene or 1,2-bis(phenylselenomethyl)-
benzene followed by reaction with NH,PF, yielded the air-
and moisture-stable complexes 129 that were the first rhodium
TH catalysts of carbonyls in glycerol, a cheap, nontoxic,
biodegradable, and easily available byproduct in biodiesel fuel

production, obtained from the saponification of triglycerides of
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Scheme 46. Rhodium TH Catalysts Containing Triazolyl
Ligands
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all natural fats and oils. Complex 129b with Se atoms displayed
better activity than the S-containing analogue 129a.**’

Complexes 130a and 130b having ortho- or meta-phenyl-
bridged pyridinium and [RhCp*(NN)CI]* centers and the
complex 130c without meta-phenyl-bridged pyridinium were
shown to be TH catalysts of aromatic imines to amine
compounds with formate ion actmg as the hydride source and
formic acid acting as buffer.*®® The catalytic results revealed
that 130a was far more active than the two other complexes.
Indeed 130a efficiently promoted the TH involving a variety of
imines with excellent yields in most cases. On the contrary,
130b and 130c only gave less than 60% yields. Moreover, an
inner-sphere TH mechanism, in which the imine binds to the
rhodium center, was proposed upon observation of the
considerably lower conversion of the electron-deficient 4-
nitrophenylimine. Further investigation suggested that two
issues are crucial for the TH of imines by 130a: (1) the
rhodium-catalyzed reduction of the phenyl-bridged pyridinium
group to the corresponding dihydropyridine compound that
provides the site for imine coordination, and (2) the TH from
the formed dihydropyridine compound to the imines activated
by the rhodium center.**®

Diéguez and co-workers** prepared various new carbohy-
drate-based modular amino acid thioamide ligands and
employed them in catalytic ATH of ketones with the use of
Rh—Cp* or Rh—arene precursors. Compounds 131 were the
most powerful ligands in the series, and it was found that

quantitative transformation was achieved by combination of
131 with [RhCL,Cp*], for TH of acetophenone in 2-PrOH/
THE at rt in the presence of NaO'Pr and LiCl. To probe the
tolerance of this system to substrate scope, a series of ketones
including very challenging heteroaromatic ones were examined
using this protocol delivering the corresponding alcohols with
excellent conversions in most cases and high level of
enantioselectivities. Interestingly, the changes of the absolute
configuration of the @-amino acid greceded the formation of
both enantiomers of the alcohols.*

Because of the nature of the nitrogen substituent and
stereochemistry about the C=N double bond, the ATH of
imines to chiral amines is relatively challenging. Cyclic
sulfamidates bearing a chiral carbon functionalized by an
amine moiety and a reactive cyclic sulfamidate group are useful
precursors in organic synthesis. Lee’s group*’ found that the
half-sandwich rhodium catalyst 132 served as a highly effective
catalyst in the ATH of cyclic sulfamidate imines with the
mixture of HCO,H and Et;N as hydrogen donor within 30 min
at rt, producing 16 cyclic sulfamidates with a wide range of
substituents in excellent yields ranging from 91% to 99% and
up to 99% ee’s (Scheme 48). Moreover, the ATH of 4,5-

Scheme 48. Enantioselective Synthesis of Cyclic
Sulfamidates Using Chiral Rhodium-Catalyzed ATH
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disubstituted imines (R' = Ph, R = CH,) bearing preexisting
stereogenic centers was accompanied by dynamic kinetic
resolution, which indicated that the stereochemistry of the
rhodium catalyst 132 controlled the stereochemistry of the
ATH well.**

Scheme 47. Half-Sandwich Rhodium TH Catalysts and Ligands
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The new “tethered” half-sandwich rhodium complex 133
containing TsDPEN and a functionalized Cp* unit catalyzed
ATH of ketones with the HCO,H/Et;N mixture as hydrogen
source under mild condltlons, giving various alcohols in 68—
99% yields and 70—99% ee’s (Scheme 49).*" In this catalytic

Scheme 49. Tethered Rh(III) Complex in ATH of Ketones

OH OH
MeO H

h
133 (RR)-134
133 (0.5 mol%) HQ H
_ 133@S5mol%) _ =
R "R®  HCO,HIELN (5:2) rt. R' R?

1.5-27h Yields: 68-99%
ee: 70-99%

o}
|

process, a diol (R,R)-134 was effectively produced with an
excellent 96:4 DL/meso ratio and >99% ee. (R,R)-134 usually is
a precursor of (2R,SR)-diphenylpyrrolidine that has extensive
application in the area of asymmetric organocatalysis.

Given the considerably growing applications of functional P-
and P—N-based ligands in catalysis, some rhodium complexes
with these ligands were shown to be active in the TH of
unsaturated compounds (Scheme 50). Aydemir’s group‘wz’493

Scheme 50. P-Based Ligands and Rhodium TH Catalysts
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synthesized a series of rthodium complexes of aminophosphine
containing the cyclohexyl moiety. Complex 135a containing a
furan unit exhibited good catalytic performances in the TH of
acetophenone derivatives with 2-PrOH and NaOH, and 233—
576 h™! TOF values were measured with 4-fluoro-, 4-chloro-, 4-
bromo-, 2-methoxy-, and 4-methoxy-acetophenones as starting
materials. On the contrary, only 8—16 h™" TOF values were
determined when 135b bearing a thlenyl fragment was
employed as catalyst in the same reactions.*”” Starting from
[Rh(COD)Cl],, three new neutral rhodium complexes 136a,
136b, and 136¢ with P-NH ligands were synthesized and
applied to the catalytic TH of aromatic ketones. The catalytic
performance of 136b containing an i-Pr group at the para-
position was superior to those of 136a and 136¢. With the use
of 136b, complete conversions were observed, and the TOF
values were as high as 588 h™.*”> The phosphane ligand 137
featuring a hydrophilic pyrazine was a good promoter in

rhodium-mediated ATH of acetophenone in terms of both
activity and enantioselectivity.*”* TH of polar bonds including
C=0 and C=N bonds was catalyzed by an iminophosphor-
ane-based [P,N,] rhodium complex 138, although the reaction
rate was relatively low.***

Water-soluble ligands and catalysts were reported and
applied in the field of rhodium-catalyzed TH, which proceeded
smoothly in water and produced various functional com-
pounds.™¥*%*7 On the basis of the fact that the formation of
micelles through addition of a cationic surfactant in water could
improve the catalytic property of transition-metal catalysts in
TH, a cationic amphiphilic surfactant-type ligand 139 and the
corresponding chiral rhodium—Cp* catalyst were reporteded
by Deng’s group.””® These authors observed that a chiral
micellar rhodium catalyst formed in water by association of the
in situ assembled surfactant-type rhodium catalyst was an
excellent catalyst in ATH of aliphatic ketones, and more than
90% conversions (in most cases) and 72—97% ee values were
obtained with this protocol (Scheme S1). The high level of

Scheme 51. Rhodium Catalyst with a Chiral Surfactant for
ATH of Aliphatic Ketones in Water
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enantioselectivity was taken into account by synergistic effects
between the rhodium-catalyzed center and the hydrophobic
microenvironment of the core. Specifically, the existence of a
probable transition state stabilized by CH-—7 interaction
between the substrate and the rhodium center was proposed.
In the transition state, the steric interaction of the alkyl groups
of the aliphatic ketones with the Cp* unit of the amphiphilic
catalyst controlled the stereochemistry. In addition, the high
enantioselectivity in the reduction may also benefit from
hydrophobic interactions between the alkyl chains of the
aliphatic ketones and the catalyst in the metallo-micelle
(Scheme 52).*®

On the basis of the rhodium-catalyzed TH, several functional
products or backbones showing potential applications in
various areas have been successfully sznthesized. These
compounds include functional amines,*” formanilides,*”’
tetrahydropyridines,*® piperidines,*® chiral chroman-4-ol,**!
monosubstituted malononitriles,’®> and tetrahydroquino-
lines.>*

2.1.6. Iridium-Based Catalysts. Iridium-based TH
systems are the most active catalysts in TH, in particular
ATH, and have thus recently attracted the attention of a
number of research groups. Interest in this area is
growing>*?9¥2053%* ince the pioneering work on iridium-
catalyzed TH of ketones by Mestroni et al.**>*°® Various types
of iridium complexes have been studied, and the catalytic
systems will be presented here according to the structures of
these unsupported iridium catalysts.

One of the most outstandlng examples is the family of
iridium—NHC complexes 7 A series of new iridium—NHC
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Scheme 52. Proposed Mechanism for the ATH of Aliphatic
Ketones in the Metallomicelle Formed with a Chiral
Surfactant-Type Catalyst”
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complexes were synthesized through transmetalation reactions
from the in situ prepared silver(I)~NHC complexes by
Giilcemal’s group (Scheme 53). Good results have been

Scheme 53. Iridium—NHC Complexes Synthesized by
Giilcemal’s Group
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obtained in the reduction of carbonyls in the TH process using
the ester-functionalized iridium(I) complex 140 as catalyst
showing that >99% conversions and 96—99% yields were
achieved, while various carbonyls were hydrogenated by 0.1
mol % of 140 using 2-PrOH as hydrogen source within 1.5—6
h>% The TH of carbonyls catalyzed by 141 and 142 was
completed in very short reaction times down to 2 min, reaching
12000 h™" TOF. The influence of various substituents on the
reactivity of the complexes was examined, and the complex
142b showed the best activity.”**'" Catalyst 142b was also
shown to be highly efficient in the TH of imines to amines with
a TOF of 800 h™'.3'° The high efficiency of catalyst 142 was
attributed to the existence of both flexible and sterically

demanding benzyl substituent(s) on the N atom(s) of NHC
and a strong ¢ donor 5,6-dimethylbenzimidazol-2-ylidene
skeleton. This study should bring about more attention to
the use of alkylated benzyl-functionalized S,6-dimethylbenzimi-
dazole NHC ligands in homogeneous catalysis.

An air-stable NHC, IPrBr, and its iridium complex 143 were
prepared, and the catalytic performance of this complex in TH
of acetophenone was found to be comparable or to surpass that
of the IPr-based iridium complex.>'! Colacino et al.>'? reported
iridium—NHC conplexes bearing 3,4,5-trimethoxybenzyl N-
substituents, taking 144a and 144b as examples (Scheme 54).

Scheme 54. Selected Examples of Iridium—NHC TH
Catalysts
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Catalytic studies indicated that the TH of ketones and
aldehydes that were achieved using 144a or 144b as catalyst
with glycerol disclosed higher activities than with other
iridium—NHC complexes. In addition, tremendously increased
reaction rates were observed with the aid of each of microwave
and ultrasound techniques, in particular with the later.
Interestingly, due to the strong reducing-agent nature of
glycerol, iridium nanoparticles in the size of 2—3 nm with
uniform and narrow size distribution were formed in the TH
process, which was confirmed by both transmission electron
microscopy (TEM) and UV—vis analysis.>'> Other iridium
catalysts with various mono-NHC units were also successfully
synthesized and used such as complex 145 containing an
abnormal NHC,*"? 146 functionalized by a hemilabile NHC,>"*
and 147 containing a NHC with an extended ring and a donor
substituent.”™ Both 146 and 147 were extremely effective
catalysts. TOF of 4622 h™' was obtained in the reaction of
cyclohexanone borrowing hydrogen from 2-PrOH using
catalyst 146; the methoxy group of the functionalized NHC
ligands produced a positive effect on the catalytic activity.”'*
The iridium catalysts 147 with various substituents provided
almost 100% conversion with as low as 0.01 mol % catalyst
loading.>"®

A series of new binuclear iridium complexes with a flexible
linear linker connecting two NHC fragments was obtained by
facile transmetalation of their silver analogues with the
precursor complex [Ir(COD)Cl],.>'® The generated complexes
148 with axial chirality featured by 1-tert-butylimidazole or 1-
methylbenzimidazole groups proved to be active in the catalytic
TH of both acetophenone and N-benzylideneaniline in 2-PrOH
in the presence of KO'Bu.
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As a family of well-established powerful chelating ligands, bis-
NHCs have received increasing interest in homogeneous TH
catalysis (Scheme 55). Metalation of the bis-NHCs produced

Scheme §S. Dinuclear Iridium—NHC and Iridium—Bis-NHC
TH Catalysts

2 o

Tt s, )
N ' N

IrCI(COD) IrCI(COD) , X
R / \ R
N
148a:n=1,R="Bu 149a: R = Me

148b:n=2 R='Bu
148c:n=1,R=Me
148d: n=2, R = Me

K* SO5 K*

149b: R = nButyl
149c: R = nPropenyl

150 151

iridium complexes having various CNC donor ligands. In these
complexes, a chelating bis(NHC) core is supplemented by a
hemilabile pyridyl donor.>'” The performances of the
complexes 149 in the TH of ketones were evaluated under
various reaction conditions with a variety of substrates allowing
comparison of the influence of the NHC ligand on the catalytic
performances. Several desired alcohols were obtained in 30—60
min using a catalytic amount of 0.01—0.3 mol %.>"”

CO, activation is an important challenge involving
conversion of CO, to C1 building block toward the formation
of organic molecules. Meanwhile, this transformation partic-
ipates in addressing the question of global warming and a
consequent series of environmental ;)roblems caused by the
greenhouse gas CO,. Peris’” group®'®>'? proposed for the first
time that 2-PrOH could be utilized as the hydrogen donor for
CO, activation by the TH methodology. Two new water-
soluble iridium—bis-NHC complexes, 150 and 151, incorporat-
ing sulfonate functionalities, were readily synthesized and tested
as catalysts in TH of CO, to formate in 2-PrOH. The results
revealed that complex 151 with up to 2700 TON value was the
most active catalyst for the reduction of CO, under the TH
conditions (Scheme 56).>'® These two versatile catalysts also
catalyze the TH of several organic carbonyl compounds
including olefins, alkynes, and ,f-unsaturated ketones using
glycerol as both solvent and hydrogen donor; moderate
activities were obtained.>*

Scheme 56. TH of CO, Using 2-PrOH as Hydrogen Source
in the Presence of the Iridium Catalyst 150 or 151

150 or 151
X > HCOOK + (CH3),CO
0.5 M KOH/H,0, 110 °C

Catalyst 150: up to 1730 TON
Catalyst 151: up to 2700 TON

CO; + jPrOH

The family of iridium complexes with half-sandwich structure
is an important component of the family of iridium catalysts
that are used in TH (Scheme 57).%*'73%° Recent examples of
half-sandwich iridium catalysts incorporated a variety of
coordinating ligands mainly based on N, P, C elements.
These ligands included mono-NHC, bis-NHC, triazolyl,
pyridyl, 2,2'-bipyridyl, N-[p-(trifluoromethyl)-
benzenesulfonyl]-1,2-ethylenediamine) (CF,;TsEN), N-(cam-
phorsulfonyl)-1,2-diphenylethylenediamine (CsDPEN), and N-
(p-toluenesulfonyl)-1,2-diphenylethylenediamine (TsDPEN)
scaffolds.

