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1. Introduction

The remarkable development in homogeneous enantiose
lective catalysis reflected by the Nobel prizes in 2001
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attention to the fascinating properties of chiral surfaces and
their applications in enantioselective catalysis. Various
strategies have been pursued to design solid enantioselective
catalysts, that is, to combine catalytic activity with a suitable
stereochemical control of the reaction. Among these ap-
proaches, only modification of the catalytic metal surface
by a strongly adsorbing chiral compound, termed as a
modifier, has as of yet synthetic potential. (Immobilized
chiral metal complexes traditionally belong to homogeneous
catalysis and will not be discussed here.) The progress in
the past years in heterogeneous enantioselective catalysis is
indicated by the rapidly growing number of scientific
publications and also by the expanding circle of highly
enantioselective synthetic applications (for recent general
reviews, see refs-15). The relevance of chirally modified
metals in asymmetric synthesis induced a flourishing of
surface science studies aimed at understanding the funda-
mental properties of chiral surfac&s3

Presently, there are two main directions in catalysis at
chiral metal surfaces. A major group of scientists are engaged
in the discovery of new synthetic applications, apparently
with only marginal interest in the surface science aspects of
the reactions; in some cases, it is not clear at all what the
role of the solid surface is. On the other hand, surface
scientists focus on the fundamental aspects of idealized chiral
surfaces, and the catalytic action under practical conditions
remains in the background. We attempt here to combine these
two approaches since we are convinced that the use of surface
sensitive techniquesand also sophisticated calculations
involving the metal surfacewill provide a fundamentally
different view on how chirally modified solids function and
will help replace the trial-and-error type catalyst development
by a more rational approach.

Although sufficient references are provided to early results,
the emphasis is on new developments in the past1B0
years and on those applications that offer some synthetic
potential, represent a new idea, or help us to understand the
origin of enantioselection. At first, a brief overview is
provided on the various approaches used in heterogeneous
asymmetric catalysis and on the fundamental features of
chirally modified metals. The next major part is devoted to
the synthetic application of chirally modified metal catalysts
categorized by the reaction types. Some interesting phenom-
ena related to the chiral modification of metal hydrogenation
catalysts are highlighted in the final part.

awarded to Sharpless, Noyori, and Knowles has further 2. Strategies in Heterogeneous Enantioselective
spurred the interest in chiral catalysis and with that also the Catalysis
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surface sites the reaction may proceed without any stereo-
chemical control (Figure 1).

/777 chiral support /0

Figure 1. Schematic representation of a metal particle deposited
onto a chiral surface. Only the peripheral atoms (black) among the
surface-active sites (gray) are in direct contact with the support.

Elisabeth Orglmeister studied Chemistry at the University of Vienna,

Austria, where she received her Master's Degree in Organic Chemistry The most famous example is silk-supported*Ridat gave

in 2002 under the supervision of Edda Goessinger. At ETH Zurich, 66% optical yield in the hydrogenation of benzylidene
she continued research in heterogeneous catalysis in the group of oxazolidone, but later, these results could not be repro-
A. Baiker; synthetic modifiers were the main topic. During her Ph.D. duced®® One may speculate that the use of strongly acidic
Ztudieas (completed in 2007), she became the mother of two lovely medium during deposition of Pd onto silk might lead to
aughters.

degradation of the natural organic polymer and that its
soluble fragments acted as chiral modifiers on the Pd surface.
adsorption and catalysi$.2* From a practical catalysis point  This explanation would also rationalize the difficulties in
of view, the most promising solid enantioselective catalysts the reproduction.

are metals modified by the addition of a soluble chiral

compound. This approach, which is the main topic of the 2.2. Naturally Chiral Solids

present review, will be considered in sections53 Other
chiral solids that are less attractive for asymmetric synthesis
are shortly reviewed here in this section.

