catalysts MBPY

Review

Hydrogen Transfer Reactions of Carbonyls, Alkynes,
and Alkenes with Noble Metals in the Presence of
Alcohols/Ethers and Amines as Hydrogen Donors

Eszter Barath

Department of Chemistry and Catalysis Research Center, Technische Universitdt Miinchen, Lichtenbergstr. 4,
D-85748 Garching, Germany; eszter.barath@tum.de; Tel.: +49-89-289-13545

check for
Received: 28 October 2018; Accepted: 17 December 2018; Published: 19 December 2018 updates

Abstract: Hydrogen transfer reactions have exceptional importance, due to their applicability in
numerous synthetic pathways, with academic as well as industrial relevance. The most important
transformations are, e.g., reduction, ring-closing, stereoselective reactions, and the synthesis of
heterocycles. The present review provides insights into the hydrogen transfer reactions in the
condensed phase in the presence of noble metals (Rh, Ru, Pd) as catalysts. Since the H-donor
molecules (such as alcohols/ethers and amines (1°, 2°, 3°)) and the acceptor molecules (alkenes (C=C),
alkynes (C=C), and carbonyl (C=0) compounds) play a crucial role from mechanistic viewpoints,
the present summary points out the key mechanistic differences with the interpretation of current
contributions and the corresponding historical achievements as well.
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1. Introduction

Transfer hydrogenation (TH) is a reaction in which H is transferred to an acceptor molecule from
another molecular species (other than molecular hydrogen) acting as a donor. It is a movement of
a hydride ion and proton (or two protons and two electrons), where the actual mechanism of the
H-transfer depends on the catalyst, the substrate, and the reaction conditions [1,2].

The first transfer hydrogenation (in 1925) was discovered by Meerwein and Schmidt using
alcohols as the H-source in the presence of aluminium alkoxide as a homogeneously acting catalyst
for the reduction of carbonyl compounds [3] (further opportunities towards additional applicability
of the reaction were studied by Verley [4], Ponndorf [5], and Lund [6]). Later on, reversing of the
reaction was applied in oxidation reactions and was studied by Oppenauer [7]. In recent times,
Ln'- [8,9] and Al'-alkoxides [10], as well as AI'! dinuclear complexes [11,12] were used as catalysts
in Meerwein—Ponndorf-Verley and Oppenauer (MPVO) reactions, showing high catalytic activity [13,14].
In the 1960s, Mitchell published the saturation reaction of cyclohexanone to cyclohexanol in the
presence of chloroiridic acid (HyIrCls) with trimethyl phosphite in aqueous 2-propanol (IPA),
with water acting as the H-source [15].

Transition metal catalysts such as the Wilkinson complex (Rh(PPh3);Cl) showed remarkable
activity in hydrogen transfer reactions as well [16]; however, the system is best known for
hydrogenation reactions with molecular hydrogen. Not only rhodium, but also iridium and ruthenium
complexes have been studied for reductive transfer hydrogenation reactions. In comparison, the TOF
(turnover frequency) values obtained for transition metal-based catalysts surpass those obtained for the
MPVO catalysts. The usage of additives such as bases further increased the catalytic activity [17-19].
Base molecules deprotonate the substrate and have the effect of increasing the catalytic activity,
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because the complexation of the substrate with the metal ion (in the intermediate complex formed) is
promoted [17-19].

The chemical nature of transfer hydrogenation reactions has been studied extensively from many
points of view. The most representative reaction was observed with alcohols. However, the scope
of the reaction can be extended to other molecules that may be the donor or the acceptor molecule.
Amines, carbonyl compounds, imines, and carboxylic acids (such as formic acid, it is usually mixed
with NEt; (TEAF) [20,21], in order to make the hydrogen transferring irreversible [22-26]), can serve
as the H-source, allowing carbon—carbon double and triple bonds to be reduced in this way.

Hydrogen transfer reactions have many advantages over other hydrogenation methods.
As described above, alcohols are frequently used as H-donors. Despite the fact that alcohols are
easily available, have reactivity at mild conditions, and high selectivity, they provide the possibility
of the usage of the H-donor molecule as the reaction media as well (no mass transfer limitations).
Hydrogen transfer reactions are reversible reactions and can be used in racemization reactions in
combination with kinetic resolutions of racemic molecules [27]. Selective transfer of a hydrogen is also
possible in the presence of chiral ligands (asymmetric transfer hydrogenation, ATH) [21,28].

Based on the large spectrum of hydrogen transfer reactions, the present review will focus on the
results obtained with noble metals (Rh, Ru, Pd), in combination with alcohols/ethers and amines
as H-donor species, whereas carbonyl compounds, alkenes, and alkynes act as acceptor molecules.
Reactions in which the donor molecule is implemented in the structure of the final product are not
a part of this review. Summarizing further contributions to the field, an excellent review has been
recently published by Astruc et al., about hydrogen transfer reactions that are catalyzed by Fe-, Ru-,
Os-, Co-, Rh-, Ir-, Ni-, Pd-, and Au-related systems, as well as organocatalysts, bi- and multimetallic
catalysts, and heterogeneous transition metal catalysis [29]. The nature of hydrogen transfer has been
overviewed by Hynes/Klinman/Limbach/Schowen from many different angles including chemical
and spectroscopic viewpoints [2]; moreover, the key aspects of enzyme-related hydrogen transfer
reactions has been described as well [30].

2. Hydrogen Transfer Reactions, Reaction Mechanisms

The mechanism of a hydrogen transfer reaction depends strongly on the particular metal and the
starting material. Two main pathways can be differentiated, the direct and the indirect mechanisms.
Within the direct transfer pathway, H is transferred directly (Scheme 1, pathway A) from the donor to
the acceptor molecule; in the case of an indirect mechanism (Scheme 1, pathway B) a metal hydride
intermediate forms. Strong Lewis acids such as Al' and Ln'" ions are the most relevant representatives
of the direct reaction type. Weak Lewis acids like Rh, Ru, and Ir, with high affinities for hydrides,
are the catalytically most active systems [1].