Iridium catalysts containing both NHC and Cp* units have
proven to be active in reduction by means of TH. The new
anionic monodentate iridium complexes 152 containing readily
accessible and tunable chiral hydroxyamide-functionalized
NHC ligands with various substituents were presynthesized
or in situ constructed, and these complexes served as catalysts
in ATH of ketones.>> They were moderately active for this
transformation at rt, and the ligand featuring both a tert-butyl
group at the stereogenic center and a benzyl substituent at the
azolium ring exhibited the best catalytic properties. Another
new category of mono-NHC ligands smoothly generated the
corresponding iridium complexes 153 and 154 with a Cp*
group. These iridium complexes were found to act as highly
active catalysts for the TH of ketones and imines involving a
range of substrates with 1 mol % of catalyst loading.>** When
complex 153d having two acetyl groups was employed in the
procedure, the use of low catalyst loading (0.01 mol %)
provided good catalytic results with up to 8000 TON.
Importantly, these ligands with acetylbenzyl group in
complexes 153 and 154 showed good stability in basic
media.>*®

Crabtree and Hintermair et al.>**** conducted mechanistic
studies that were focused on several points with the half-
sandwich iridium complex 155 bearing two NHC ligands. It is
known that some metal nanoparticles are active in the
mediation of TH,*****" and in the case of the iridium catalyst
it was found that iridium nanoparticles in situ assembled in the
presence of base proved to be the real catalytic species in the
hydrogenation of ketones under dinitrogen.*** The authors
questioned whether iridium nanoparticles were the true catalyst
in TH. Control experiments and mercury poisoning tests
showed that iridium(0) nanoparticles, although active in the
reaction, are not responsible for the high activity observed for
the catalyst 155.°*° In addition, the replacement of both
monodentate-type NHCs in complex 155a by a bridging bis-
NHC chelate ligand caused a significant decrease in activity.
Therefore, the existence of two NHCs in mono forms is
essential for high catalytic efficiency.”* Both the results from
H/D scrambling experiments and the findings of Cp* loss in a
precatalytic activation step of TH catalysis with 155a made the
classic monohydride mechanism questionable.®*® A new
catalyst activation mechanism that is suitable to [IrCp*]-
promoted TH was proposed. In addition, to further enhance
the catalytic acidity of 155a, the feasibility of designing a
modified version of catalyst 155a with more bulky groups
around the iridium center was confirmed.>*’

In the past few years, half-sandwich iridium complexes with
chelating triazolyl units have been extensively developed
because of their high activities, high accessibilities, high
stabilities, easy modifications, and bis-coordinating sites of
1,2,3-triazoles. Iridium complexes functionalized by pyridyl-
triazole (toward 156), bis-triazole (157), or bis-abnormal
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Scheme 57. Half-Sandwich Ir Catalysts Containing NHC Fragments
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carbene (158) with half-sandwich and piano-stool configuration
were assayed in the catalytic TH of nitrobenzenes using 2-
PrOH providing aniline, azobenzene, and azoxybenzene
compounds.>® Investigations of ligand substitution, metal
substitution (comparison with ruthenium counterparts con-
taining each of the above-mentioned triazolyl ligands), and
temperature variation on the catalytic behavior indicated that
the selectivity was moderately controlled by tuning the metals,
ligands, and reaction conditions. In addition, the iridium-based
catalysts provided higher conversion of nitrobenzenes than
their ruthenium analogues.>>> The same research group®*
reported a series of mono- and dinuclear orthometalated
iridium complexes with both Cp* and triazolyl fragments either
with C—N or with C—C donor sets to iridium centers with a
central phenyl ring as C—H activation sites. All of these
presynthesized complexes 159—163 were employed as catalysts
for the TH of benzaldehyde and acetophenone revealing that
the dinuclear iridium complexes 160 and 163 produced faster
reactions than their mononuclear counterparts (Scheme 58).
Moreover, the dinuclear cyclometalated iridium complex 163
with poly mesoionic carbene ligands gave the best catalytic
performances.>**

Xiao’s group™* explored the catalytic applications of a family
of cyclometalated iridium complexes 164 containing Cp* unit
in several TH processes. These complexes have been identified
as versatile catalysts. They allowed the efficient and selective
TH with a range of substrates including imines to amines,>*
ketones and aldehydes to alcohols,*****” and TH for reductive
amination of ketones to secondary”*>** and primary amines>>’
using safe and inexpensive formate as hydrogen donor (Scheme
59). These reactions were carried out “on water”™** or in
organic solvents, and the pH values of solutions were shown to
be critical for a high catalytic performance in terms of selectivity
and activity.

The reaction of [IrCp*(H,0);][SO,4] with chiral diamines
generated four chiral aqua iridium(III) complexes [IrCp*-
(ligand)(H,0)][SO,] (165—168) that were air- and moisture-
stable.>*" Taking 2-cyanoacetophenone as the model substrate,
TH catalyzed by these complexes proceeded smoothly with
sodium formate using a 1:1 water/methanol solvent mixture in
an open reaction flask. The desired alcohol was obtained with
90%, 79%, 63%, and 84% vyields, and 47%, 43%, 83%, and 95%
ee with catalyst 165, 166, 167, and 168, respectively.
Considering both activity and selectivity, catalyst 168 function-

Scheme 58 Iridium TH Catalysts Bearing Triazolyl Ligands

Fg
Ir I
I
f E N

_ 1 prg

\O O,
N-N N=N
\ 7/
156 158
R
-N
N
/ 4 >
N=N
ﬁ— 7:' _NO ¢l
~ I: g | : g{
|,» /I' I
N
N
159a: R = Et 1GOa R=Et 161
159b: R = Bn 160b: R = Bn

/NO cl

o

162 <

alized with CF; substituents was chosen to investigate the
substrate scope. Compound 168 was highly active for ATH of
various aromatic cyanoketones, providing good to excellent
yields and ee values. When a-nitro ketones were employed in
the catalytic system, a series of 2-nitroalcohols were produced
with 35—85% vyields and excellent ee values (Scheme 60).
Remarkably, the “ortho effect” was observed in these catalysis
reactions, leading to orthosubstituted aromatic alcohols with
high enantioselectivities.”*"

Besides these above-mentioned half-sandwich iridium
catalysts containing NHC, some polydentate iridium complexes
containing P, N, C-functionalized ligands have been also found
to be active in TH of polar compounds, in 8partlcular,
carbonyls.>*~>*” In 2013, Meggers and co-workers>** designed
a very interesting iridium complex, 169, featuring octahedral
stereocenter. Such a stereocenter usually permits the
straightforward generation of compounds with high stereo-
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Scheme 59. Half-Sandwich Cyclometalated Ir Complexes as
TH Catalysts

Scheme 61. ATH of §,f'-Disubstituted Nitroalkenes over
Catalyst 169
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selected examples of the synthesized functional compounds are
gathered in Scheme 62. They include tetrahydroquinoxalines

Scheme 62. Functional Derivatives Synthesized by Direct
Iridium-Catalyzed TH or Cascade Reactions Involving Ir-
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Scheme 60. Ir Diamine Catalysts for the ATH of Ketones
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chemical complexities. This complex showed excellent catalytic
performances in terms of activity and enantioselectivity in ATH
of fB,'-disubstituted nitroalkenes at rt using Hantzsch ester as
the hydrogen source. The corresponding reduced nitroalkane
products with a wide range of substituents were isolated in 89—
96% vyields and 93—99% ee values with 0.1—1 mol % of catalyst
loading (Scheme 61). Interestingly, this catalytic process
involving the inert and rigid complex 169 did not include
any direct metal coordination, but operated exclusively through
weak interactions of functional groups of ligand with substrates.
More precisely, the chelated S-amino-3-(2-pyridyl)-1H-pyra-
zole in the complex 169 acted as a double hydrogen-bond
donor to a nitroalkene, whereas the hydroxymethyl substituent
on the benzoxazole ligand played the role of a hydrogen-bond
acceptor for the incoming nucleophile.”**

In the field of practical applications of iridium-catalyzed TH
reactions, several functional reduced chemicals with unusual
properties and potential applications have been synthesized
through direct TH or cascade reactions involving TH. The
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(170) that are useful organic compounds with a wide range of
key biological properties,>* tetrahydroquinolines (171) that
have significant substructures in many bioactive compounds,>*°
(R)-salsolidine (172),>>" a-exo-methylene y-butyrolactones
(173) that show an enormous array of biological activities
and constitute ag)sgroximately 10% of the >30000 known
natural products,”” pyrrolidinones (174) that are platform
molecules for various applications in fuel and fine chemical
industries,”® 1-ene-2,3-diols (175),>** and crotylation deriva-
tives of 5-substituted 2-furan methanols (176).>>°

2.1.7. Nickel-Based Catalysts. As mentioned above,
although ruthenium, rhodium, and iridium-based catalysts are
powerful in TH, they are expensive, toxic, and damaging to the
environment. Recently, there has been a renewed interest in
developing cheap, abundant first-row metal catalysts for this
transformation, and plenty of examples involving iron and
cobalt have been described in both the Iron-Based Catalysts
and the Cobalt-Based Catalysts sections. Nickel catalysts were
also found active in the reduction of unsaturated compound
with TH methodology.>*¢~%

The easily accessible nickel complex 177 bearing diamine
ligands was evaluated in the TH of acetophenone at 50 °C
using 2-PrOH as hydrogen donor, but unfortunately a poor
conversion was observed (Scheme 63).>* A Schiff base was
used to synthesize the organometallic compound 178 that
acted as catalyst in the TH of 4-bromoacetophenone with 2-
PrOH. Within 12 h, the corresponding alcohol 1-(4-
bromophenyl)ethan-1-ol was obtained in 72% yield. However,
the dehalogenations of both 4-bromoacetophenone and 1-(4-
bromophenyl)ethan-1-0l also proceeded under these con-
ditions, yielding the dehalogenated ketone and alcohol
(Scheme 64).%%

DOI: 10.1021/acs.chemrev.5b00203
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.5b00203
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.5b00203&iName=master.img-059.jpg&w=239&h=204
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.5b00203&iName=master.img-060.png&w=204&h=203
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.5b00203&iName=master.img-061.png&w=239&h=97
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.5b00203&iName=master.img-062.png&w=239&h=100

Chemical Reviews

Scheme 63. Nickel TH Catalysts
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Zhou'’s group®®" has reported a highly active nickel catalyst in
ATH of olefins using formic acid for the synthesis of a- and j-
amino acids. In the initial research, the ATH of a,f-dehydro-f-
acetaminobutyrate was chosen as model reaction and
conducted in the presence of [Ni(OAc),] and various highly
electron-rich and sterically demanding bisphosphines, such as
(S)-Binapine, TangPhos, DuanPhos, Mark Burk’s ligands,
Imamoto’s P-chiral bisphosphine QuinoxP*, Josiphos ligand,
BINAP, Segphos, DIPAMP, and PHOX. Among them, (S)-
Binapine afforded the best results in terms of yield and ee value,
respectively, 99% and 96% (Scheme 65).°' The scope of

Scheme 65. ATH of a,-Dehydro-#-acetaminobutyrate in the
Presence of Ni(OAc), and (S)-Binapine
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olefins then was probed in the Ni/(S)Binapine system. A
number of aryl and alkyl olefins were involved, showing that
olefins with both electron-donating and electron-withdrawing
aryl groups provided the corresponding products in very high
ee. This process was also successfully extended to some
compounds with heteroaryl rings (Scheme 66).>°' Only 30% ee
and 10% yield were obtained using an olefin with a S-anilino
group, perhaps due to the in situ hydrolysis of the enamine
group. Interestingly, the E-isomer of the model olefin was
reactive in the TH procedure, but with only 44% ee, the low
enantioselectivity being attributed to the two competing
insertion modes for hydride insertion at the nickel center. a-
Acetamidoesters were also synthesized with this process,
providing more than 80% ee. In addition, in this catalytic
system, the enantioselectivity was tunable by changing the
solvents or the ratio of formic acid and Et,N.**'

Nickel nanoparticles (NiNPs) catalyze the TH of olefins and
carbonyl compounds and the reductive amination of aldehydes
with 2-propanol as the hydrogen donor.*** Yus and co-
workers™®> demonstrated that the TH of olefins was catalyzed
by NiNPs of 0.75—2.88 nm that were generated from
anhydrous nickel(II) chloride. Numerous nonfunctionalized
and functionalized alkanes were obtained with >99% yields in
most of cases. The TH of dehydrobrittonin A to brittonin A (a
natural dihydrostilbene) was successfully conducted using this
strategy giving 100% conversion and 95% yield (Scheme 67).>®
These NiNPs also exhibited high activity in the TH of
acetophenone, the concentration of acetophenone and
isopropanol being one of the critical factors on the reaction
rate.’® The same authors®® reported that the reductive
amination of aldehydes by TH with 2-PrOH was catalyzed by
20 mol % of NiNPs at 76 °C, and a series of amines bearing a
wide range of substituents were produced in 30—99% yields.