The application of an intrinsically chiral surface as
enantioselective adsorb@iseems to be promising, although
the following excellent example is very specific. The

. . asymmetric addition of diisopropylzinc in the presence of
2.1 Metal or Metal Oxide on a Chiral Support d- andl-quartz afforded theS)- and R)-pyrimidyl alkanols

An early idea is the deposition of a catalytically active as the major enantiomers, respectively (Schen#3)The
metal or metal oxide onto a chiral support. The application probable origin of enantioselection is the enantiospecific
of quartz?>23 cellulose?* or synthetic chiral polymef&28 adsorption of the aldehyde via the electron-rich O- and
led to poor enantioselectivities in hydrogenation and dehy- N-atoms on the chiral surface of quartz, and even a small
dration reactions. The disappointing results are understand-mbalance [0.6% initial enantiomeric excess (ee)] is multi-
able when considering that only a fraction of the total surface plied by asymmetric autocatalysis. Interestingly, the potential
metal atoms, those at the metal/support interface, are in directof quartz as a chiral discriminator is considered to be low
contact with the chiral support, whereas on the rest of the as compared to other chiral soliéfs.
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Scheme 1. Chiral Pyrimidyl Alkanol Is Produced with film was electrodeposited onto an achiral Au(08%} or
>99.5% ee Via Enantiospecific Adsorption on Quartz and Cu(111¥® surface, the chiral orientation in the oxide film
Autocatalysis* was controlled by the chirality of hydroxy or amino acids
H._O present in the deposition solution. Small differences in the
2 rate of electro-oxidation o R)- and §9)-tartrate provided
Z the experimental proof for chiral recognition at the CuO film.
Ny N The concept of generating a solid surface in the presence
of a chiral organic molecule may be an attractive route for
fl * }Z"{ the preparation of practical enantioselective catalysts. There

are several reports on the synthesis of metal nanoparticles
or supported metals in the presence of a chiral auxiliary
(termed as ligand, modifier, or colloid stabilizer), but there
is yet no evidence to the superiority of these surfaces in
enantioselective catalysis, as compared to conventional
chirally modified metal$-4°

diisopropylzinc

d-quartz -

1. portionwise addition of both

H._0
3. Chirally Modified Metals: Fundamental
“ Aspects
NS The addition of a strongly adsorbing chiral molecule to a
[ }Zn{ (supported) metal catalyst is by far the simplest and most
elegant approach to create a catalytically active chiral metal
N/jjj()H surface (for early reviews, see refs 30 and-56). Continu-
| ous progress in the past decades led to some synthetically
- = N useful solid catalysts. The subsequent discussion in this

section is confined to the best understood application of

. 2Ha chirally modified metals, the hydrogenation of unsaturated
An intrinsically chiral metal surface may be created by compounds.

cutting single crystals along specific planes. Kinks at high

Mi!ler index metal surfaces (Eiggrg 2) are consideyed_ as 3.1, Efficient Chirally Modified Metal Systems

chiral when the length of the individual steps constituting

the kink sites is different and can be defined analogously to  The concept of chiral modification has been applied
the Cahr-Ingold—Prelog rules$ Enantiospecific adsorption ~ primarily to the Pt group metals and Ni, and there are only
of the reactant may induce chirafi§? 38 as evidenced by @ few catalyst systems that afford high enantioselectivity
the different rates of the electro-oxidationmfandL-glucose ~ (>90% ee). Commonly used modifiers are the naturally
on Pt(643) and Pt(431) sitd<hiral molecules may adsorb occurring cinchona alkaloids and tartaric acid (TA) (Figure
enantiospecifically at chiral kink sites also on a macroscopi- 3). The only synthetic modifier that offers better than 90%
cally achiral surface that contains equal amount® ahdS ee is pantoylnaphthylethylamine (PNEA) (Figure>3).
kinks3® Major obstacles for synthetic application of this ~ The Raney Ni-TA—NaBr system has been established
approach are the low population and limited stability of ideal as the choice for the hydrogenation of unfunctionalized and
chiral kink sites24%4A symmetry analysis of metal crystals ~f-functionalized ketone$>° particularly 5-ketoesters and
displayed that stepped bcc surfaces are also chiral even in3-diketones (Figure 4). Platinum modified by cinchona
the absence of kinks and they are more stable and betteialkaloids is the best catalyst for the hydrogenation of
suited to asymmetric catalysis than kirfksalthough the activated ketones. Better than 90% ee has been reported for
majority of the surface sites is still achiral and should provide o-ketoester§?¢! ketopantolacton&, pyrrolidine-triones’?