(A) Direct transfer pathway

M
DH +A+M —— \A<—> D+AH2+M>
v
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H

(B) Indirect transfer pathway
(B1) Formation of a monohydride
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Scheme 1. Transfer hydrogenation mechanisms, direct (A) and indirect (B) pathways.
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Strong Lewis acid metal ions are able to coordinate the donor and the acceptor molecule, activate
them via polarization, and promote an intramolecular H-shift (A pathway). Depending on the
particular catalyst, the intermediate metal hydride complex formed can transfer one (Scheme 1,
pathway B1) or two hydrides (Scheme 1, pathway B2) to the acceptor molecule (Scheme 1) [1].

Hydrogen transfer reactions are equilibrium reactions. The dominance of the reduction/oxidation
pathways are highly dependent on the concentration of the donor and acceptor molecules and the
thermodynamic stability of the species involved in the redox equilibrium [1].

2.1. Hydrogen Transfer

2.1.1. Donor Molecules: Alcohols/Ethers and Amines

An appropriately selected donor molecule (Figure 1) provides the hydrogen of a transfer reaction.
The most beneficial choice, if the donor molecule is able to coordinate to the catalytic center, allows
the abstraction of hydrogen (low oxidation potential) with control by the catalyst under relatively
mild conditions when the donor is not strongly bound to the catalytic center after the donation is
achieved [1].

The choice of a donor molecule depends mainly on the following parameters: (a) the type of
reaction (transition metal-catalyzed, MPVO catalysts, etc.); (b) the chemical nature of the targeted
functional group that is to be converted; (c) the solubility in the reaction medium (ability to act as
a solvent of the corresponding reaction); (d) the influence on the equilibrium of the reaction; (e) no
formation of toxic side products; (f) allows mild reaction conditions; (g) and the rate of the exchange
between the metal-linked and the bulk form of the donor molecule [1].

Alcohols represent the major group as source of hydrogen in transfer reactions. Primary and
secondary alcohols can be used, however, based on the sigma inductive electronic effect, and secondary
alcohols are better donor molecules then the primary counterparts (ethanol). It was observed that
aldehydes formed from primary alcohols (as donors) may act as catalyst poisons. They can decompose
during the reaction and form CO molecules (formed by decarbonylation, a side reaction) that are
able to hinder the catalytic activity of the metals used [31,32]. One of the most frequently used donor
species is 2-propanol. It is an inexpensive, non-toxic, commercially available compound. This molecule
has the advantage of acting as a solvent of a transfer reaction as well;, moreover, the huge excess of
the donor species promotes the shift of the redox equilibrium in the direction of the desired product.
The consequence of the hydrogen transfer is the formation of acetone, which can be easily removed
from the reaction mixture, representing a further benefit of the system.

Hydrogen donor —— Oxidized products
OH o
R'J\R2 RAKR2
a%~"a a%a
NH, NH
R'J\Rz R1MR2
H H
R N\/\Rz R N\/\Rz
R? R?
R'_N__R? RI_N_R?
’ R',R%, R®=H, alkyl Q = mainly cyclic ethers‘

Figure 1. Selected hydrogen donor molecules and their oxidized derivatives.
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Heterocyclic molecules such as cyclic ethers, 1,4-dioxane, and 2,3-dihydrofuran are commonly
used donor molecules in saturation reactions of alkenes and alkynes, in combination with transition
metals [33,34] as catalysts. They are able to donate a pair of hydrogen atoms, while they are excellent
solvents as well [35,36].

Nitrogen-containing materials, such as primary, secondary, and tertiary amines are also frequently
used hydrogen sources in combination with transition metals. Piperidine, pyrrolidine, and indoline
have been used for the reduction of aldehydes, alkenes, and alkynes [37,38].

2.1.2. Acceptor Molecules: Carbonyls, Alkenes, and Alkynes

Transfer hydrogenation is known for many components; however, the most extensively
studied ones are contributions towards reactions of carbonyl compounds alkenes and alkynes.
These transformations have extreme relevance from mechanistic aspects and synthetic viewpoints as
well. Transfer hydrogenations are selective reactions in most cases, and no side reactions are observed.
As was stated above, since we have to tackle a redox equilibrium in order to achieve acceptable TOF
values, the equilibria must be shifted to the product site. This goal can be reached with the fulfillment
of the Le Chatelier-Braun principle, with the usage of excess amounts of the donor species, or by
removing the oxidation product.

In general, transition metals in the reduction of carbonyls via transfer reactions are more active
than the MPVO catalysts. For the reduction of ketones and aldehydes, alcohols and amines are used
most generally, while cyclic ethers and hydroaromatic components are frequently used to reduce
alkenes and alkynes. The saturation of the carbon—carbon double bonded and carbon—carbon triple
bonded molecules is generally preferred to be carried out with molecular hydrogen. However, the wide
range of active and selective transfer hydrogenation catalysts and the practicality of the procedure
makes transfer hydrogenation a fair competitor of pathways when using molecular hydrogen as
the H-source.

2.2. Catalysis with Noble Metals

2.2.1. Hydrogen Transfer with Rhodium

The Wilkinson complex (Rh(PPhs3);Cl) is very well known as a hydrogenation catalyst with
molecular hydrogen, moreover, it was observed that it is an excellent transfer hydrogenation catalyst as
well. The corresponding reaction mechanism strongly depends on the donor molecule. In the absence
of molecular hydrogen, the intermediate metal complexes showed a four-coordinated square-planar
configuration (Scheme 2) [1,39].

Detailed mechanistic investigations indicated that in the presence of 2-propanol as the hydrogen
source, a single hydride was transferred from the x-position of the donor to the a-position of the
acceptor [1,39]. The first step of the reaction is a rapid exchange of the halide ion to the alkoxide,
followed by the formation of the 16-electron complex (Scheme 2) (5), the reactive monohydride species.
The substrate (the corresponding keto material (6)) substitutes one of the ligands and coordinates
to the catalytic center (formation of compound 7), followed by its insertion into the metal hydride
bond (metal alkoxide formation, compound 8). The upcoming ligand exchange step (alkoxide (8) to
ligand) yields the alcohol product (9). In the final elimination step of acetone, the catalytically active
monohydride species forms (5).