2.1.8. Palladium-Based Catalysts. The TH of carbonyls
and imines is well-known, because these C=O and C=N
bonds are easily hydrogenated to the corresponding alcohols
and amines. In contrast, the TH of nonpolarized C—C multiple
bonds has been scarcely reported, because it is far different to
achieve. Although some homogeneous catalytic systems have
been reported for this transformation, quite a few of them
showed good results for the transfer semihydrogenation of
alkynes to alkenes, as the initial alkenes products often are over-
reduced to alkanes.

Elsevier’s group demonstrated that several palladium(II) or
palladium(0)—NHC precatalysts exhibited excellent activities in
transfer semihydrogenation of alkynes to Z alkenes (Scheme
68), which are present in a plethora of biologically and
pharmaceutically active compounds.’*>**® Compound 179
containing zerovalent palladium was the first catalyst for stereo-
and chemoselective semihydrogenation of aromatic and
aliphatic internal alkynes under TH conditions with formic
acid/triethylamine.'® A series of alkynes with a wide range of
scope were employed in this catalytic system, and in most cases
the desired Z alkenes were obtained with >99% conversions
and >90% selectivities; meanwhile, both E alkenes and alkanes
were found as side-products. Interestingly, the selectivity was
tuned by solvent switch between MeCN and THF.'®® Later, a
thorough investigation of the influence of the substituents on
both the NHC and the pyrimidine was performed through the
catalytic tests of their zerovalent palladium complexes 180 in
transfer semihydrogenation of 1-phenyl-1-propyne. With 1 mol
% of palladium loading, catalyst 180a showed the best catalytic
activity, and both 180c and 180d featuring the DiPP scaffold
displayed the highest selectivity toward Z alkene.**” Using
complex 179 having MeCN molecule as model catalyst,
mechanistic studies revealed a broken positive order in
substrate and first order in catalyst and hydrogen donor.
Both hydrogen atoms of HCOOH exhibited a primary kinetic
isotope effect, indicating that proton and hydride transfers are
separate rate-determining steps.**® The identifications of a
coordinated formate anion and part of the maleic anhydride
(MA) during the reaction suggested a mechanism in which
migratory insertion of hydride provided [Pd(0)(NHC)(MA)-
(alkyne)(H)], after which the alkene product was released by
proton transfer from the triethylammonium cation. In the
catalytic cycle, the selectivity depended on the result of the
competition between the strongly coordinating solvent and the
alkyne for the formation of a Pd(alkene)-intermediate.*®®
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Scheme 66. Chiral @- and f-Amino Acid Derivatives Synthesized by Ni(OAc),/(S)-Binapine-Catalyzed ATH
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Scheme 68. TH of Alkynes Using Palladium—NHC Catalysts
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Numerous zerovalent complexes [Pd(NHC)(alkene),,]
(181—-186) functionalized by expanded-ring NHCs were used
as precatalysts in this reaction of 1-phenyl-1-propyne by the
same group.”® These authors observed that the existence of
these very bulky, strong o-donor NHCs in complexes 181 and
182 significantly enhanced their catalytic activities. Although
the initial selectivity of Z-alkene was high, both isomerization of
the double bond and over-reduction to the corresponding
alkane sequentially proceeded to consume all of the obtained Z-
alkene.>®

One of the disadvantages of these palladium—NHC
precatalysts is that they are not shelf-stable and cannot be
isolated, causing difficulty in precatalyst storage, which is not
convenient for practical applications in synthesis. On the basis
of that, the exploration of shelf-stable catalysts to improve the
applicability of this catalytic methodology was conducted by
Elsevier’s group.”’® Indeed, the commercially available, highly
stable complex [PdCl(5*-C;H;)(IMes)] 187 served as
precatalyst in this transformation producing Z-alkenes (Scheme
69). With the addition of triphenyl phosphine, this new system
was shown to be a robust catalytic method allowing excellent
selectivities for a broad range of Z-alkenes. Notably, in the
catalytic operation, all solvents and reagents were directly used
without any drying or purification.>”

The substitution of NHC catalysts has a significant influence
on the selectivity of the transfer semihydrogenation reaction.
To this end, Elsevier’s group571 prepared a series of NHCs
ligands containing both an acid and an amino functionality
using the amino acid histidine as precursor. Subsequently, the
corresponding palladium—NHCs complexes 189 were synthe-
sized and utilized as precatalysts in the Z-selective transfer
semihydrogenation of alkynes. With this catalytic protocol
involving robust palladium—NHC precatalysts containing
additional donor functionalities, good selectivities were
determined. Moreover, compound 189c that possesses two
picolyl functional groups provided the best catalytic perform-
ance.

Hua’s group572 found that [Pd(OAc),] was extremely active
in the catalytic transfer semihydrogenation of internal alkynes
bearing various functional groups, delivering the desired Z-
alkenes in 86—99% vyields and 86—99% selectivities, using
DMF/KOH as hydrogen source (Scheme 70). With this
procedure, the synthesis of the natural product Z-combretas-
tatin A-4 (190) that is useful in organic and medicinal
chemistry with important biological activities was achieved by
performing the semihydrogenation of 1-(4-methoxyphenyl)-2-
(3,4,5-trimethoxyphenyl) acetylene in 94% isolated yield and
>99% selectivity. The stability and commercial availability of
the catalyst and the wide substrate scope are the most attractive
advantages of this catalyst. On the other hand, the requirement
of high reaction temperatures could more or less restrict its
applications.>”

The versatile catalyst [Pd(OAc),] is also active in the TH of
nitrobenzene to anilines, carbonyls to alcohols, and alkenes to
alkanes that were carried out in a surfactant-free catalyst system
using 2-PrOH as hydrogen donor. In this process, the real
catalytic species are in situ formed palladium nanoparticles.>”

2.1.9. Gold-Based Catalysts. Gold complexes and
catalysts have attracted considerable attention in organic
transformations due to relativistic effects and soft Lewis
acidity.®”* Recently, some gold-based complexes and nano-
particles were found to be excellent catalysts in homogeneous
or quasi-homogeneous TH.
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Scheme 69. Palladium—NHC Complexes for Transfer Semihydrogenation of Alkynes to Z Alkenes
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Scheme 70. [Pd(OAc),]-Catalyzed Transfer
Semihydrogenation of Internal Alkynes Affording Z-Alkenes
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A facile, highly efficient reductive amination of aromatic
aldehydes by borrowing of hydrogen from an ethyl Hantzsch
ester has been achieved by use of easy-to-get Ph;PAuCl/AgOTf
catalyst.>”> The reaction between aniline and benzaldehyde was
conducted in dichloromethane at rt in the presence of
Ph;PAuCl/AgOTf and ethyl Hantzsch ester. Within 1 h, the
desired product N-benzylaniline was synthesized in 95% vyield.
Under these conditions, aldehydes and primary amines
functionalized by diverse groups were used to test the scope
of this reaction, and 26 secondary amines were isolated in 86—
96% yields (Scheme 71).57%

Unsupported nanoporous gold (AuNPore), prepared from
Au alloys by selective leaching of less costly metals, is a
potentially sustainable catalyst with rising interest, due to its
high surface area, high stablh? for versatile chemicals, lack of
toxicity, and high reusability.””” This new-emerging material
has been assayed in transfer semihydrogenation of alkynes
producing the correspondmg Z- alkenes using organosilanes as
hydrogen donor.>”” In 2015, Asao®”® demonstrated that the

Scheme 71. Amination of Aromatic Aldehydes through TH
Catalyzed by Ph;PAuCl/AgOTf
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much cheaper reagent HCOOH can also be utilized as
hydrogen donor in this transformation. A variety of both
internal and terminal alkynes were hydrogenated, delivering Z-
alkenes bearing nitrile, ketone, and ester groups, with extremely
high activity, stereo-, and chemoselectivity (Scheme 72).5”®

Scheme 72. Selective Transfer Semihydrogenation of
Alkynes with Nanoporous Au Catalysts

20 examples
90-99% vyield
excellent chemo-
and stereoselectivity

AuNPore cat
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R R2

R1 R2

Recently, the vast majority of examples of nitrophenol
reduction have been catalyzed by quasi-homogeneous gold
nanoparticles using NaBH, as hydrogen source. Various
stabilizers, synthetic methods, reaction conditions, and gold
nanoparticles of various sizes were involved in this reaction, and
review articles have been published.>”*>*°

2.1.10. Bimetallic and Multimetallic Catalysts. Bimet-
allic and polymetallic catalysts have a bright future in catalysis
because of their enhanced activities, stabilities, selectivities,

AA DOI: 10.1021/acs.chemrev.5b00203
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Scheme 73. Tandem Suzuki—Miyaura Coupling/TH Reaction with a Bis-heteroscorpionate Pd—Ru Complex
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Scheme 74. Multifunctional Ir, Rh, and Pd Y-Shaped Catalyst with Tris-N-heterocyclic-carbene Ligand for Dehalogenation/TH
of Haloacetophenones and Suzuki—Miyaura Coupling/TH of p-Bromoacetophenone
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synergistic effects, and other properties as compared to their
monometallic counterparts. Several bimetallic and polymetallic
complexes and nanocatalysts recently appeared in TH

581,582
processes.

AB

Patra’s group®® pioneered the synthesis and catalytic
applications of heterobimetallic complexes bearing bis-hetero-
scorpionate ligands. Starting from a,a,&,a'-tetra(pyrazol-1-yl)-
2,6-lutidine (pz,lut) bis-heteroscorpionate ligand, the hetero-

DOI: 10.1021/acs.chemrev.5b00203
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.5b00203
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.5b00203&iName=master.img-073.png&w=331&h=236
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.5b00203&iName=master.img-074.png&w=370&h=342

Chemical Reviews

bimetallic Pd—Ru complex 191 and the homobimetallic
complexes 192 and 193 were prepared, and their catalytic
behavior was checked in tandem Suzuki—Miyaura coupling/TH
of 4-bromoacetophenone and borophenylic acid. As shown in
Scheme 73, when the reactions were carried out at 30 °C for 48
h using complex 191 or the equimolar mixture of 192 and 193
as catalysts, as expected the heterobimetallic Pd—Ru complex
provided higher yield for the TH product 195 than the mixed
catalysts. This improved catalytic performance was accounted
for by the single well-defined heterobimetallic catalytic system
disclosing cooperativity at least to some extent.”> With the use
of 191 as catalyst, the final product was isolated in 97% yield
when the reaction was conducted at 80 °C for 2.5 h. A few
other alcohols were synthesized with 82—92% yields using this
protocol.**?

Several mono-, bi-, and trimetallic complexes based on Ir, Rh,
and Pd including homo- (201, 202) and heterobimetallic ones
(196—198 and 200) and complexes 196 and 197 were featured
by Y-shaped tris-NHC ligand. All of the complexes shown in
Scheme 74 were employed as catalysts in two different tandem
reactions: dehalogenation/TH of haloacetophenones and
Suzuki—Miyaura coupling/TH of p-bromoacetophenone
(Scheme 74).°%* In the former transformation, all hetero bi-
and trismetallic catalysts (196—200) exhibited much better
catalytic activities than the homobimetallic counterparts 201
and 202. In particular, the uses of catalysts 197, 199, and 200
provided the dehalogenated alcohol product in more than 95%
yield. The same phenomenon was also observed in the case of
Suzuki—Miyaura coupling/TH. The better catalytic perform-
ance of hetero bi- and trimetallic catalysts was attributed to the
catalytic cooperativity among different metal centers.’**

A sophisticated Schiff base—NHC ligand generated a
heterotrimetallic organometallic complex 204 possessing one
nickel and two iridium atoms (Scheme 75).%° This complex
served as a multifunctional catalyst in the reaction of
dehalogenation/TH of haloacetophenones yielding excellent
catalytic results. A comparative study demonstrated that the
heterometallic species was more active than the physical
mixture of the corresponding monometallic species 178 and
203.