racemic products. a-ketoacetal§+5° a-ketoethers® a-diketones’” anda,a,a-

: . L trifluoromethyl ketone¥®:%8 (Figure 5). Chirally modified Pd
2.3. Synthesis of a Chiral Solid in the Presence has the broadest application range, including the highly
of a Chiral Auxiliary selective hydrogenation of 5-unsaturated carboxylic acfds

Electrodeposition in the presence of a chiral compound and 2-pyrone® (Figure 6). Beyond hydrogenations, Pd is
may lead to a catalytically active chiral surface. When a CuO the choice for heterogeneous enantioselective hydrosilyla-

DR P B L TP
|':.‘~‘30:t°n" L
L/

foc(643) fec(643)

Figure 2. Ball models of the mirror images of the chiral fcc(643) surfaces; the step edges are marked. Reprinted with permission from ref
6. Copyright 2001 American Chemical Society.
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O-Methyl-cinchonidine MeOCD H Vinyl Me o o °
O-Methyl-dihydrocinchonidine  MeOHCD H Et  Me A o o
FsC OBt 4 o
Quinine QN OMe Vinyl H CH OH
Fst\/u\
MeOCD PNEA MeOHCD
ee=96% ee =93 % ee =92 %
Figure 5. Hydrogenation of these ketones represents the most
selective applications of chirally modified Pt (as Pt@4; for
abbreviations of the modifiers below the formula, see Figure 3).
COOH
_ OMe
Cinchonine H Vinyl H O O ‘ SN
Quinidine QD OMe Vinyl H o 0o
MeO OMe
Pd/C + CD Pd/TiO; + CN
ee =92 % ee =94%
HOOC Figure 6. Pd modified by CD or CN is highly selective in the
JOH hydrogenation of €&C bonds functionalized in the-position.
HO Lo . .
COOH probably due to deviations in the adsorption of substrate and
modifier, but the details are as of yet poorly understood.
Tartaric Acid Pantoylnaphthylethylami " : ;
antoylnaphthylethylamine 3.2. Origin of Enantioselection
TA PNEA

Figure 3. Best chiral modifiers for hydrogenations on Pt group There are anal_ogle_s between a soluble tran_SItlo_n metal
metals and Ni: cinchona alkaloids and their simple derivatives, complex possessing ligands as the source of chiral informa-

TA, and PNEA. tion and a metal surface where the adsorbed modifier controls
the stereochemical outcome of the surface reaction. The latter
@ @ @ Q9 catalyst system is, however, far more complex and structur-
v)j\/u\OMe M ally less defined. The chiral modifier interacts with not one
single transition metal atom but an ensemble of surface metal
ee =986 % ee=91% atoms (Figure 739 and the metal surface imposes substantial
Figure 4. Outstanding examples on the hydrogenation3dde- geometrical constraint for the modifiesubstrate interaction.
toesters ang-diketones on the NiTA—NaBr system. In addition, homogeneous catalysts typically have a single
type of active site, while the surface geometry of practical
tion,”* enol isomerizatiori? and allylic substitutiof? reac- metal catalysts is intrinsically heterogeneous, containing

tions. Reports on the application of other Pt group metals various types of surface sites with different coordination
are sporadic, and the enantioselectivities are less attractive(terrace, step, edge, kink, vacancy, and adatom) and thus