For the saturation of alkenes and alkynes via hydrogen transfer reaction, in most of the cases,
dioxane (11) provides the necessary H-source (Scheme 3) [1,34].
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Scheme 2. Rhodium-catalyzed hydrogen transfer of carbonyl compounds in the presence of 2-propanol
as a hydrogen donor.
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Scheme 3. Rhodium-catalyzed hydrogen transfer of alkenes in the presence of 1,4-dioxane as a
hydrogen donor.

In the first step of the reaction, oxidative addition takes place (Scheme 3, step a), afterwards
f-elimination leads to the formation of the 16-electron dihydride complex (16), as a consequence of
the hydrogen transfer process to the unsaturated 2,3-dihydro-1,4-dioxine (15). After the coordination
of the alkene substrate (17) to the empty site of 16 (formation of 18) a hydride insertion takes place,
leading to the formation of complex 19. The reductive elimination step of the alkane (20) closes the
catalytic cycle, while the ligand coordination restructures the L3Rh!CI (1) system. An interesting aspect
of the catalytic cycle is the coordination and the oxidative addition of the H-source (Scheme 3, step a).
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It was proposed that the oxygen atom of the dioxane coordinates at first to the rhodium (14), while in
the subsequent step, hydrogen abstraction takes place. The charged species (13) then rearranges and
produces a carbon atom-linked complex (12).

Asymmetric reduction has great relevance in chemistry, in terms of the saturation reactions
of carbonyls, alkynes and alkenes. Nowadays, asymmetric transfer hydrogenation (reductive
route) has gained the noticeable position of second in the rank of importance, right behind the
asymmetric hydrogenation reaction with molecular hydrogen. The success of this reaction type has
promoted research directions to tackle more and more challenging issues, and the birth of many new
catalysts/catalyst systems with increased catalytic activity and selectivity. Rhodium-, iridium- and a
metal with the broadest scope, ruthenium-based systems (see Section 2.2.2) have a clear dominance as
a metal source in asymmetric hydrogen transfer reactions. Since this field of research is very dynamic,
only some representative findings and some unusual examples, which are within the purview (donor
and acceptor molecules) of the present summary, are discussed.

The success of a catalyst dealing with asymmetric challenges depends on the design of the ligand
as well. Hydrogen transfer reduction reactions may contain anionic or neutral ligands with bi-, tri-,
or tetradentate binding capability. The most successful catalyst systems (in terms of activity and
enantioselectivity) in the reduction of ketones to alcohols are the half-sandwich 7-complexes.

Noyori et al. studied the asymmetric transfer hydrogenation of aromatic ketones and imines to
chiral alcohols and amines in the presence of a chiral diamine-based Ru(lI) catalyst (for a more detailed
description, see Section 2.2.2.) [40]. A metal/ligand bifunctional effect (formation of a six-membered
cyclic transition state stabilized by hydrogen bonding between the NH function of the ligand and
the unsaturated C=X moiety (X = O, NR) of the substrate [40,41]) was described, together with
exceptionally high enantiomeric purities [40]. The scope of their studies was further extended to
rhodium and iridium complexes as well [42]. Acetophenone and its substituted derivatives as model
compounds were studied in 2-propanol with KO'Bu at 30°C [42]. Similarly, as was observed previously
for the ruthenium counterparts, depending on the ketone substrate, moderate to high conversions and
excellent ee (%) (enantiomeric excess) values were determined (Scheme 4) [42].

ERt@)'K M» Rt@A E
5 IPA, KO'Bu |

RhCICp*TsDPEN RhCICp*TsCYDN
(Cp* = pentamethylcyclopentadienyl) (Cp* = pentamethylcyclopentadienyl)

(e]

b © NHTs
Ph NS 3
\[ o 'NH, TsCYDN
Ph"

NH,  TsDPEN R/R" = H/H ([ee] (%) = 97),

H/I2-CF; ([ee] (%) = 96)

RIR" = HIH ([ee] (%) = 90), HI3-CF; ([ee] (%) = 97)

2-CF3/H ([ee] (%) = 96),
3-CF3/H ([ee] (%) = 97)

Scheme 4. Rhodium-catalyzed asymmetric transfer hydrogenation of carbonyl derivatives.

Aryl and alkyl carbonyls were converted in a hydrogen transfer reaction with good yields
to the corresponding alcoholic species in the presence of air-stable [Rh!!(bis-carbene)l,(OAc)]
complexes (hydrogen transfer of imines to amines was observed as well) (Scheme 5) [43]. The complex
with the iso-propyl function hydrogenated the aliphatic substrates faster than the aromatic ones.
The C,C-bidentate chelating binding mode of the NHCs (N-heterocyclic carbenes) was evidenced by
detailed NMR spectroscopic investigations (Scheme 5) [43].
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Scheme 5. Transfer hydrogenation of ketones with chelating bis-carbene rhodium complexes.

The almost endless variability can be seen very clearly on the wide range of the newly developed
Rh-based catalysts systems. On Scheme 6, several newer achievements are summarized.
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Scheme 6. Rhodium-catalyzed asymmetric transfer hydrogenation in the presence of 2-propanol as
a H-donor. Reactions with pyridazine annelated bis(NHC) ligand (A), with dicarbene tzNHC-NHC
derivatives (B), chiral oxazolidine-fused NHC ligands (C). (RT = room temperature).

A pyridazine-annelated bis(NHC) ligand with benzyl substituents was reported, as well as its
corresponding Rh complex (Scheme 6, equation A) [44]. The mechanism of the formation of the
cationic rhodium complex were investigated, a stepwise deprotonation of the imidazolium moieties
via a mono-carbene imidazolium species was observed. The catalytic activity of the new “vegi”-type
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complexes was studied; the cyclic alcohol products were synthesized with good-to-excellent yields
(81-99%), depending from the substrate used [44].