Scheme 75. Heterotrimetallic TH Catalyst Involving Ni and
Ir, and the Corresponding Monometallic Catalysts
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The homobinuclear complexes of iridium and gold 205 and
206 and the heterobinuclear complex 207, prepared by
metallization of the triazolyl-diylidene ligand,*® were employed
as catalysts in the reduction of nitroarenes by TH using benzyl
alcohols giving four products with a catalyst-dependent ratio. A
hydroxylamine was obtained as the main product when the
catalyst 206 was utilized, and the heterodinuclear iridium—gold
complex 207 facilitated the formation of an imine (Scheme 76).
The preliminary catalytic study showed that the heterobinuclear
complex 207 provided better catalytic performances than the
two homobimetallic catalysts.>*®

Scheme 76. Reduction of Nitroarenes by TH Using Primary
Alcohols Catalyzed by an Iridium—Gold Heterobimetallic
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Chikate’s group®®® reported an iron—nickel bimetallic
nanoparticle catalyst for catalytic TH of nitroarenes yielding
amino derivatives. Without other additives under ambient
conditions, 99% conversion and 100% selectivity were obtained
with nitrobenzene. With this catalytic system, a series of desired
amines with a wide range of substituents were produced with
88—100% conversions and 92—100% selectivities. It was
suggested that the nickel sites on the bimetallic surface caused
the catalytic activity and that these nickel sites did not only
hinder the surface corrosion of the iron sites but also facilitated
efficient electron ﬂow from the catalyst surface to the adsorbed
nitro compounds.®®

A variety of mono-, bi-, tri, and tetrametallic alloy
nanoparticles capped with trioctylphosphine oxide (TOPO)
were assembled through a parallel combinatorial manner.
Transmission electron microscopic (TEM) analysis revealed
that the average diameter of these nanoparticles was 3.0 nm.>*’
The catalytic activity was evaluated for TH of alkenes using 2-
PrOH as hydrogen donor at 100 °C under atmospheric
conditions. With 4-phenyl-1-butene as the substrate, the Ni/
Ru/Pt/Au heterotetrametallic nanoparticles catalyzed the TH
reaction in 98% yield. On the contrary, other mono-, bi-, and
trimetallic nan _})artlcles were inactive or only shghtly active
(Scheme 77).%®

2.1.11. Other Transition Metals Catalysts. Beside these
above-mentioned catalysts, other transition-metal complexes
have been also recently explored in TH, such as those of
copper, 588 2inc,>® zirconium,>°7%% olybdenum,594 596
rhenium,>®” 5% etc.

Stoichiometric amounts of molybdenum compounds have
been utilized to promote hydro§enat10n using hydrogen gas or
silanes as reducing agents.”*”®*' On the basis of previous
examples, a well-established cubane-type cluster
[Mo;S,X5(dmpe);]* (dmpe = 1,2-(bis)-
dimethylphosphinoethane) was applied as catalyst in the TH
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Scheme 77. TH of 4-Phenyl-1-butene (1) with Various
Mono-, Bi-, Tri-, and Tetrametallic Nanoparticles
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of nitroarenes with formate.”** Reduction of a variety of
nitroarenes to anilines was achieved with this means, and >99%
conversions and 89—99% yields were obtained (Scheme 78).

Scheme 78. Mo-Catalyzed TH of Nitroarenes to Anilines
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Moreover, [MoCp(CO);H] was shown to be active in the
reduction of carbonyls using formic acid as reducing reagent.>”®
The results obtained with these two molybdenum catalysts
should trigger the further development of molybdenum-
catalyzed TH.

Rhenium complexes have recently been reported as catalysts
in TH of C=0, C=C, and C=N bonds (Scheme 79) since

Scheme 79. TH of C=0, C=C, and C=N Bonds
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the pioneering work in this field by Toste and Kwong et
al.®>% Togni’s group™” synthesized new air- and moisture-
stable rhenium complexes such as 208 that have chiral
terrocenyldiphosphine ligands of the Josiphos family and used
them as catalysts in the ATH of ketones using 2-PrOH as
reducing reagent and substoichiometric amounts of triethyl-
amine as base. A series of alcohols were obtained with up to

AD

99% yields but moderate enantioselectivity. On the basis of the
successful isolation of an alkoxido complex, the authors
suggested a plausible reaction mechanism in which a direct
TH between the simultaneously coordinated alkoxy and ketone
substrate was involved, rather than through hydridic species.>””

TH of olefins over rhenium was also reported with the
complex 209 (PTA = 1,3,5-triaza-7-phosphaadamantane) that
showed high activity in the reduction of various terminal olefins
with a broad range of substituents, using alcoholysis of
amineboranes as a reducing agent. Moreover, alcoholysis was
also catalyzed by this rhenium complex.®”® Addition of t-BuOK
significantly improved the catalytic efficiency, reaching a TOF
value of 396 h™".

The synthesis of 2-alkenylbenzylamines was achieved by
[HRe(CO),],-catalyzed reaction of aromatic aldimines with
terminal alkenes.”” The catalytic process includes three steps
including the insertion of the alkene into a C—H bond at the
ortho-position of the imino group of the aromatic aldimine, the
sequential $-hydride elimination from the formed alkyl rhenium
intermediate, and the TH of the imino group of the aldimine
(Scheme 80). This catalytic system tolerated various sub-
stituents, and several 2-alkenylbenzylamines were obtained in
good to excellent yields.>”

Scheme 80. Rhenium-Catalyzed Insertion of Terminal
Alkenes into a C(sp?)—H Bond and Successive TH
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2.2. Heterogeneous Transition-Metal Catalysts

With the rapid development of “green” chemistry, heteroge-
neous catalysts are heavily favored in industry from an
economic and technical point of view. Heterogeneous catalysis
is preferable to homogeneous catalysis because of the improved
handling, separation, and recycling possibilities. In the area of
catalytic TH, the heterogenization of catalysts on/in various
materials attracted considerable attention during the past few
years, 217604605

2.2.1. Magnetic Nanoparticle-lmmobilized Catalysts.
Research on magnetic nanoparticles (MNPs) has become one
of the hottest fields and has experienced extremely fast growth
in the past few years,***”"> because MNPs were regarded as
ideal catalyst supports due to their large surface area,
controllable morphology and dispersity, straightforward and
relatively low preparation cost, low toxicity, good stability,
biocompatibility, facile separation by magnetic forces, as well as
the unique interaction between the catalytic species and MNPs.
The use of MNPs bridges the gap between homogeneous and
heterogeneous catalysis, and combines catalytic activity with
catalyst separation. MNP-immobilized transition-metal catalysts
based on ruthenium, rhodium, iridium, nickel, palladium, silver,
and gold have been widely explored and used in TH.™*

MNP-ruthenium nanoparticles (MNPs-RuNPs) with spher-
ical morphology and a size range of 15—30 nm were readily
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assembled through tandem generation of Fe;O,@SiO, and
immobilization of RuNPs in one pot.°"® The catalytic activity
was initially evaluated in TH of acetophenone at 100 °C under
MW irradiation in the presence of KOH and a catalytic amount
of MNPs-RuNPs; using 2-PrOH as reducing reagent, the
desired alcohol product was successfully obtained with over
99% yield in 30 min. The scope of carbonyl compounds was
then investigated under optimal conditions. A series of
acetophenones containing a broad range of substituents were
smoothly transformed into the corresponding alcohols with
high conversion and selectivity within 30—4S min (Scheme 81).

Scheme 81. TH of Carbonyl Compounds Catalyzed by Ru
Nanoparticles Supported on Magnetic Silica®
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“Reprinted with permission from ref 615. Copyright 2013 American
Chemical Society.
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As a key feature of heterogeneous catalysts, the recyclability was
tested in the MNPs-RuNPs-catalyzed TH based on acetophe-
none. It was shown that this catalyst was magnetically collected
and reused at least three times without decrease of activity.
Moreover, only 0.08% of Ru leached from the initial catalyst
after three reaction cycles.®"

A presynthesized half-sandwich ruthenium complex {[N-4-
chlorobenzenesulfonyl-4,5-dichloro-o-phenylenediamine]-(p-
cymene)-chloro-ruthenium(II) }chloride performed well to
promote the TH of ketones in 2-PrOH, reaching a TOF
value of 2192 h™.%'® More interestingly, this catalyst was
anchored on the surface of Fe;O, by sonication, forming a
hybrid material that showed moderate activity in both TH of p-
acetophenone and reduction of nitro compounds. The good
reusability of this MNPs-immobilized ruthenium was confirmed
in the later transformation.’'®

Liu and co-workers®'”'® reported organorhodium function-
alized MNPs (Fe;0,-210) consisting of chiral 4-
((trimethoxysilyl) ethyl) phenylsulfonyl-1,2-diphenylethylene-di-
amine, 1,4-bis(triethyoxysilyl)benzene, RhCp* fragment, and
Fe;0, nanoparticle core. Scanning electron microscopy (SEM)
and TEM images revealed that Fe;0,-210 exhibited core—shell
morphology with an average particle size of about 370 nm, and
a 30 nm thick organosilica layer (Scheme 82).5" The catalytic
efficiency of the obtained MNPs was screened in the ATH of
aromatic ketones. Reactions were conducted over 1 mol %
[Rh] in the presence of 50 equiv of HCOONa in aqueous
medium, providing the corresponding (S) ethanol with
quantitative conversion and high enantioselectivity (up to
96% ee). Taking acetophenone as an example, a compared
investigation showed that Fe;0,-210 offered a higher
conversion than its homogeneous counterpart and comparable
enantioselectivity.®'® This excellent catalytic performance was
believed to benefit from the well-confined nature and the high
hydrophobicity of the catalyst. After completion of the ATH
involving acetophenone, the catalyst Fe;0,-210 was simply
removed from the reaction mixture using an external magnet
and reused for another nine reaction cycles with only a slight
decrease in both activity and enantioselectivity.’® The
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analogues based on iridium were also applied as efficient
catalysts in the same transformation.®'”

Varma’s group'™® reported for the first time the synthesis and
catalytic application of a nanoparticle-supported Ni material.
This Ni catalyst with a size range from 10 to 13 nm was assayed
in a series of hydrogenation and TH reactions. Several ketones
bearing different substituents were employed in the Ni-
catalyzed TH process that was carried out with 2-PrOH at
100 °C under MW-irradiation. In most cases, the correspond-
ing secondary alcohols were synthesized in excellent yields. A
good recyclability and reusability of this catalyst was obtained
upon hydrogenation of phenylacetylene to styrene as model
reaction.

As the most interesting structure of bimetallic or multi-
metallic nanoparticles, the core—shell structure can be regarded
as a kind of phase separation with a core metal surrounded by
the shell composed of the other metal. The core/shell
boundary has been shown to provide a tremendous impact in
applications due to its unusual physical and chemical
properties.®>*%*! A facile, simple, and inexpensive Ag@Ni
core—shell nanoparticle was readily prepared by a one-pot
synthetic route using oleylamine both as solvent and as
reducing agent and triphenylphosphine as surfactant (Scheme
83).9> The TEM image showed the core—shell structure, a
diameter of 149 nm (the diameter of the core and the
thickness of the shell were around 8.1 and 3.3 nm,
respectively), and a narrow size distribution with a standard
deviation of 1.14 nm. The catalytic properties of these core—
shell nanoparticles were disclosed in the TH of aromatic nitro
and carbonyl compounds using 2-PrOH. With this catalytic
protocol, diverse aromatic nitro and carbonyl compounds were
successively converted to the corresponding amines or alcohols
in 85—95% yield within only a few hours (Scheme 83). The
recycling test revealed that these core—shell nanoparticles were
magnetically separable and reused for at least eight cycles
without obvious loss in activity.”* It was believed that after the
first report on Ag—Ni core—shell magnetically separable
nanocatalyst for TH, such nanocatalysts would find applications
in the context of “green” catalysis.

MNP-supported palladium catalysts have recently been
shown to be effective in both hydrogenation®® and TH.***
Hermans’ group®®* reported that a palladium catalyst supported
on Fe,0; performed well in the sequential TH/hydrogenolysis
of furfural and 5-hydroxymethylfurfural to 2-methylfuran and
2,5-dimethylfuran with the use of 2-PrOH as reducing reagent.
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Scheme 83. TH of Aromatic Nitro and Carbonyl
Compounds Catalyzed by Magnetic Core—Shell Ag@Ni
Nanoparticles”
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This transformation has notable potential for the synthesis of
liquid fuel-substitutes from renewable substrates. The palladium
loading is a critical factor on both activity and selectivity; for
instance, the use of 2 wt % of [Pd] offered the highest
selectivity toward 2-methylfuran. A comparative study revealed
that the activity of the Fe,Oj-immobilized palladium catalyst
was superior to that of its nickel and copper counterparts,
which was taken into account by a stronger palladium—support
interaction than with nickel and copper.”**

2.2.2. Polymer-Immobilized Catalysts. Polymers are
considered as one of the most promising supports for transition
metals, and polymer-bound metal complexes and nanoparticle
catalysts have been found to be active in various reactions. The
catalytic performance is affected by the polymer inherent
properties such as solubility, functional groups, molecular
weight, degree of cross-linking, hydrophilicity, or hydro-
phobicity.** "> In the past few years, various polymers have
been used to immobilize transition metals, forming heteroge-
neous TH catalysts.”** These polymers include mesoporous
poly-2,4,6-triallyloxy-1,3,5-triazine, mesoporous poly triallyl-
amine, polystyrene, poly(diallyldimethylammonium chloride),
polyethylene, polyethylene glycol, polypyrrole, poly(methyl
acrylate), and several copolymers. A few examples of polymer-
supported recoverable homogeneous TH catalysts are also
included in this section.