The key component of chirally modified metals is the different adsorption properties. Typically, the adsorption
modifier that generates chiral sites by its adsorption on the strength and geometry change with coverage and coadsor-
metal surface. In most cases, the chiral modifier is simply ption of other compounds (substrate, solvent, and hydrogen).
added to the reaction mixture containing the catalyst. SeveralAs a result, the mechanistic models developed for chiral
procedures have been developed for fine-tuning the chiraltransition metal complexes provide only strongly limited help
modification step, in particular for the Raney -NTA to understand the functioning of chirally modified metals.
systen®’.7476 phut these pretreatments are not inevitable to  An essential deviation from asymmetric catalysis by chiral
induce enantioselectivity. The pool of efficient chiral modi- complexes is that truly in situ spectroscopic investigations
fiers is tiny, and the individual modifiers seem to be highly are rare in heterogeneous asymmetric catalysis and yet are
specific to the metal. For example;hydroxy-carboxylic limited to the study of substratanodifier interaction$!-82
acids work excellently with Ni but not with Pt, and The adsorption mode of the modifier and substrate on the
cinchonidine (CD) is the best modifier for Pt but useless for metal surface during their interaction is only speculated based
Ni and Ru’®7°The origin of almost enzymatic specificity is on ex situ measuremefits!®® and theoretical calcula-
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(b) (R,R)-Bitartrate (S,S)-Bitartrate
[-114] [1-14]

Figure 9. Adsorption models of the bitartrate phases of the two
enantiomers on Cu(110). Reprinted with permission from ref 121.
Copyright 2004 American Chemical Society.

in pyruvate hydrogenation. Later, the authors found by LEED
and XP$6 that quinoline and 10,11-dihydrocinchonidine
(HCD) did not form ordered arrays, and they revised the
SVB(1) model to emphasize the role of 1:1 type substratedifier

. . . interactions that can explain important catalytic observations,
Figure 7. Representative, stable adsorption modes of CD on a Pt for example, the “ligand acceleratioR?” Subsequent sur-
38 cluster used for simulation of a Pt(111) surf&t80(3): parallel L . . - .
adsorption in a quinoline-bound Open(3) conformation; the OH face sensitive sp_ectroscc_)plc and scanning tunneling micros-
group interacts with Pt, and the quinuclidine N points toward the COPY (STM) studies confirmed the disordered adsorption of
surface. SC(1): parallel adsorption in a quinoline-bound Closed- cinchona alkaloids and other amine type modifiers on
(2) conformation; the quinuclidine N points toward the quinoline Pt83.96.118
ring. SQB(1): parallel adsorption mode bound via the quinoline  More recently, STM detection of long-range ordered

ring and the quinuclidine N. T(1): tilted Closed(1) conformation _ ; ; e _
bound via the quinoline ring “upside down”. SVB(1): “upside patterns ofx-hydroxycarboxylic acids on Cu and Ni single

down” adsorption of Closed(2) conformation bound via the vinyl Crystal_surfaces (F'gure_g) led to th? reVIva_I of the conce_pt,
group; this is the most stable adsorption mode, but the vinyl group @ssuming that the origin of enantioselection on the-Ni
is hydrogenated rapidly under reaction conditions. tartrate system is the adsorption of jfiketoester substrate
on the chiral assemblies of metal atoms left free by the
ordered modifiet!® 122 The relevance of long-range ordering
on the small and irregular particles of practical metal catalysts
is, however, questionable. It is more probable that direct
substrate-modifier interactions controlled by hydrogen
bonding and steric effec¢s'?*are at the origin of better than
98% eé?* achieved on Raney Ni. Jones and Baddeley have
recently found by reflection absorption infrared spectroscopy
(RAIRS) that ordered arrays of glutamic acid on Ni(111)
are catalytically unimportant and that one-to-one molecular
interactions seem to control the enantioselection.