Continuing the success of the NHC-type ligand family, a series of cationic chelate rhodium
complexes (iridium as well) have been synthesized, bearing a mixed 1,2,3-triazol-5-ylidene
(tzZNHC)-NHC moiety (Scheme 6, equation B) [45]. The dicarbene tzZNHC-NHC derivatives showed
significantly higher catalytic activities in the comparison with the ones with one NHC and a secondary
nitrogen donor. The various substituents on the tzZNHC moiety did not have remarkable impact
on the catalytic activity. Moderate yields were obtained in the presence of rhodium-based catalysts
(23-98%) [45].

Asymmetric transfer hydrogenation was studied with chiral oxazolidine-fused NHC ligands
with rhodium (and iridium) as the metallic part (Scheme 6, equation C) [46]. The multistep synthesis
protocol does not require any enantiomeric separation step, and starts from commercially available
optically pure amino acids. The rhodium(I) complexes showed wide applicability towards differently
substituted aromatic ketones as starting materials. The desired alcohols were synthesized with
moderate to good yields (18-95%), but with low enantioselectivites (ca. 4-41%) [46].

Cyclometalated rhodium complex (Scheme 7) was highly active in the hydrogen transfer reaction
of aldehydes to the corresponding alcohol in the presence of methanol as the hydrogen source [47].
More than 35 examples indicated the wide applicability of the system, and substituted cyclic aldehydes
and heterocycles with aldehyde function was converted, with high yields (71-91%) at 90 °C in methanol
as hydrogen donor, and solvent to the alcoholic species (Scheme 7) [47].

_____________________________

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

I /0
! >y [Rh] (1 mol%), MeOH, 90°C o N—Rh-cl
3 '\‘»,/ Cs,CO; (0.5 eqv.), 1h ‘\\/,/ ‘ )\@

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Substrate scope, selected examples

L&l Al o

@r\@%m@m

Scheme 7. Transfer hydrogenation of aldehydes with rhodacycles.

Rhodium(IIl) complexes, having both a cis-chelating dicarbene (dicarbene/methylene(4,4’-
diimidazolydene) and a diphosphine ligand (diphosphine/(R)-(+)-2,2’-bis(diphenyl- phosphino)-1,1’-
binaphtalene ((R)-BINAP); 1,2-bis(diphenylphosphino)-ethane (dppe)) were synthesized and tested in
the hydrogen transfer reaction of aromatic ketones, with IPA as the donor molecule (Scheme 8) [48].
It was observed that the presence of the diphoshpine ligand increased the catalytic activity of the
rhodium center drastically, and 4000 TONSs (turnover numbers) and TOFs ~1000 h~! (~330 h~! for
the phosphine-free counterpart) was measured. The process that was used tolerated the presence of
water, and instead of the typical 10 mol % of a base, only 1 mol % was used. During the ligand design,
it was noticed that the BINAP ligand was not oxidized; however, dppe was less stable; dppe oxide was
formed, as witnessed by NMR spectroscopy, and there was an indication of some lability of the ligand
in the condensed phase. Most probably, the lability of the dppe ligand was promoted by the strong
trans effect of the carbene donor (Scheme 8) [48].
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Scheme 8. Transfer hydrogenation of rhodium(IIl) complexes with both chelating dicarbenes and

diphosphine ligands.
2.2.2. Hydrogen Transfer with Ruthenium

A further solution of hydrogen transfer for the reduction of ketones to alcohols is to use the
16-electron complex of Ru(PPh3),Cl, (Scheme 9) [1,33,39,49]. Within the first step of the reaction,
the dichloride complex (21) rapidly converts into the corresponding dihydride species (22), similarly
as was previously described for the Wilkinson complex (monohydride route, Scheme 1), but with the
formation of a dihydride-type complex. In the upcoming step the monohydridic alkoxide species
forms (23) followed by the reductive elimination (Scheme 9, step b) giving the product (9) and a Ru’
complex (24). The oxidative addition of the hydride donor functioning alcohol molecule (2) produces
complex 25, and the result of the next 3-elimination step (Scheme 9, step d) leads to the formation of
the Ru'" dihydride complex again (22).

Ru'Cl,L, i OH

21 1
2 4 : R1JJ\R2 R1(JJR2
2-propanol : o
Ru'H,L, 5 JCJ’\ , )J\
)4]\ 22 'RY "R? ! ‘ R', R? = typically alkyls, aryls‘
d aN . 3 '
Ru'HL,

c b T -OH- oo a/insertion
OH \X 0 . J\ . b/ reductive elimination
)\ Ru’L3 'RTOR2! ¢ / oxidative addition

2 24 : 9 H d / B-elimination

Scheme 9. Ruthenium-catalyzed hydrogen transfer with alcohols, dihydride mechanism (inner-

sphere pathway).

It was observed that one way to increase efficiently the rates of the reductive hydrogen transfer
reactions in the presence of transition metals, was to introduce a small amount of base molecules
into the reaction mixture [17-19,50]. Another solution to tackle this challenge was to build a basic
site additionally into the catalysts (Scheme 10) [1,51-53]. The 16-electron Ru complexes with a basic
nitrogen atom in their structure such as complex 26, showed remarkable catalytic activity, as studied
by Noyori and other researchers [51-53]. In the presence of complex 26 a concerted-type hydride shift
takes place involving a six-membered transition state (27) [51-53]. The hydroxyl proton of the donor
molecule (2) is abstracted by the basic nitrogen atom of the ligand, while the hydrogen in the x-position
of the alcohol is shifted to the metal in a concerted-type pathway (Scheme 10, step b), liberating a
ketone (4). Complex 28 reacts with the acceptor substrate (6) and forms complex 29, in the upcoming
transfer step, the product (9) eliminates from complex 29, and restores the 16-electron ruthenium
species (26).
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Scheme 10. Ruthenium catalyzed hydride-proton transfer, concerted (outer-sphere pathway) mechanism.