Because of a remarkably high surface area and stability,
functionalized mesoporous materials constituted by inorganic
oxides, inorganic—organic hybrid silicas, or organic compounds
have attracted increasing attention in numerous fields, in
particular, catalysis. Islam and co-workers®**~®** prepared
mesoporous poly-2,4,6-triallyloxy-1,3,5-triazine and poly tri-
allylamine and used them to immobilize palladium, ruthenium,
and silver species; the latter two exhibited high catalytic
efficiency in the reduction of ketones and nitroarenes by TH.
Grafting of ruthenium(II) onto mesoporous poly-2,4,6-
triallyloxy-1,3,5-triazine was readily achieved. The obtained
hybrid material was well characterized and successfully
employed as catalyst in TH of ketones with a broad range of
substituents using 2-PrOH as hydrogen donor. The corre-
sponding aromatic and ahphatlc alcohols were obtained with
65—97% conversions.”>" These good catalytic properties were

AF

attributed to highly dispersed and strongly bound ruthenium-
(1) sites at the mesoporous polymer surface. This heteroge-
neous ruthenium catalyst was easily collected and recycled
several times with almost the same catalytic activity.”*" Silver
nanoparticles (AgNPs) dispersed on mesoporous poly triallyl-
amine also served as catalyst in the TH involving nitroarenes
with 2-PrOH, and a series of desired anilines were obtained in
81—-98% yields. A good reusability and recyclability of this silver
nanocatalyst was clearly observed in the recycling tests. 632

A mesoporous copolymer functionalized by N-(p-toluene-
sulfonyl)-1,2-diphenylethylenediamine (TsDPEN) units was
synthesized through copolymerization of N-p-styrenesulfonyl-
1,2-diphenylethylenediamine with divinylbenzene. Coordina-
tion with the ruthenium precursor [RuCl,(p-cymene)],
provided mesoporous copolymer-anchored Noyori catalyst
that displayed extraordinary catalytic performance in terms of
activity, chemoselectivity, and enantioselectivity in ATH of
ketones with formate.®* Notably, comparative examination
revealed that the activity of this heterogeneous ruthenium
catalyst was much higher than that of its homogeneous
counterpart. It was suggested that the unique features of high
enrichment for the reactants in the superhydrophobic catalysts
resulted from their good wettability and easy transfer of
product from the catalyst into the water phase and was
responsible for the observed higher activity.%*?

Polystyrene (PS) is an attractive and popular organic
polymer support. Several phosphonate-containing single- or
double-stranded PS copolymer supported ruthenium com-
plexes (for example, 211 and 212) were prepared initially by
Ma and Peng et al.****% who reported that aqueous ATH of
carbonyls was efficiently conducted with compound 211 as
catalysts, and 94—98% yields, 93.9—97.8% ee, and 100%
chemoselectivity were observed with this catalytic system
(Scheme 84).°* In addition, a new hybrid material 213
prepared by coprecipitation of double-stranded PS copolymer-
supported ruthenium complexes and NaH,PO, with ZrOCl,

. . 635
also acted as good catalyst in the same transformation.
Scheme 84. PS-Supported Ru Catalysts for the ATH of
Carbonyls
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Remarkably, catalysts 211 and 213 were easily recoverable from
the reaction mixture by centrifugal separation and reused for at
least five reaction cycles without appreciable loss of catalytic
activity. 54535

An efficient yet simple PS-supported ruthenium(I1I) complex
214 was reported, and its catalytic activity and recyclability
were investigated in TH reactions of ketones in open air,
utilizing 2-PrOH as reducing reagent.636 Various aromatic and
aliphatic ketones were converted to the corresponding alcohols
in the presence of KOH and 0.1 mol % of [Ru], providing 84—
99% isolated yields. The PS-supported ruthenium -catalyst
retained the same activity even in the fifth cycle, and no catalyst
leaching was detected during the reactions.”*® A chlorosulfony-
lated PS-immobilized Noyori catalyst 215 was synthesized and
used in ATH of ketones with formic acid-triethylamine at 40
°C.%” The reaction of acetophenone proceeded smoothly with
0.67 mol % of catalyst loading, and chiral 1-phenylethan-1-ol
was obtained with 99% conversion and 97% ee value. To probe
the reaction scope with catalyst 215, several ketones bearing
electron-withdrawing or electron-donating groups, benzo-cyclic
ketone, and ketones connected with naphthyl and furyl
fragments were examined with this catalytic procedure. The
results showed that in most cases the desired alcohols were
quantitatively obtained with 86—99% ee values.®*”

Besides PS and mesoporous poly triallylamine, heterogeniza-
tion of Noyori’s catalyst with other polymers has been also
disclosed very recently such as with poly(N'-{4-vinylbenzene-
sulfonyl}-1,2-diphenylethylene-1,2-diamine-co-divinylbenz-co-
vinyl),®*® polyethylene glycol,*” and cross-linked poly-
(divinylbenzene) and poly(methacrylic acid-co-ethylene glycol
dimethacrylate) rnicrospheres.640 These assembled polymer—
organometallic materials have been shown to be active,
recyclable, and reusable in ATH reactions of cyclic sulfonimine
to sultam, carbonyls to alcohols, and imines to amines.

A polymer-bound ruthenium-based nanoparticle catalyst was
synthesized and used in the TH of carbonyls.**' First, the
precursor of the ruthenium nanoparticles was provided through
ion pairing of [Ru,H;(CO);,]~ with the quaternary ammonium
groups of poly(diallyldimethylammonium chloride), and then
the final nanocatalyst was obtained by reduction of the
precursor with H, gas. Hydrogenation (of olefins and
carbonyls) and TH (of carbonyls) were carried out over the
synthesized nanocatalyst in water, and for TH the catalyst
exhibited moderate to excellent activity. Unfortunately, an
obvious decrease in conversion was found in the second cycle
during the recycling study involving TH of acetophenone. On
the contrary, the ruthenium nanocatalyst was reused at least five
times with only slight loss in activity in the case of direct
hydrogenation of cyclohexanone.®*!

Heterogeneous catalysts based on rhodium, iridium,®
and palladium®* metals were also recently supported on
polymers. Li and Yang groups®** described the synthesis of new
polymer—inorganic hybrid core—shell nanospheres containing
N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine in the core
and the poly(methyl acrylate) (PMA) polymer—mesoporous
silica in the shell (Scheme 85). The addition of PMA and
cetyltrimethylammonium bromide in the shell significantly
increased the surface hydrophobicity, resulting in good catalytic
performance of this nanosphere-encapsulated TsDPEN ligand
with [RhCp*Cl,], for the ATH of aromatic ketones in aqueous
HCOONa. The recycling results in the first five cycles of the
ATH of acetophenone indicated a steadily decreased activity
and almost the same enantioselectivity.***
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Polypyrrole-immobilized palladium nanoparticles were fab-
ricated through in situ polymerization and composite formation
method.*** The composite possessed valuable catalytic proper-
ties in chemoselective TH. A wide range of halogenated a,f-
unsaturated carbonyl compounds (olefins/acetylenes) were
successfully converted to saturated carbonyl compounds with
77—97% yields and TOF values up to 1463 h™". In the process,
no semihydrogenated product was observed when alkyne
substrates were tested, no hydro-dehalogenation of the
haloarene segment of the substrate was observed, and the
carbonyl moiety was not touched.*** Loss of activity was
determined after two reaction cycles that could be caused by
the loss of catalyst during washing revealed by inductively
coupled plasma mass spectrometry analysis and the aggregation
of the palladium nanoparticles, the particle size increasing from
2—3 nm to 5—15 nm after the third cycle.***

Dendritic polymers, a family of nanosized well-defined three-
dimensional highly branched molecular frameworks, have been
demonstrated to have essential and promising applications in
catalysis.®**"%** A fluorinated dendritic chiral mono-N-
tosylated 1,2-diphenylethlenediamine 216 has been used as
metal catalyst carrier.® The in situ fabricated ruthenium
complex with 216 was unprecedently active in aqueous ATH of
ketones, delivering chiral secondary alcohols with complete
conversion, and up to 97% ee. The ruthenium-216 catalyst
displayed excellent recyclability and stability, and it was
recycled more than 25 times without significant loss of both
activity and enantioselectivity.®>

Experimental analysis and DFT calculation suggested that
high stability and reusability of this catalyst benefited from a
semirigid structure and chemical resistance in dendritic
backbone. The semirigid structure and chemical resistance
were caused by considerable intramolecular weak interactions
such as #—rx stacking and hydrogen-bonding interactions
provided by the presence of fluorine atoms.®

Hyperbranched polymers are versatile supports in catalysis
due to their related structure with dendrimers. Hyperbranched
polyglycerol (hPG), one of the most-used hyperbranched
polymers, is well-known with good solubility, high stability, and
weak chelating property to metal. Immobilization of tethered
rhodium(I1I)-p-toluenesulfonyl-1,2-diphenylethylenediamine
complex onto hPG was easily achieved through covalent
attachment, and the formed metallorganic supported catalyst
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Scheme 86. Dendritic Polymers and Hyperbranched Polymer-Supported Rhodium Catalyst for TH

216

217

217 provided excellent catalytic performances in terms of
activity and enantioselectivity in ATH of aromatic ketones with
formate (Scheme 86).°% With 217 as catalyst, several alcohols
were synthesized with 100% conversions and as high as 99% ee
values. In addition, the catalyst was recoverable by ultra-
filtration. However, the reusability of catalyst 217 was
disappointing, as in the second cycle the conversion dropped
from 100% to 65%. It was inferred that the significantly
decreased activity was due to accumulation of the catalyst on
the ultrafiltration membrane because of cross-linking between
the polymers.5*>

2.2.3. Silica-Immobilized Catalysts. Silicic materials are
classic and widely used immobilized supports, and they possess
many valuable features such as low cost, easy functionalization,
convenient separation, high stability, and biocompatibility.
Many successful examples have currently been shown to anchor
a series of organometallic complexes in/on silicic materials and
presented excellent catalytic efficiency in various THs. These
used silicic materials include conventional SiO, nanospheres,
fibrous-structured silica nanospheres, conventional mesoporous
siliceous materials, three-dimensional mesoporous siliceous
materials, siliceous mesocellular foams, organosilicon frame-
works, etc.

Because of their large surface area, pore volume, tunable pore
dimension, special pore arrangement, and highly thermal and
mechanical stability, mesoporous siliceous supports in hetero-
geneous catalysis have attracted a great deal of interest. Several
mesoporous  siliceous-bounded ruthenium, rhodium, iridium,
and palladium catalysts have been constructed and used in the
reduction of polar bonds by TH.***~%7

Liu and co-workers®®%*? demonstrated that chiral N-
sulfonylated diamine-based [RhCp*(TsDPEN)]* was success-
fully encapsulated into the mesoporous siliceous materials Me-
SBA-15 and Me-SBA-16, utilizing an ion-pair interaction as an
immobilizing mode. The obtained composites exhibited
heterogeneous nature, excellent catalytic activity, high enantio-
selectivities, and great substrate scope tolerance in ultrasound-
promoted ATH of aromatic ketones (Figure 1).*® The
catalytic activities of these two heterogeneous catalysts were
comparatively even higher than those of the homogeneous
counterpart. In addition, their good reusability and recyclability
were observed, and in particular the cationic rhodium
functionality within Me-SBA-16 was recycled at least 10 times
with only slight loss of activity and retained the same

AH

Figure 1. Ion-pair immobilization of [RhCp*(TsDPEN)]* in Me-
SBA-1S and Me-SBA-16 and their catalytic application in ATH of
aromatic ketones.*® Reprinted with permission from ref 658.
Copyright 2012 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.

enantioselectivity.**® Postgrafting, postmodification, and co-
condensation were useful strategies to immobilize the
homogeneous chiral rhodium catalysts within mesoporous
silicate networks (SBA-15 and Me-SBA-15).%° The results of
catalytic tests in aqueous ATH indicated that all of the catalysts
formed by postgrafting, postmodification, and co-condensation
means exhibited notable catalytic behavior in terms of activity
and enantioselectivity. The order of observed enantioselectivity
was postgrafting method > co-condensation > postmodifica-
tion. The outcome from the study is an example guiding the
design and construction of mesoporous silica-bound homoge-
neous metal—organic catalysts.®*’

As a rising hybrid material, three-dimensional flowerlike
mesoporous silica has attracted much interest in catalysis,
because it does not only maintain the properties of traditional
mesoporous silica. It also contains relatively short nanochannels
of nanopores, like cavum of flowers and uniformly distributed
active centers leading to easy accessibility/diffusion. These
nanostructures accelerate reactions and mimic an homogeneous
catalytic environment. Moreover, in some cases, the presence of
cetyltrimethylammonium bromide (CTAB) within silicate
network brings about a phase-transfer catalytic process.
Flower-like mesoporous silica materials have been discovered
for immobilization of rhodium-TsDPEN via a cooperative dual-
template protocol followed by complexation with organo-
rhodium complexes (Figure 2).%° This three-dimensional
spherical hybrid 220 with mesostructure and well-defined
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Figure 2. Synthesis of flower-like mesoporous silica-immobilized
rhodium catalyst.’®® Reprinted with permission from ref 660.
Copyright 2013 Royal Society of Chemistry.

single-site chiral organorhodium functionality acts as a
bifunctionalized catalyst in the ATH of aromatic ketones with
formate, and many chiral alcohols were synthesized in almost
100% conversions and up to 97% ee values. Furthermore, the
heterogeneous catalyst 220 provided the same conversion and
ee value in the 10th reaction cycle.®® Unprecedented high
activity, enantioselectivity, and recyclability of three-dimen-
sional flowerlike mesoporous silica-encapsulated ruthenium-
TsDPEN in the ATH of ketones and imines were also disclosed
in 2013.%!