It has been shown that single-crystal surfaces covered by
ordered superstructures of chiral molecules possess enantio-

Figure 8. Proposed relative surface structures of CD and methyl selective adsorption p_ropert|é§7129 It is pOSSIbIPT that-
pyruvate, both adsorbed on a Pt 31 cluster (DFT calculations), which ordered fstructures of simple (;hlral molecules leaving chiral
allow an H-bonding interaction (not showHf. Note that such ~ €MPty sites for the adsorption of another molecule are
interactions can occur due to the conformational flexibility of the important in enantiospecific adsorption at single-crystal
quinuclidine moiety. surfaces, but we assume that the contribution of molecular
interactions to the observed small enantioselection is more

tions192-112 Hence, it is not astonishing that remarkably important.
different mechanistic models have been proposed for the (iii) Adsorbate-induced restructuring of metal single-crystal
most studied reactions, and even the basic elements of thesurface&°and the remarkable changes in the shape and size
origin of enantioselection are debated. of colloidal3'132 and supported metdf particles during

(i) The majority of scientists agree that direct modifter ~ catalytic reactions are well-known phenomena. The analo-
substrate interactions on the metal surface are responsiblegous enantiospecific surface restructuring of achiral Cu, Ni,
for enantioselection. The variations in the details of molecular and Ag single-crystal surfaces under the molecular adsorbate
interactions will be discussed in the subsequent sections; herelayer of various chiral compounds has been demonstrated
only one example is shown in Figure 8 for illustratidf. by STM analysig1®134138 Enantiospecific restructuring by

(i) Another concept is supramolecular chirality at the chiral adsorbates involves both the physical and the electronic
metal surface. The first version, the so-called template modelstructure of the underlying metal surfa®3 Tungler and
from Wells’ group#!15assumed that ordered arrays of CD otherd?%'4°proposed that enantiospecific surface restructur-
on the Pt surface are responsible for enantiodifferentiation ing induced by chiral adsorbates may be relevant in asym-
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metric catalysis over chirally modified metals, but convincing
experimental evidence for this assumption is missing.

(iv) In polycrystalline metal catalysts, the amount of left-
and right-handed chiral kink sites is equal and the metal )OJ\I(O\/

Substrate Modifier ee (%)

surface is macroscopically achiral. In theory, a chiral modifier 87

can adsorb selectively on thR)¢ or (9-kink sites, leaving o

the opposite types of sites exposed to interact with the

substraté:1*°This concept that is analogous to selective chiral

poisoning of soluble metal complexXéscannot rationalize o

the high enantioselectivities achieved with chirally modified

Ni, Pt, and Pd. The fraction of chiral surface sites that might W

be generated by selective poisoning is low, and racemic °©

product would be formed on the rest of the active sites.

Besides, the model contradicts key experimental observa-

tions, such as the indiscriminative and structure insensitive ‘X([S;

o

o

70

adsorption of chiral amine and amino alcohol type modi-

H 3 o
fiers’838%and their high mobility along the metal surfaR8¢8 N’%;
4. Asymmetric Reactions at Chirally Modified o 9 OO
Surfaces F3C)J\/U\ %

Enantioselective hydrogenation of unsaturated functional . B . .
groups is the most studied application of chirally modified Figure 10. Best synthetic modifiers designed for the hydrogenation
metal catalysts. Below, the hydrogenation 6£Q, CG=C, of anon_-ketoestelil,gga61,2-d|ketoné,78 ketopantolacton&! and an
and G=N bonds is discussed in the order that corresponds a-fluorinated ketoné:

to the attractiveness of the results from a synthetic point of . . e
view. There are only sparse studies on other reaction types;.catalyStS' Some outstanding synthetic modifiers are shown

nevertheless, these excellent examples demonstrate thd Figure 10. The reactions are usually performed under mild
general applicability of chirally modified metals as solid Cconditions, ?ﬁgﬁ;"ght'y below room temperature (r.t.), and
enantioselective catalysts. at 1-10 baP197.19(sometimes up to 100 bar); the preferred

media are toluene, acetic acid, and chlorinated solVeéfts>
The importance of surface morphology and catalyst pre-