The Ru-arene system (Scheme 10, complex 26) (and Rh- or Ir-cyclopentadienyl complexes),
such as Noyori’s catalyst, contains 1,2-amino alcohols or monotosylated diamine ligands (in some
cases phosphine-oxazoline derivatives) in their structure, a combination that leads to a catalyst system
with the broadest substrate scope (Figure 2) [28,54]. It was observed that the presence of the n®-arene
moiety is essential for the success of the behavior of the catalysts, due to its stabilizing ability of the
transition state by m-interactions (Figure 2/benzene (1)/ C(sp?)H/, alkylated arenes (2)/ C(sp®)H /).
With the investigation of a series of monotosylated diamines with different configurations in the
hydrogen transfer reaction of acetophenone, a better understanding of the enantiocontrol of Noyori’s
complex was provided [54]. Ruthenacycles (with tethered structural motif and with chiral diphosphine
or chiral pyridine as ligands) showed high activity and enantioselectivity in the reduction of aryl alkyl
ketones ([ee]/(%): 87-94) [55-57].

E The most preferred structure of complexes Metal/ligand bifunctional catalysis (outer-sphere mechanism)
in asymmetric transfer hydrogenation
(Tln'Can) E t ¥
M- X '
ci—MA . X @
4 \ i —s- R
RHN| g2 ; \5 R H. X/ H
R i SN SH ~ Ru HH.
" : R” ; SN? DH 2
R L : b R ﬁ
5 ~y? R H. _C:
M = Ru (n/6), Rh (n/5), (Ir (n/5)) ! Y R
X =0, NTs i 1 2
L = chiral 1,2-amino alcohol, chiral diamine C(spZ)Hln C(sp3)Hln

Figure 2. Complex structures, stabilization via n-donation (outer-sphere pathway).

The success of the Ru-arene system with the variety of different ligands can be seen clearly in the huge
amount of results that have been reported [1,21,28]. Several results towards the reduction of acetophenones
(Scheme 11) and acylbenzenes (Scheme 12) obtained with RuCl,PPhs(oxazferrphos) [58-60],
RuCl(1,4-cymene)(prolinamide) [58-60], RuCl(hexamethylbenzene)(azanorbornylmethanol) [61],
and with RuCl(1,4-cymene)(azanorbornylmethanol) [59,60,62], is depicted in Schemes 11 and 12.

In Scheme 13, three interesting cases are pointed out. «,3-Unsaturated carbonyl derivatives
could be reduced to the corresponding alcohol species, because the reaction proceeds preferentially in
the carbonyl fragment. 4-Hydroxyisophorone has been synthesized with higher than 95% ee in the
presence of [RuCl, (n®-arene)(chiral 1,2-amino alcohol)] (Scheme 13, equation A) [63].
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Scheme 11. Ruthenium-catalyzed asymmetric transfer hydrogenation of substituted acetophenones,
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Scheme 12. Ruthenium-catalyzed asymmetric transfer hydrogenation of acylbenzenes, (T = corresponding
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Scheme 13. Ruthenium-catalyzed asymmetric transfer hydrogenation in the presence of 2-propanol

as a H-donor for ketoisophorone (A), conjugated carboxylic acids (B), and ethinyl ketones (C),

(T = corresponding reaction temperature, RT = room temperature).
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Conjugated carboxylic acid derivatives such as itaconic acid and «-acetamidocinnamic acid were
reduced to their saturated form, with higher than 90% ee (Scheme 13, equation B). The reaction was
selective, and only the corresponding saturated carboxylic acids were detected [63].

Conjugated aryl- and alkyl ethinyl ketones were reduced to the unsaturated alcoholic derivatives
with higher then 95% ee, independent of the bulkiness of the substituent linked to the carbonyl moiety,
with the usage of Noyori’s catalyst (Scheme 13, equation C) [64,65]. Silylated terminal ethinyl ketones
were easily converted to the desired propargylic alcohols with constantly high ee values as well.
The C=C triple bond of the model substrates was inert under identical reaction conditions.

When 2-propanol is the hydrogen donor molecule, a base usually has to be added to the reaction
mixture in order to activate the starting complex. In most of the cases of hydroxides or alkoxides,
sodium or potassium carbonates are used, with different concentrations. There exists only very few
catalyst precursors that do not require the presence of such basic species. One of them is the Shvo
catalyst (Scheme 14) [1,66-69].

4
Shvo catalyst oc co

a / complexation of donor
b/ hydride-proton transfer
c / complexation of acceptor
d / hydride-proton transfer

Scheme 14. Transfer hydrogenation with the Shvo catalyst, via the concerted hydride-proton pathway.

The Shvo catalyst is a dinuclear Ru complex, which converts to two mononuclear Ru species
(30 and 32) under reaction conditions (the pre-catalyst is in equilibrium with complex 30 and 32)
(Scheme 14) [70-72]. Both of the intermediates react similarly (concerted-type hydride-proton shift),
via the formation of the six-membered transition state (31) and the reduction of the ketone (6) via 33
giving the product (9).

Instead of 2-propanol, primary alcohols such as ethanol can be used as hydrogen source as well,
for transfer hydrogenation reactions [73]. Despite the negative properties (such as ability to form stable
carbonyl complexes, and the formation of condensation products between the acetaldehyde and the
ketone substrate) which can be circumvented, ethanol as a possible donor and a solvent molecule was
studied in asymmetric hydrogen transfer reactions of aryl alkyl ketones at 40 °C in the presence of the
combination of [Ru(p-cymene)Cl, ], and amino acid hydroxy-amide (Scheme 15) [73]. The secondary
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alcohol products were obtained with moderate to good yields (59-99%), and with good to excellent
enantioselectivity (up to 97%) [73].

[Ru(p-cymene)Cl,], (0.5 mol%) / L (1.1 mol% O K
(p-cy )Cl2]2 ( o) 1L ( o) R (%) ' N/ﬁ"
EtOH/THF (1:1), LiCl (10 mol%), 1-22h, 40°C " NH H OH
R = 4-OMe, 3-OMe, 4-CF3, 3-CF5, 4-COOEt, 4-Me, 4-Br,
2,3,4-Me, 3,4,5-Me

A

____________________________________________________________________________________________________________

Scheme 15. Asymmetric transfer hydrogenation with ruthenium, combining with amino
acid-based ligands.