A chiral rhodium catalyst (211 in Figure 3) supported in
core—shell structured mesoporous silica spheres was simply

Figure 3. Core—shell structured mesoporous silica functionalized by
|:Rth*(TsDPEN)(C1):|.662 Reprinted with permission from ref 662.
Copyright 2012 Royal Society of Chemistry.

prepared.®> Its core comprises plenty of chiral rhodium-
TsDPEN functionalities, while its shell is beneficial to prevent
the leaching of catalytic species. The material 221 performed
well in the ATH of aromatic ketones using HCO,Na/H,O as
hydrogen source, and a series of alcohols with a broad range of
substituents were delivered in 1 h, showing >99% conversions
and 89—97% ee values. This rhodium-based catalyst was
recovered easily and reused repeatedly (12 times) without an
obvious decrease in both activity and enantioselectivity.*>
Periodic mesoporous organosilicas (PMOs) that contain
organic moieties embedded within their silicate networks are an
improved variation of inorganosilicate mesoporous materials.
PMOs have some unique features such as a highly hydrophobic
inner surface and potential additional interactions with active
centers (for example, 7—x interactions and hydrogen
bonds).**> POMs were used as immobilized supports for the
synthesis of the site-isolated bifunctional organoruthenium-/
organopalladium catalyst 222, and its catalytic property was

Al

evaluated in a one-pot cascade involving ATH/Suzuki—Miyaura
coupling reactions of haloacetophenones and arylboronic acids.
With this procedure, various chiral biaryl alcohols were
obtained with 99% conversions and 94—98% ee values (Scheme
87).°* These authors demonstrated that the site-isolated,

Scheme 87. Cascade ATH and Suzuki—Miyaura Cross-
Coupling Catalyzed by a Site-Isolated Organoruthenium-/
Organopalladium-Bifunctionalized Periodic Mesoporous
Organosilica®
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uniformly distributed, well-defined single-site morphology of
palladium and ruthenium active species are responsible for the
outstanding catalytic performance. Moreover, after the
completion of the first cycle, the catalyst 222 was removed
from the reaction mixture and reused another seven times
without loss of both activity and enantioselectivity. These good
results encourage the development of asymmetric cascade
reactions that are a remaining challenge in organic synthesis
due to the frequent intrinsic incompatibility of two types of
distinct organometallic complexes in the same pot.***

Siliceous mesocellular foams are useful silica-based supgort-
ing materials in catalysis. Bickvall and Johnston et a] $556¢6
have reported a palladium nanoparticle supported amino-
functionalized siliceous mesocellular foam. This heterogeneous
catalyst that contains well-dispersed palladium nanoparticles
with the size of 1—2 nm was utilized to catalyze TH of alkenes
and nitroarenes using 1-methyl-1,4-cyclohexadiene and y-
terpinene as hydrogen donors, respectively. A variety of
aromatic and aliphatic alkenes were chemoselectively reduced
to the corresponding alkanes in 93—99% yields in 5—30 min
with the aid of microwave irradiation.’®> Numerous anilines
with various functional groups were also synthesized in 85—
99% yields when TH of nitroarenes was conducted at 80 °C in
EtOH without the use of microwave irradiation.’*® The
siliceous mesocellular foam-immobilized palladium nanopar-
ticles were recoverable and recyclable in both TH reactions,
and no significant decrease in activity or leaching of palladium
was found in several reaction cycles.%*>%%

Basset et al®’ """ recently discovered new silica nano-
spheres with high surface areas, pore volumes, and pore sizes,
good thermal, hydrothermal, and mechanical properties, as well
as fibrous morphologies. In 2015, a fibrous silicananosphere
(KCC-1)-supported palladium nanoparticle (named Pd/KCC-
1-NH,) with a mean size of S nm was prepared and used as
catalyst in the TH of alkenes and a,f-unsaturated carbonyl
compounds providing high yields of the corresponding
products with excellent chemoselectivity.”’”® For instance, the
TH of 1,3-diphenyl-2-propen-1-one proceeded smoothly at 100
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°C, producing the desired 1,3-diphenylpropan-1-one product
with 99% conversion and 100% selectivity (Scheme 88). This

Scheme 88. TH of 1,3-Diphenyl-2-propen-1-one Catalyzed
by Pd Nanoparticles Supported on Fibrous-Structured Silica
Nanospheres (KCC-1)*

TEM image of PA/KCC-1-NH,

0
PA/KCC-1-NH, (6.5 mol% [Pd])_
= =
HCCOH, 100°C, 12 h | o5 I"\f

conversion: 99%
selectivity: 100%

“Reprinted with permission from ref 670. Copyright 2015 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

catalyst was collected by centrifugation and recycled four times
without a significant decrease in catalytic performance.
Moreover, only minor changes in the oxidation state of
palladium and in the morphology of the recycled catalyst were
detected.*”°

During the past few years, some silica-based polyoxometalate
platforms®” or organic—inorganic hybrid silica-bounded®”>*”>
TH catalysts involving iridium and rhodium metals were
reported to display good catalytic performance and recyclability
in the reaction of carbonyls, utilizing 2-PrOH or HCOONa/
H,0 as reducing reagents (Figure 4). For example, the
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Figure 4. Organic—inorganic hybrid silica- and inorganic silica-
immobilized TH catalysts.””'"*”> Reprinted with permission from
refs 671—673. Copyright 2014 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, and 2012 Royal Society of Chemistry.

polyhedral oligomeric silsesquioxane-connected half-sandwich
organorhodium complex 228 serves as an efficient bifunctional
heterogeneous catalyst, and 84—99% of conversions and more
than 91% ee values were observed. In 12 reaction cycles, the
conversion and ee values for each cycle remained similar.””
Besides the above-mentioned late-model silica materials,
conventional SiO, materials (including common SiO, nano-
sphere) were also widely used to support ruthenium, rhodium,
and iridium complexes, and these composites presented good
catalytic behavior in TH and ATH.”*"%® For instance,

A)

immobilization of presynthesized [Ru(acac),(CH;CN),] onto
amine-modified SiO, was achieved, and the assembled solid
hybrid 226 was applied as catalyst in the reduction of carbonyls
under TH conditions.””* Various substituted aryl secondary
alcohols including heteroaryl alcohols were isolated in 88—99%
yields using this procedure. The catalyst 226 exhibited good
reusability, the yield of the sixth cycle slightly dropping from
99% to 90% (Scheme 89).

Scheme 89. Heterogeneous SiO,-Supported Ru Catalyst for
TH of Carbonyls”
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R "R? NaOH (1 equiv.) R "R?

2-PrOH, 80 °C, 16-26 h
R' = aryl, alkyl or cycloalkyl
R? = aryl or methyl

yield: 88-99%

“Reprinted with permission from ref 674. Copyright 2014 Royal
Society of Chemistry.

2.2.4. Carbon Material-immobilized Catalysts. Tran-
sition metals immobilized on various carbon materials including
activated carbon,679 graphene, carbon nanotube, carbon
nanosphere, and carbon nanofilber have been prepared and
efficiently used as catalysts in TH in the past few years.

The reports on the catalytic applications of activated carbon-
supported ruthenium, palladium, and iridium complex or
nanoparticle composites in TH were frequently found. In
particular, these easily fabricated, even commercially available,
materials were extensively used in the synthesis of fine
chemicals, fuels, and functional compounds, such as methzl
furan, 580081 dimethyl furan,%®%%®® monoenes,®®* hexitols,*>
citronellal,**® aromatic heterocycle-containing amines,®®’ qui-
nazolin-4(3H)-one and benzimidazoles,"®® and halogenated
anilines.®’

Graphene, consisting of one or a few overlapped graphite
layers, is considered to be an ideal, two-dimensional catalytic
support due to its high surface area, excellent electrical and
thermal conductivity, and mechanical strength. Kim’s
group®®®" described the synthesis and catalytic examination
of ruthenium dioxides (RuO,) nanorods decorated on
graphene nanosheets (GNSs) or graphene nanoplatelets
(GNPs). GNS-RuO, was obtained from a simple calcination
of GNS-RuNPs that was assembled by a dry synthesis
method,”® and GNP-RuO, was prepared by a “mix and
heat” method.””' Both dry synthesis and “mix and heat”
methods appeared for the first time in the synthesis of
graphene-anchored ruthenium nanomaterials. The catalytic
activity and reusability of both GNP-RuO, and GNS-RuO,
toward the TH of aromatic carbonyl compounds were
determined to be good (Scheme 90).°7%%!

Carbon nanotubes (CNTs) possess intriguing features, for
examples, nanosize, large specific surface area, mechanical
strength, high electrical conductivity, and high chemical
stability. Recently, CNTs (especially functional CNTs) have
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Scheme 90. TH of Carbonyls over GNSs or GNP-
Immobilized RuO, Nanorods®

55

o} RuQ,-GNSs or Ru0,-GNPs

OH
A~

R’JJ\R2 (CH3);COK, 2-PrOH, 82°C R'" "R?

“Reprinted with permission from ref 691. Copyright 2013 Royal
Society of Chemistry.

been used as an advanced support material for the
immobilization of ruthenium and iridium-based catalysts that
presented activity in TH reduction. Multiwall carbon nanotubes
(MWCNTs)-[RuHCI(CO)(PPh,),] composite that was con-
structed by modification-coordination process catalyzed C—C
bond formation via TH. A series of f,y-unsaturated ketones
were generated in good to excellent yields; moreover, the
catalyst recovery result revealed a steady decline of catalytic
activi'fy.692 In another report, the preparation, characterization,
and investigation of the catalytic activity of MWCNTs-RuO,
nanoparticles hybrid were described.*”> The MWCNTs-RuO,
nanoparticles with a high specific surface area of 189.3 m* g™
were remarkably effective in the heterogeneous ruthenium-
mediated TH of aldehydes and ketones using 2-PrOH as
hydrogen donor, and this catalytic system tolerated a broad
scope of substrates. Recycling experiments involving acetophe-
none showed that the GC yield slightly decreased from 95% to
87% between the first and eighth cycles.®

Iridium-NHC organometallic complexes have been success-
fully immobilized on oxidized MWCNTs by covalently
bonding. The iridium-functionalized nanomaterials performed
well in the heterogeneous iridium-catalyzed TH of cyclo-
hexanone to cyclohexanol in the presence of 2-propanol and
KOH. Indeed, up to 5500 h™' TOFs were determined,
illustrating higher catalytic efficiency than the homogeneous
unsupported iridium-NHC counterpart (Figure 5).”* Fur-
thermore, this air-stable iridium catalyst retained the same
activity after five reaction cycles.

Ir-catalyzed Hydrogen Transfer

E OH
7 Q
<

4 HO

/'a..\ TOF, up to 5500 h''
LIS

Figure S. TH of cyclohexanone to cyclohexanol catalyzed by CNT-
immobilized iridium—NHC.®* Reprinted with permission from ref
694. Copyright 2013 American Chemical Society.

Yu and co-workers®®® reported the synthesis and application
of palladium nanocrystals supported on carbon nanospheres.
The uses of sodium tetrachloropalladate and palladium chloride
as palladium precursors led to the formation of palladium
nanocrystals with sizes of 5.4 and 18.1 nm, respectively. The
immobilized palladium nanocrystals with a size of 5.4 nm were
highly efficient for TH of nitroaromatics to anilines with
hydrazine hydrate as hydrogen donor. 83.1—100% conversions
and 72—100% selectivity toward anilines were observed when
the reactions were carried out under ambient conditions.
However, an obvious loss of activity, 3.4% palladium leaching,

AK

and aggregation of nanoparticles were found during the
recycling study.*”®

A few polymer-functionalized carbon-nanofibers (CNF) have
been found to be good supports for palladium nanoparticles.
The polymers involved include polyaniline (PANTI), polypyrrole
(PPY), poly(4-vinylpyridine) (PVP), and poly(1-vinylimida-
zole) (PVI).®° The catalytic performances of these supported
palladium-based nanomaterials were checked in the selective
hydrogenation of phenol and derivatives to cycloketones using
formate as the hydrogen donor. In the initial experiment, when
palladium supported on PANI-functionalized carbon nanofibers
(Pd-PANI/CNF) was used as catalyst, phenol was smoothly
converted to cyclohexanone with >99% conversion and >99%
selectivity. Pd-PANI/CNF showed both higher activity and
selectivity than palladium immobilized on other polymer-
functionalized CNF. With Pd-PANI/CNF as catalyst, several
hydroxyl aromatic derivatives were selectively hydrogenated in
high yields and excellent selectivities (Scheme 91). In addition,
a good recyclability of Pd-PANI/CNF with sli6§htly decreased
activity and the same selectivity was observed.®”®

Scheme 91. Pd-PANI/CNEF-Catalyzed TH of Hydroxyl
Aromatic Derivatives to Ketones”

Pd-PANI/CNF

IR& \}OH Pd-PANIICNF (6.5 mol%) RT\__O
\.—_ HCOONa, H,0,
80-120 °C, 1.5-24 h
R = 4-CHg, 3-CH,, 2-CHg, 4-iPr,
4-1Bu, 2-0H, 3-OH, 4-OMe,
2-COOH, 4-Cl

conversion: 35-89%
selectivity: 85-99%

“Reprinted with permission from ref 696. Copyright 2013 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

2.2.5. Titanium Dioxide-Immobilized Catalysts. Titania
photocatalysis has attracted intensive research interest and has
been extensively applied in several fields, in particular organic
synthesis due to relatively low cost, long-term stability, perfect
biocompatibility, and sustainability of the energy source (solar
light) employed. In addition, the catalytic properties of TiO,
are largely enhanced upon doping TiO, with other elements.