Ruthenium complexes with CO ligand(s) were reported as active catalysts in the transfer
hydrogenation reaction of ketones [74,75]. Cyclometalated dicarbonyl complexes such as 34, 35,
and 35a-35c (Scheme 16) catalyzed the transfer hydrogenation of acetophenone in 2-propanol as
a hydrogen source in the presence of alkali base (1-5 mol %) at reflux conditions (TOF up to
30,000 h—1) [74]. Mechanistic considerations showed that the [Ru-H] complex most probably forms
from the corresponding [Ru-O'Pr] complex via B-hydrogen elimination (inner-sphere mechanism),
while complexes having NH; functionality in the [Ru-H] complex form from a 16-electron
Ru-amide [74,76] or from a Ru-amine/alkoxide species (outer-sphere mechanism) [74,77,78].

E [Ru], (substrate/catalyst = 1000), 82°C *
E IPA, NaO'Pr (2 mol%), 5-60min I

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

E Catalyst series

—rer
Pth @Pphz @PPM
cl, .| .co

|'R“\co cI~ u‘co

| Pth th E
| HzN |-|2Nﬂ}'%)¢,1 HZN“%W11 ;
: L_NH, _N NH,

Scheme 16. Reduction of ketones via transfer hydrogenation with cyclometalated dicarbonyl
ruthenium catalysts.

A series of cationic and neutral ruthenium(Il) complexes with 4’-(aryl)-2,2":6’,2”-terpyridyl- based
ligands with various aryl groups (tolyl, phenyl, 4-fluorophenyl) were synthesized and characterized
(Scheme 17) [79]. The newly synthesized catalyst series was successfully used in the transfer
hydrogenation of ketones (yield /53-84%, TON/106-172) with a wide substrate scope. The neutral
complexes were catalytically more active than the cationic counterparts because of their reduction
potentials (Eq/5), which were lowered by 0.30 V, promoting the reduction of ketones [79]. Based on
the experimental results, the supposed mechanism is an inner-sphere reduction pathway, including
the formation of a [Ru-H] intermediate in 2-propanol as the hydrogen source (Scheme 9, Scheme 17).
The presence of the [Ru-H] complex was confirmed by 'H NMR spectroscopy and by HR-MS analysis.
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Scheme 17. Reduction of ketones via transfer hydrogenation in the presence of ruthenium(II) complexes
with 4’-(aryl)-2,2":6",2”-terpyridyl ligands.

Ruthenium(II) complexes have gained remarkable attention during the past years, based on
the robustness and high efficiency of these complexes. Transfer hydrogenation, catalyzed by
ruthenium(Il) complexes, have been developed from different aspects, such as the variety of the
ligands. In Scheme 18, several additional contributions towards the synthesis of N,N,N-tridentate
coordinating pincer-type ligands have been selected. The air- and moisture-stable ruthenium(II)
complex, such as complex 36, was synthesized and used for the transfer hydrogenation of ketones
in the presence of IPA under reflux conditions. Excellent activity was attributed to NH functionality,
and to the hemilabile unsymmetrical coordination nature [80]. Complex 37 showed 99% yields
to the desired alcohols, having a (trifluoromethyl)pyrazolyl functionality [81]. Under mild and
aerobic reaction conditions, at room temperature with IPA as the hydrogen donor, ketones and
aldehydes were converted to the corresponding products with complex 38 [82]. Complex 39 with
symmetrical pyridyl-2,6-pyrazolyl ligand was highly active in the transfer hydrogenation of ketones
with a wide structural variety in the presence of IPA as a hydrogen donor [83]. Similarly as complex
39, the symmetrical complex 40 showed high catalytic activity in the transfer hydrogenation of
ketones; the results obtained for complex 40 surpassed those obtained for the cationic counterpart [84].
Complex 41, including 2,6-bis(oxazoline)-pyridine (pybox) ligand and a monodentate phosphite
in its structure was used in the asymmetric transfer hydrogenation of acetophenones-derived
N-aryl imines [85]. Complex 42, with the rigid bifunctional 6,6’-dihydroxyterpyridine (dhtp),
showed no activity in the transfer hydrogenation of bulky ketones [86]. The bifunctional complex
43 (Ru(Il)-(phenpy—OH), phenpy-OH/2-(2-pyridyl-2-0l)-1,10-phenathroline) was highly active,
and showed excellent conversion in the reaction of a wide range of ketones (and nitriles as well)
as substrates with IPA as the hydrogen source [87].

The remarkable success of transfer hydrogenation reactions by the N,N,N-tridentate coordinating
pincer-type ligand family was further proven by Albrecht et al. [88]. Pyridylidene amides (PYAs) were
the choice of usage, because the stabilization of different metal electronic configurations can be applied
without the chemical transformation of the ligand skeleton (Scheme 19) [88]. The combination of the
pincer motif and the PYA donor system leads to ruthenium complexes with excellent activity and
selectivity (Scheme 19) [88].

The catalytic activity and the electronic density at the ruthenium(II) center was tunable, based
on the corresponding substitution of the ancillary ligands of the [Ru(N,N,N)L3] complex (Scheme 19).
Increased catalytic activity was observed in the presence of phosphine ligands, and detailed mechanistic
investigations showed that the origin of this enhancement is based on the lability of the MeCN
ligand and the strong trans effect of phosphines (better substrate coordination and product release).
For carbonyl substrates, up to 490 TOF5q (hr'!) was measured, depending from the complex used
(Scheme 19, equation A), while «,3-unsaturated ketones such as the methyl cinnamylketone were
completely converted to the saturated ketone (4-phenyl-2-butanone) within 30 min (Scheme 19,
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equation B). Selective transfer hydrogenation of «,3-unsaturated carbonyl compounds with Ru, Ir,
and Fe complexes was currently summarized by de Vries et al. [89].

dppm = diphenylphosphinomethane

en = ethylenediamine

L =

NCCH3/NCCH3/NCCH3; NCCH3/dppm; NCCH,/dppe;
PPh3/NCCH3/NCCHj3; NCCHj/en; 4-picoline/NCCHj/4-picoline

' —N L3 dppe = diphenylphosphinoethane
: \

0

1L [Ru] (1 mol%), IPA, reflux
2 1

KOH (10 mol%), 2h R« R?

Substrate scope, selected examples

| with LY/L?/L® = PPhy/NCCH/NCCH |

©/\)j\ [Ru] (1 mol%), IPA, reflux w
; KOH (10 mol%), 2h

Scheme 19. Pyridylidene amide ruthenium(II) complexes for transfer hydrogenation.
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New ruthenium(Il) complexes having pyrazole-phosphine ligands were synthesized and applied
in transfer hydrogenation reactions of alkenes and alkynes (heterocyclic compounds, nitriles and
esters as well) (Scheme 20) [90]. The newly synthesized ruthenium(Il) complex was highly active in
the reaction of alkenes to alkanes (Scheme 20, equation A), and in the formation of E-alkenes from
alkynes (Scheme 20, equation B). Mono- and di-substituted alkenes reduced easily without double
bond isomerization; however, sterically hindered tri- and tetra-substituted derivatives showed no
reaction under the same reaction conditions [90]. Diphenylacetylene was selectively converted to
diphenylethylene, while alkynes with less bulky substituents showed a mixture of E and Z alkenes,
and further converted to the corresponding alkanes (over-hydrogenation). The proposed mechanism
for the TH of olefins is the classic dihydride route [1,90].

i P [Ru] (1mol%), IPA, 80°C P
f '\J/ KO'Bu (4 mol%), 1.5h '\)/
Substrate scope, selected examples
O™ e
\/YO"Pr @
o

i Pz Ph/\r" R i i
, Z [Ru] (2mol%), IPA, 80°C v
i + v
! KO'Bu (8 mol%), 40-72h R ' 1

; ‘ R = H, Me, Pr, Ph, Ph(4-Cl)

'
_____________________________________________________________________________________________________ 4

Scheme 20. Transfer hydrogenation with ruthenium(II) pyrazole-phosphine-type complexes.
2.2.3. Hydrogen Transfer with Palladium

Chemoselective transfer hydrogenation was observed in the presence of pincer-Pd complexes [91].
A wide range of the alcohols were tested as possible hydrogen donor molecules, such as MeOH,
EtOH, "PrOH, 'PrOH, "BuOH, and ‘BuOH. Under the optimized reaction conditions, the most suitable
hydrogen donor was "BuOH, at reflux conditions, good to excellent yields were determined (81-98%)
(Scheme 21) [91]. Deuterium-labeling experiments revealed that the reaction mechanism most probably
occurs via the formation of a pincer-Pd-hydride intermediate.

0, n|
» \\)LRZ [Pd] (2.5 mol%), "BuOH R1\)kR2

K;CO3 (10 mol%), reflux, 1-36h

Substrate scope, selected examples
R'/R2 = Ph/Ph, p-Me(Ph)/Ph, m-Me(Ph)/Ph, o-Me(Ph)/Ph, ‘Pr/Ph, Ph/2-naphtyl,
Ph/2-thienyl, Ph/p-F(Ph), Ph/p-CI(Ph), Ph/p-CF3(Ph), n-pentyl/Me

Scheme 21. Transfer hydrogenation of «,3-unsaturated ketones with pincer-Pd complexes.

Catalytic asymmetric conjugate reduction of (3,3-disubstituted «,(-unsaturated carbonyl
compounds in the presence of chiral Pd complexes (4547, Scheme 22) was reported [92]. In the
presence of ethanol as the hydrogen source, high chemical yields (85-99%) and high enantioselectivity
(74-99%), depending from the actual substrate, was observed (Scheme 22, equation A, catalyst (R)-47).
The approach was also applied successfully in the asymmetric synthesis of warfarin (a well-known
anticoagulant) (Scheme 22, equation B, catalyst (S)-47). In order to gain an insight into the possible
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reaction mechanism, the reaction was carried out in d-ethanol. The results showed that the cationic Pd
hydride generated from the corresponding Pd(y-OH) complex and ethanol can act as a chiral reducing
agent, driving the reaction to the saturated carbonyl species (Scheme 22) [92].

A :
: RZ O [Pd] (2.5 mol%), EtOH RZ O !
; R1J\/IJ\O,V|e 23-25°C, 0.5-6h R‘J*\/U\OMe f
E Substrate scope, selected examples .
i R'/R? = Ph/Et, Ph/'Pr, Ph/°Hex, Ph/CF;, 2-Br(Ph)/Me E
B
. o.__0O .
COMe [Pd] (2.5 mol%) 0.0 COMe '
—_— N
s EtOH, RT, 2h = o ,
OMe Ph OMe Ph
- H 2TfO
P\ /Cl P\ 2+/0H2 2TfO P\ . /0\ . /p P
| Pd | pd « Pd Pd >* «[ =(R)-BINAP
P TCl P° 'OH, P Yo p P
45 46 H
47 S = substrate
H 2TfO" P s
< P\P+d/ Ny > EtOH < P+ O H < N
. e ) < < —~
P/ \0/ \P P/ W Me P/ \H
H H,0 CH;CHO

Scheme 22. Palladium-catalyzed asymmetric conjugate reduction of enones. (RT = room temperature).

Porphyrin-based complexes with inner and outer metals in their structure were investigated in the
hydrogen transfer reaction of chalcone with 1-butanol as the hydrogen source and reaction media (the
catalytic allylation of benzaldehyde was studied in parallel) (Scheme 23) [93]. A porphyrin complex
having palladium as the outer metal showed good catalytic activity, however it was observed that
the 1,4-reduction capability could be further increased with the variation of the inner metal (such
as Zn, Ni). Several homogeneous counterparts such as Pd(OAc),, [PdCl,(PPh3);] and [Pd;(dba)s]
(dba = dibenzalacetone) were tested, but showed no conversion, indicating that the catalytic activity is
linked to the pincer complexes, and not to palladium colloids [93].

Scheme 23. Porphyrin-based palladium catalysts for the transfer hydrogenation of chalcone.