A new photocatalytic TH system based on the use of TiO,
loaded palladium—glatinum bimetallic alloyed nanocrystals has
been discovered.””” In the catalytic system, solar light was
utilized as the energy input, and methanol was employed as
hydrogen source. A series of ketones, aldehydes, and styrene
oxide were transformed by TH into the corresponding alcohols
in the presence of a TiO,—Pd—Pt composite, showing good
conversions and selectivities. Moreover, this TiO,—Pd—Pt
composite exhibited remarkably superior photocatalytic per-
formances as compared to Pd or Pt alone loaded on Ti0,.%’
The proposed mechanism is shown in Figure 6. This
transformation was shown to be triggered by the existence of
Pd—Pt with photoinduced electrons, these electrons being
generated by irradiation and transfer from TiO, crystals to the
Pd—Pt alloy.
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Figure 6. Proposed reaction mechanism for the photocatalytic TH
reduction of acetophenone in the presence of a TiO,-supported Pd—
Pt alloy.*”’ Reprinted with permission from ref 697. Copyright 2014
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Supported gold nanoparticles have recently emerged as
extraordinary catalysts for a broad range of organic trans-
formations.””® The vast majority of examples have shown that
supported gold nanoparticles were highly efficient in the
reduction of carbonyls, N-alkylation of amines, reduction of
nitro compounds and subsequent transformation of amines,
photochemical reduction of nitroarenes, as well as reductions
via activation of boron—hydride bonds, by the “borrowing
hydrogen” means. In 2014, Lykakis®*® prepared mesoporous
TiO,-stabilized gold nanoparticles that displayed a good
catalytic activity in TH of nitroarenes to anilines, utilizing
NaBH, or 1,1,3,3-tetramethyl disiloxane (TMDS) as hydrogen-
donor molecules. A mechanistic study suggested that B—H or
Si—H bond cleavage occurred in the rate-determining step, and
[Au]-H active hybrids were formed; moreover, hydroxyl-
amines were the only intermediate products in the catalytic
cycle.”?

2.2.6. Aluminum-Immobilized Catalysts. In the field of
TH catalysis, a number of aluminum-containing materials in the
forms of AlO,, MgALO,, 7-Al,0;, ALO;, AIO(OH), and Al-
pillared clay were very recently used to load copper,”*”%"
iridium,”®® ruthenium,”®® palladium,704 and bimetallic catalytic
species.7°5’706

A y-Al,05-anchored dinuclear iridium complex (Ir,/y-Al,O5)
was readily synthesized starting from the })recious iridium
complex [Ir,Cp*,(4,-CH,),] (Scheme 92).”%* In catalytic TH

Scheme 92. TH of Ketones Catalyzed by Ir,/y-Al,0,
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“Reprinted with permission from ref 702. Copyright 2012 Owner
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of aromatic ketones, the formed hybrid exhibited a good
activity that was remarkably superior to heterogeneous SiO,-
and MgO-supported iridium dimer, and homogeneous iridium
dimer. It was inferred that the formation of an Ir,—H, fragment
on the surface of y-Al,O; existed as a key intermediate in the
TH.7%2

Aluminum oxyhydroxide, AIO(OH), formed by condensa-
tion of aluminum sec-butoxide, was used to encapsulate
ruthenium. Detailed characterization revealed that the en-
trapped ruthenium containing a mixture of ruthenium(0) and
ruthenium(III) has an average diameter of 1.5—1.8 nm with
narrow distribution. The aqueous TH of aldehydes and ketones
with formate was efficiently conducted in the presence of the
AlO(OH)—ruthenium composite.””® Both aromatic and
aliphatic aldehydes were quantitatively converted to the desired
primary alcohols within 2—14 h, whereas ketones were less
reactive in the process, providing moderate to excellent yields
after a longer reaction time. AIO(OH)—ruthenium is removed
from the reaction media and repeatedlg used for at least five
runs with no obvious activity decline.”’

2.2.7. Zirconium-Immobilized Catalysts. Zirconium
materials-immobilized catalysts were shown to be applicable
in the synthesis of bioderived platform molecules via TH.””” An
Ag—Ni/ZrO, catalyst catalyzes the transformation from
levulinic acid and formic acid to y-valerolactone 228, and
99% conversion and 99% selectivity were obtained when the
reaction was carried out at 220 °C for 7 h.”°® This catalytic
strategy was successfully extended to the synthesis of the
bioderived C;—Cg platform molecules 227, 228, and 229, based
on the use of various starting materials (Scheme 93). The

Scheme 93. TH of the Bioderived C;—C¢ Platform
Molecules Catalyzed by Ag—Ni/ZrO,
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synergism between Ag and Ni in TH remarkably improved the
catalytic efficiency and eliminated the need for external
hydrogen, making the process safer. In the case of the reaction
between levulinic acid and formic acid, after the completion of
the first cycle, the catalyst Ag—Ni/ZrO, was magnetically
separated using an external magnet and retained the same
activity and selectivity in at least five runs.”*®

A new, safe, economical, and environmentally benign route
has been reported for the synthesis of 1,6-hexanediol (HDO)
from S-hydroxymethylfurfural (HMF) through heterogeneous
Pd/zirconium phosphate (ZrP)-catalyzed hydrogenolytic ring-
opening reaction under atmospheric pressure, utilizing formic
acid as hydrogen donor.””” A 43% yield was achieved over this
supported catalyst at 140 °C; such a high yield of this
transformation was published for the first time without the use
of high-pressure H, gas. The high catalytic efficiency was
mainly attributed to the specific Bronsted acidity on ZrP
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support that accelerated the cleavage of the C—O bond in a
furan ring. The efficient formic acid dissociation resulting from
the presence of palladium was also a key factor for the excellent
catalytic results.”” Moreover, the solid catalyst was easily
collected by centrifugation and successfully recycled at least five
times.

Lin’s and Sun’s groups’'® found that a low-cost ZrO, that
was prepared by the precipitation way was also active to
catalyze the TH of biomass-derived ethyl levulinate producing
y-valerolactone with the assistance of supercritical ethanol as
both solvent and hydrogen source. In 3 h, 95.5% conversion
and 81.5% vyield were observed over the amorphous and
recyclable ZrO, catalyst with a high specific surface area and a
large number of acid—base sites. A reaction mechanism
involving a six-membered ring transition state was proposed.”"’

2.2.8. Other Material-lImmobilized Catalysts. Other
recent advances in heterogeneous TH catalysts focused on
the uses of hydrotalcite,711 zeolitic,”"? cerium dioxide,'?”7*>71
resin,”**~"*® Montmorillonite clay,719’720 glass,721 aluminosili-
cate,”** metal—organic framework (MOF),”** etc.

As a widely used immobilized support, cerium dioxide has
been shown to be efficient for the synthesis of heterogeneous
TH catalysts involving iridium oxide, nickel, and gold(0)
nanoparticles. An iridium species supported on CeQO, that was
made by the reduction of H,Ir"'Cl, at 400 °C exhibited good
catalytic performances in TH of cyclohexanone with 2-
butanol.”"> It was suggested that the real active species was
Ir,O; nanoparticulate. The activity of this catalyst was
influenced by the properties of the support and the iridium
oxide center. A -hydride elimination mechanism was proposed
for the reaction, and the ability of the catalyst to form metal
hydroxide was a key issue for the success of TH.”"” Shimizu’s
group”'* showed that a Ni-loaded CeO, composite serves as an
effective catalyst in the reduction of ketones under TH
conditions involving the use of 2-PrOH, and in this process
several alcohols were isolated in 70—98% yields. In addition,
this Ni—CeO, catalyst was reused in four successive catalytic
cycles, and no detectable catalyst deactivation was observed.”"*
Mesoporous CeO,-immobilized gold nanoparticles were also
found to be an effective and recyclable catalyst for the aqueous
TH of aldehydes at ambient temperature."”” This gold catalyst
displayed a remarkable tolerance to functional groups including
halogens, ketones, and olefins.

Das and co-workers’'® showed that rhodium(0) supported
on a resin was a highly active and chemoselective catalyst for
TH of nitroarenes to anilines using hydrazine hydrate as a
reducing source with the assistance of microwave irradiation. It
is of significant practical importance that the catalyst tolerated a
wide variety of synthetically useful functional groups.
Furthermore, this catalyst can be simply removed from reaction
media and maintained a consistent activity in 13 cycles.”"®

The four Wang resin-supported Ir/Rh Cp*-based catalysts
230, 231, 232, and 233 have been applied to mediate TH of
benzaldehyde to benzyl alcohol using 2-PrOH as reductant
source.”’® The catalytic results indicated that all of these
catalysts presented excellent conversion. Lengthening the tether
(C14 vs CS) between the catalyst and the resin support
increased both the activity and the recyclability of these
immobilized catalysts. In general, iridium-based catalysts
revealed better catalytic performances than their rhodium
counterpart. A 79.8% conversion was observed in the 26th cycle
with the iridium catalyst 232 bearing a long tether (Scheme
94).7'® This reproducible and robust methodology shown here

AM

Scheme 94. Wang Resin-Anchored Ir/RhCp*-Based
Catalysts in TH of Benzaldehyde

n
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231: M=Rh, n= 14}
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232:M=1Ir,n=5
233:M=Ir,n=14
230, conversion of the second run: 59.5%
231, conversion of the second run: 83.7%
232, conversion of the 15th run: 87.4%
233, conversion of the second run: 100%

for the immobilization of metal catalysts represents a powerful
way of building great heterogeneous organometallic catalysts.

3. ORGANOCATALYSTS IN TH

As a well-studied alternative to transition-metal catalysts,
organocatalysts for TH are nowadays undergoing an explosive
development, and the main trends are focused on the
exploration of more effective catalysts, catalyst diversity,
practical applications in the synthesis of functional chemicals,
and cascade reactions involving multiple reductions and
rearrangements.”>*”7>® Very recently, plenty of organocatalysts
including various types of Brensted acids, activated carbon,
fluorine/phenyl chelated boron complexes, diazaphospholene,
ammonium salts, 1,3-diarylimidazolium salts, amines, thiourea
hydrogen-bonded compounds, and other organic molecules
were extensively used in TH,””’~73' especially in the ATH
process.732’733

To date, chiral phosyhoric acids are the most-used
organocatalysts for TH.”** ATH of ketimines derived from
propiophenone derivatives and reductive amination of alkyl
ethyl ketone derivatives were smoothly achieved by the use of a
chiral phosphoric acid catalyst (39a) with the aid of Hantzsch
ester (37) or benzothiazoline’>> having a 2-naphthyl group
(234) as hydrogen donor (Scheme 95).7*° With both

Scheme 95. Chiral Phosphoric-Acid-Catalyzed TH of
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processes, a series of secondary products were synthesized in
good to excellent yields. More importantly, the presence of
benzothiazoline 234 provided excellent and much higher
enantioselectivity than Hantzsch ester 37.

An astute strategy for the oxidative kinetic resolution of
substituted indoline derivatives over the chiral phosphoric acid
organocatalyst 39a has been reported. This transformation was
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realized by TH to imines such as 235 leading to the formation
of the amine product 236 (Scheme 96).”*” This new method
was successfully applied to the syntheses of various racemic
alkyl- or aryl-substituted indolines, giving around 50% yields
and >99% enantioselectivities.

Scheme 96. Chiral Phosphoric Acid-Catalyzed Oxidative
Kinetic Resolution of Indolines Based on TH of Imines

39a (5 mol%)
H H 235 H
[}
ImR 50 °C, benzene, @i}""R
OMe OMe
OMe OMe
N OMe HN OMe
)l\
il 235 Ph 236

Pélinski and Rueping et al.”?%7 reported that the chiral

phosphoric acids 39d and 40 connected to SiPh; groups acted
as catalysts in the enantioselective syntheses of 4-azapodo-
phyllotoxin derivatives and fluoroquinolone via TH of lactone-
fused quinolines and benzoxazine, respectively. In these two
procedures, the Hantzsch ester 37 was employed as a reducing
reagent (Scheme 97). Numerous 4-azapodophyllotoxin deriv-

Scheme 97. Chiral Phosphoric Acid-Catalyzed ATH of
Quinoline and Benzoxazine
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atives that are biologically active with a broad range of
substituents were obtained in 23—92% yields and up to 96% ee
values.”** When the TH of 7,8-difluoro-3-methyl-2H-benzo-
[b][1,4]oxazine was carried out in benzene at 60 °C in the
presence of 5 mol % catalyst 40, the desired antibiotic molecule
7,8-difluoro-3-methyl-benzoxazine was obtained in 81% yield
with 90% ee.”*’

1,1-Diarylalkanes, in particular unsymmetrically substituted
1,1-diarylethanes, are very important fragments in plenty of
biologically active natural products and notable synthetic
pharmaceuticals. In 2015, the groups of Sun and Zhu’*
reported a new organocatalytic TH strategy for the asymmetric
synthesis of 1,1-diarylethanes. In the initial study, a series of
chiral phosphoric acids were tested as catalysts in the ATH of
aromatic olefins to 1,1-diarylethanes in various solvents under
mild conditions with various Hantzsch esters. It was found that
the best conditions for this transformation were 5 mol % of the
phosphoric acid 39d, 2 equiv of the Hantzsch ester 37, and
DCM as solvent. This catalytic system tolerates various
functional groups such as alkenes, alkynes, silyl ethers,

AN

thioethers, etc. A range of 1,1-diarylethanes substituted with
an o-hydroxyphenyl or indole unit were obtained with excellent
efficiency, chemoselectivity, and enantioselectivity (Scheme
98).7* Encouraged by the importance of chiral 1,1-diary-
lalkanes and the outstanding catalytic performance of
phosphoric acid catalysts, the scope of the TH was extended
to substrates without an o-hydroxyl directing group (Scheme
99). Because of the loss of o-position anchoring group for the
effective stereocontrol, the above-mentioned conditions did not
provide good enantioselectivity. Further investigation revealed
that the switch of catalyst and solvent to 237 and DME led to
good enantioselectivity in the synthesis of 1,1-diarylalkanes with
a p-hydroxyl or methoxyl group at the p-position.”*’