[Pd] (2 mol%), "BuOH o l
K;CO; (5 mol%), reflux, 1h

Ar
PPh,
PCP pincer complexes,
Ar M2—Cl selected examples
M'/M?2 = H,/Pd, Zn/Pd, Ni/Pd
PPh,
Ar

The dominance of the noble metal-catalyzed hydrogen transfer reactions towards homogeneous
catalysis can be seen clearly; nevertheless, interesting achievements based on heterogeneous catalysis
(supported metals or immobilized homogeneous representatives) were presented as well in the

literature [29,94].
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Glycerol as a hydrogen source and solvent was used efficiently in the reduction of alkenes,
and mono- and diarylated alkenes in the presence of palladium supported on activated carbon (5 wt %)
(Scheme 24) [95]. A lower reactivity was observed for the diarylated substrates, due to steric effects,
compared to monoarylated counterparts. A similar trend was observed for 1-hexene and 1-octene,
due to their lower solubilities in glycerol [95].

3 R PdIC. 70°C R3 } Substrate scope
; W/\Rz ’ R? || R1R2IR3 = (CHy),/(CHa)4/H, MeCH(CH,);/MeCH(CH,)/H,
| R’ glycerol, 5h R ' | Ph/H/H, Ph/Ph/H, Ph/H/Ph, "Bu/H/H, "CgH43/H/H

Scheme 24. Transfer hydrogenation with glycerol as a hydrogen donor in the presence of Pd/C.

Palladium supported on activated carbon (Pd/10 mol %) in a combination with triethylamine (NEt3)
was used in conjugate reduction experiments of activated double bond-containing representatives (e.g.,
tert-butyl acrylate, benzylidene tert-butyl ketone, benzylidene-acetone, cinnamonitrile) (Scheme 25) [96,97].

| o o 1
; PdIC, NEt;, 140°C ;
i R/\)km toluene, 16h R/\)kw :

I R/R! = HIO'Bu, Ph/OMe, Ph/'Bu, Ph/Me, Ph/CN ‘

o
—
|

o el NEt, / L
LNJ + R/\)LR1 48
5$ 52 \(g ,g/
) ey

enamine L J
2 N ) N
Yy =—= H-Pd |
J:( ~ H_PdJ\ 49 o K
R 1

(3]

51 /\)L a/insertion of Pd into the C-H bond
1 b / trialkyl-iminium-Pd hydride formation
R R
c / conjugate addition
50 b R
d / enamine formation

Scheme 25. Palladium-catalyzed reduction of alkenes in the presence of triethylamine as a
hydrogen source.

The tertiary amine served as the H-donor molecule. From a mechanistic viewpoint, it was supposed
that, after the insertion of Pd into the C-H bond « to the nitrogen atom (48), a trialkyliminium-palladium
hydride complex forms (49), followed by the conjugate reduction and enamine (53) formation step.
Interestingly, when ethanol was used as the solvent and hydride source, under the same reaction
conditions, no reaction was observed. The scope of the investigations was extended to isomerization
reactions as well [96,97].

H-Transfer reactions of internal alkenes with tertiary amines on carbon-supported noble
metals such as palladium, platinum, and rhodium was studied in the condensed phase [98].
The highest overall catalytic activity was observed for Pd/C (Pd/10 mol %) in the presence of
N,N-diisopropylethylamine, 1-ethylpyrrolidine, and 1-ethylpiperidine, while methyl oleate and
trans-5-decene were used as starting materials (Scheme 26) [98].
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Scheme 26. Noble metal-catalyzed hydrogen transfer in the presence of tertiary amines as hydrogen
sources: Hydrogen transfer via surface complex formation (route A); Reduction with dissociative
adsorption (route B).

Triethylamine and amines with longer alkyl chain (n-butyl, n-pentyl, n-hexyl) showed minor
hydrogen donation abilities. The formation of 1-ethyl-pyrrole (from 1-ethylpyrrolidine) and pyridine
(from 1-ethylpiperidine) was observed, which clearly indicated that the source of the newly
incorporated two hydrogen atoms was the amine [98]. Two modes of activation of the alkene were
described: one possibility if the alkene competitively adsorbs on the metal with the alkyl amine
(Scheme 26, route A), leading to the formation of a metal-alkene surface complex (58); the second is
the dissociative adsorption of the trialkyl amine on the metal surface (Scheme 26, route B), initiating
a direct alkene adsorption (62). It was concluded however, that route B (the sequential way) is
entropically more favored then A (concerted way), and none of the pathways could be excluded.

3. Concluding Remarks

The operational simplicity, the possibility of mild reaction conditions, and high catalytic activity
and selectivity make the hydrogen transfer reactions an elegant way of add hydrogen in a system.
These positive reduction processes operating with hydrogen transfer in the absence of molecular
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hydrogen, deserve a prominent position in the ranks of chemical transformations. The further increase
of the application possibilities, not only in synthetic chemistry, but also for the production of fine
chemicals, can be predicted.

As was discussed for transition metals Rh, Ru, and Pd the dominant route to transfer hydrogen
is the hydridic pathway. The hydridic route can be divided into two further subgroups: to the
monohydride and dihydride mechanisms. As an illustration, rhodium (and iridium as well) follows the
monohydridic route, while the hydrogen transfer in the case of ruthenium is largely determined by the
actual catalyst used. The monohydridic route consists of two subgroups described as the outer-sphere
(without substrate coordination) pathway (stepwise or concerted routes) and the inner-sphere (with
substrate coordination) mechanisms. Nevertheless, the nature of a mechanism is determined by the
chemical nature (electronic and steric properties) of the starting material and the ligand, as well.

Hydrogen transfer is clearly a privileged property of homogeneous catalysts. One of the major
challenges for the future will be how to translate homogeneous understanding to heterogeneous
counterparts. In the case of a supported metal-based heterogeneous catalyst, one can manipulate the
surface properties, and with these modifications, manipulate the adsorption/desorption capabilities of
substrates on the surface, or influence the nature of a catalytically active site (particle size tuning, guest
metal used). A heterogeneous system with all of its advantages (e.g., easy separation, recyclability,
relatively long lifetime) and with the possibility of asymmetric hydrogen transfer, without coverage of
the surface with a chiral component, would represent a remarkable step forward in this field.
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