A styryl-functionalized chiral phosphoric acid 238 was
synthesized, and then the PS-immobilized chiral phosphoric
acid 239 was formed via cross-linking of 238.”*" The catalytic
applications of both 238 and 239 were explored in organo-
catalytic asymmetric TH of benzoxazine with the Hantzsch
ester 37 (Scheme 100), showing that both of them exhibited
excellent catalytic performance in terms of activity and
enantioselectivity. Indeed, the catalytic activity of 239 is
comparatively even higher than that of 238. Notably, the
supported catalyst 239 displayed its heterogeneous nature in
the catalytic system and allowed multiple consecutive catalysis
cycles, retaining almost the same activity and enantioselectivity
in 12 reaction cycles.”*'

Recently, some examples of cascade reactions involving the
use chiral phosphoric acid catalysts have appeared for the
synthesis of complicated compounds from the easy-to-get
starting materials, and chiral phosphoric acid catalzfsts displayed
good compatibility with metal catalysts.”**”*> Akiyama’s
group’* conducted the asymmetric synthesis of chrial
isochromenes 242 via a cascade of intramolecular cyclization/
ATH reaction of o-alkynylacetophenone 241 catalyzed by the
Cu(OT),-40 catalyst, utilizing Hantzsch ester 240 as reducing
donor. Under these conditions, a series of polysubstituted
isochromenes were isolated in 75—90% yields and more than
90% enantioselectivities. It was proposed that the generation of
copper carbonyl ylides containing ion pair intermediates 243 is
a key step in this catalytic cycle (Scheme 101).”*

Tosylic acid (TsOH) is a frequently used Bronsted acid.
TsOH was found active in the organocatalytic TH of 3-
indolemethanols with the assistance of Hantzsch ester 37,
delivering C-3 alkyl-substituted indoles that are useful
pharmacophores in medicinal chemistry, especially in the
neuroscience arena.””* Investigation of the substrate scope
revealed that a number of desired C-3 alkyl-substituted indoles
were smoothly obtained in 84—99% vyields. Remarkably, the
catalytic protocol tolerated various functional groups that are
sensitive to the conditions of conventional hydrogenations
(Scheme 102).7**

Kilic and co-workers synthesized the six fluorine/
phenyl chelated boron complexes 244—249 (Scheme 103)
from the reactions of the boron reagent BPh; or BF;-Et,O with
the corresponding ligands. These air-stable complexes were
applied as catalysts in TH of acetophenone with various
substituents in the presence of 2-PrOH and KOH, and several
alcohols were quantitatively produced.

Recently, the NH-containing organocatalysts 250—255 have
emerged in the catalgtic symmetric TH and ATH of nitroolefin
(C=C bond),”*”"* a,f-unsaturated aldehydes,”** and con-
jugated olefins of steroids.”*® For example, Paradies’
group’*”’* found that the chiral thiourea-type hydrogen-
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Scheme 98. Organocatalytic ATH of Aromatic Olefins Bearing an o-Hydroxy Group
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Scheme 101. Enantioselective Synthesis of Isochromene
Derivatives by Sequential Intramolecular Cyclization and
ATH of o-Alkynylacetophenones
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Scheme 102. Synthesis of C-3 Alkyl-Substituted Indoles via
Bronsted Acid-Catalyzed TH

4R3 4
R OH R R®
5
IR N_ge TsOHHZ0 (10 mol%), 37 R N g2
N CHCl3, 25 °C N
R 5 min-10 h R
R' =H, Me, Bn, CH,COOEt Yield: 84-99%
|R2 =H, Me
R3 = Ph, 4-MeCgHs, 4-FCgHs, 4-CICgHs,
4-BrCgHs, 4-NO,CgHs, 4-CNCgHs,
3-MeCgHs, 2-MeOCgHs, 2-Thienyl,
n-Pr, 3-(N-Tosyl)-indolyl
R*=H, Me
IR5 =H, Me, Cl

Scheme 103. Boron Complexes for Organocatalytic TH of
Acetophenone Derivatives
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bonded catalysts 250—252 presented activity in the ATH of
nitroolefins to chiral saturated nitro products (Scheme 104).
With compound 252 as catalyst, up to 99% yield and 87% ee
value were obtained.”**

4. OTHER CATALYSTS OR PROTOCOLS FOR TH

Reports on catalytlc TH involving Lewis acids,”>" ferrocenyli-
midazolium salts,’>* and bases**”**° have also recently
appeared.

The series of ferrocenylimidazolium salts 256—266 with
methylene and phenyl groups as bridges between the ferrocenyl

AP

Scheme 104. Amine-Containing Organocatalysts
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and alkylimidazolium moieties were synthesized (Scheme 105),
and their catalytic property was evaluated in the reduction of

Scheme 10S. Ferrocenylimidazolium Salts
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ketones under TH conditions with 2-PrOH/KOH.”>*> Com-
pounds 260 and 265 presented the best catalytic activity,
reaching as high as 1880 TON. The reactions of a,f-
unsaturated ketones (3-penten-2-one and 4-hexen-3-one)
chemoselectively generated the corresponding saturated
ketones. On the contrary, the use of unconjugated S-hexen-2-
one yielded an unsaturated alcohol.”*>

Base-catalyzed TH have also emerged recently and received
considerable attention. The groups of Polshettiwar and Varma
et al.****% illustrated for the first time the importance of the
hydroxide bases for the TH of carbonyls using 2-PrOH as
hydrogen sources, w1th0ut the use of any transition metal.
Chuah and co-workers”>® discovered that potassium triphos-
phate that was preactivated at 600 °C was a surprisingly active
catalyst for the TH of aromatic aldehydes to the corresponding
primary alcohols with the use of 2-PrOH. In this catalytic
system, the reactivities of ketones were lower than those of
aldehydes. In the catalytic process, the formation of new,
weaker basic sites by high tem};erature pretreatment was
essential for high catalytic activity.”>> Later, Astruc’s group”>*
reported that the abundant and cheap NaOH efficiently
promoted TH of carbonyls including ketones and aldehydes
yielding primary and secondary alcohols with renewable and
cheap EtOH as both hydrogen source and solvent. The
combination of NaOH and 2-PrOH also mediated the
reduction of nitroarenes to the corresponding anilines and
azobenzenes by TH means.””* For the based-catalyzed TH
protocol, these authors suggested that the possibility of catalysis
of the reaction by subppm traces of transition metal in
commercial bases cannot be retained, because only transition
metals with remarkably higher quantities or with strongly
activating ligands are effective for these reactions.
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As mentioned in the Introduction, TH eventually also
proceeds under uncatalytic condition. The group of Berke’>®
very recently reported that metal-free TH of imines with
ammonia—borane was achieved under mild conditions. On the
basis of deuterium kinetic isotope effects (DKIE) determi-
nations, ab initio calculations, Hammett correlations, and the
significantly polar nature of ammonia—borane, a direct reaction
of ammonia—borane with imines via a double H transfer
process was progosed for the transformation.”>® Subsequently,
the same group”*® extended this method to TH of polarized
olefins bearing strongly electron-withdrawing groups such as
nitriles or esters on one side of the double bond, producing
several alkanes in more than 92% yields. It was suggested that a
direct double-H transfer occurred stepwise with a unique
hydroboration intermediate and hydride transfer before proton
transfer.”>

A catalyst-free process containing in situ generation of
diimide from hydrazine hydrate and molecular oxygen for the
subsequent TH of olefins with the aid of diimide was
discovered (Scheme 106).”>” To achieve this process, a gas—

Scheme 106. Aerobic Oxidation of Hydrazine to Diimide
and Subsequent Uncatalytic TH
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liquid continuous-flow system was designed and used (Figure
7). This system included several components including a pump

segmented flow

Figure 7. Continuous-flow setup for the in situ generation of diimide
and subsequent olefin reduction by TH.”>” Reprinted with permission
from ref 757. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

(P), a mass-flow controller (MFC), a glass static mixer (GSM)
to generate segments of the liquid phase and O, a heat
exchanger (HE), a residence time unit (RT), and a static
(BPR1) and adjustable back pressure regulator (BPR2). The
use of a gas—liquid continuous flow system did not only avoid
the potential problems caused by high oxygen pressure, but also
enabled the production in large scale. Through this strategy, a
series of internal and terminal olefins were smoothly converted
to the desired alkanes, affording >99% conversions, excellent
yields, and >99% selectivities in most cases.”’

5. CONCLUSIONS AND PERSPECTIVES

As an attractive alternative to direct hydrogenation with a
pressure of H, gas, TH involving non-H, hydrogen sources is a

rapidly growing field in the context of the high demand for the

AQ

development of sustainable and green chemistry including
economy consideration. To date, plenty of catalysts, ligands,
bases, solvents, and hydrogen sources have been explored in the

. 8
syntheses of a variety of compounds,”®”%°

in particular fine
chemicals, bioactive molecules, pharmaceuticals, agricultural

chemicals, and complicated products bearing functional groups.

Significant breakthroughs and developments of TH have
been achieved in the past few years. This great progress was
witnessed in several aspects of the published studies, such as
exploration of catalyst diversity, design of more efficient ligands
or stabilizers to improve precious metal catalysts, use of
abundant biometal catalysts involving Fe, Co, and Nij,
development of recyclable catalysts, exploration of “green”
hydrogen donors, generalization of aqueous reaction medium,
improvement in asymmetric synthesis, expansion of substrate
diversity, and investigations of reaction mechanisms. Building
on previous studies, plenty of broader, greener, more efficient,
more economic, and more practical catalytic systems for TH
were recently exploited. Notably, Sadler’s group760 disclosed
TH catalysis in cell in the presence of Noyori-type ruthenium
complexes using nontoxic concentrations of formate as a
hydride donor, a new anticancer strategy. All of the information

indicates that the field of TH is now in its golden age.
Although remarkable progress in TH has been made, many

unsolved problems and challenges remain in many reported
results. For instance, most of the known catalytic reactions with
abundant metal catalysts are either limited in scope or do not
qualify for practical applications. In general, the catalytic results
of ATH are not as good as those of direct asymmetric
hydrogenations. The efficiency of TH of imines, olefins, and
nitroarenes is still lower than that of ketones. The use of metal

nanoparticle catalysts in this area is so far underdeveloped.

Further work is also required to seek artificial enzymes for
the extremely efficient catalytic TH, to use the TH process in
convenient cascade reaction by combination with other
transformations, and to push these TH catalysts, especially
supported heterogeneous catalysts, to their use in multikilo-
gram scale synthesis toward industrial production. Nowadays,
new discoveries are propelling the field by addressing these

challenges. Thus, it is believed that TH has a bright future.
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ABBREVIATIONS

acac acetylacetonate

AH asymmetric hydrogenation

ampy 2-aminomethylpyridine

aNHC abnormal N-heterocyclic carbenes

ATH asymmetric transfer hydrogenation

BIN 1-benzyl-3-(S,7-dimethyl-1,8-naphthyrid-2-yl)-

imidazol-2-ylidene

CF,TsEN N-[p-(trifluoromethyl)benzenesulfonyl]-1,2-
ethylenediamine)

CHD cyclohexadiene

CNF carbon nanofibers

CNTs carbon nanotubes

Cp pentahapto cyclopentadienyl (17°-CsHy)
pentahapto 1,2,3,4,5-pentamethylcyclopenta-

Cp* dienyl (°>-C;Me;)

CPB cetylpyridine bromide

CsDPEN N-(camphorsulfonyl)-1,2-diphenylethylenedi-
amine

CTAB cetyltrimethylammonium bromide

CuAAC Cu'-catalyzed azide alkyne cycloaddition

dhtp 6,6'-dihydroxy terpyridine

dmpe 1,2-(bis)dimethylphosphinoethane

dppf 1,1'-bis(diphenylphosphino)ferrocene

DPEN 1,2-diphenylethylenediamine

EDX energy-dispersive X-ray spectroscopy

GNPs graphene nanoplatelets

GNSs graphene nanosheets

HDO 1,6-hexanediol

HMF S-hydroxymethylfurfural

hPG hyperbranched polyglycerol

IMes 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-yli-
dene

KHMDS potassium hexamethylsilazan

MNPs magnetic nanoparticles

MOF metal—organic framework

MPV Meerwein—Ponndorf—Verley

MWCNTs multiwall carbon nanotubes

NHC N-heterocyclic carbenes

NP naphthyridine

NSHC N,S-heterocyclic carbene

PANI polyaniline

PMA poly(methyl acrylate)

PMO periodic mesoporous organosilica

PPY olypyrrole

PS polystyrene

PTA 1,3,5-triaza-7-phosphaadamantane

PVI poly(1-vinylimidazole)

PVP poly(4-vinylpyridine)

Pyme 1-(pyridine-2-yl)methanamine

rt room temperature

SEM scanning electron microscopy

SQUID superconducting quantum interference device

(S,S)-Pr pybox 2,6-bis[4’-(S)-isopropyloxazolin-2’-yl]pyridine

STEM scanning transmission electron microscopy

TEM transmission electron microscopy

TOF turnover frequency

TON turnover number

TOPO trioctylphosphine oxide

TH transfer hydrogenation

TsDPEN N-(p-toluenesulfonyl)-1,2-diphenylethylenedi-
amine)

XPS X-ray photoelectron spectroscopy
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NOTE ADDED IN PROOF

Major contributions to the field of transfer hydrogenation have
appeared since this paper was submitted concerning Ru, Os,
and Ir complexes catalysts with chelatin7g pyridyl—mesoionic
carbene ligands,”®" Cu—Ni—Al catalysts,””> SiO,-immobilized
Pd catalysts,”* nitr07gen-doped graphene-activated iron-oxide-
based nanocatalysts, °* and 1,1'-spirobiindane-7,7’-diol (SPI-
NOL)-derived phosphoric acid catalysts.”*®
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