4.1. Hydrogenation of Ketones treatment is discussed separately in section 5.1. The modifier/

4.1.1. a-Functionalized (Activated) Ketones substrate molar ratio (M/S ratio) necessary to obtain the
] N ) highest enantioselectivity is relatively low as compared to
Catalysts, Reaction Conditions.The discovery ofx-ke- other metals; it may be reduced to as low as 4 pffthis

toester hydrogenation on cinchona-modified Pt by Orito’s advantageous situation is attributed to the strong adsorption
group in the late seventies initiated a new wave of interest of CD on P#7%° and to the relatively low activity of Pt in

in chirally modified metals?>44 The application range of  the saturation of the aromatic ring (“anchoring moiety”) of
this catalyst system has been extended to several othethe modifieP°°-205 whose side reaction weakens the adsorp-
ketones possessing an electron-withdrawing functional grouption on the metal surfacé? The feasibility of continuous

in a-position, as illustrated with the outstanding examples flow operation has also been sho##f206-210 including the

in Figure 5 (see also some recent rewe&@ﬁSPrgsently, _ application of supercritical solventst Continuous operation
this is the most studied and understood reaction class inwith feeding of the modifier in trace amounts can afford

heterogeneous enantioselective catalysis, and hydrogenatiopetter than 90% ee at very high reaction rates [turnover
of pyruvate esters has emerged as a commonly used tesfrequency (TOF)= 84000 h1].212
reaction. o-Ketoesters.The Pt-cinchona system is highly efficient
Despite the extensive efforts of many research groups toin the hydrogenation ofi-ketoesters and transforms them
invent new catalyst systems, the most used catalyst is stillto the corresponding alcohols with excellent yields and up
supported Pt modified by a cinchona alkaloid, preferentially to 96—98% egf0.61.198.213217 The steric and electronic effects
CD or its O-methyl derivative O-methyl-cinchonidine  in the substrates are relatively small when Pt is modified by
(MeOCD) (Figure 3). Other chirally modified met&lg®14®  cp 218 put they are more pronounced when additional
including Rhi9147152 Ru,/"153 Pd5#7159 and %9182 are  pylkiness is introduced in the modifig®21” The probable
usually inferior to Pt in ketone hydrogenation. explanation for the changes shown in Table 1 is that the
The efficient chiral modifiers of Pt possess an extended methoxy and phenoxy groups of quinine (QN) and PhOCD,
aromatic ring that allows strong adsorption on the metal respectively, occupy a part of the chiral sites available for
surface (“anchoring moiety”), a basic N atom that interacts adsorption of the ketone, and also the position of the
with the ketone, and one or more stereogenic centers in thequinuclidine N atom is shiftedl® Variation of the aryl
neighborhood of the other two functions to induce enantio- substituent at the keto side reveals interesting electronic
selectivity and to provide the necessary conformational rigid- effects (Table 1, entries 3 and-B). With all three modifiers,
ity.163-167 A broad range of alkaloids and derivativ€%168 180 the electron-releasing methoxy groups lead to the highest
various chiral amine¥$18+184 amino alcohold81% amides ee and the electron-withdrawing €groups to the lowest
and amino-phenol®! alcohols and diol$?*'°2amino acids  ee. In o-ketoesters, the keto-carbonyl group is already
and derivative$?11931%hydroxyacids; and organotin com-  activated by the ester function, and apparently, additional
pound$>119519%have been tested to extend the circle of useful activation from the ketone side is detrimental to the enan-
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Tartgle 1. Steric ar;d Elge/ctéogcbgﬁ&ctz,}n éhg Hé/grogilnatiog of would not be the different stereogenic centers in the
o-Ketoesters on 5 wt % P1/ALOs Modified by CD, QN, an diasteromers but rather the different orientation of the

O-Phenyl-cinchonidine (PhOCD) (Toluene, 10 bar, rt} quinoline rings of the alkaloids toward Pt (flat vs tiltedj.
Entry  Substrate cD QN PhOCD This interpretation, however, contrasts to recent time-resolved
o] ee (%) ee (%) ee (%) STM studies on Pt(111) and Pd(111) single crystals that
R1)H1/O\R2 revealed similar adsorption geometries but different mobili-

) ties (adsorption strength) of CD and CN.

No clear conclusion could be deduced from spectroscopic
1 Me Et 80®R 21(R) 21(S measurements on the adsorption geometry of pyruvates

2 tert-Bu Et 56(R) 12(R) 41(5) during hydrogenatiof®??°According to DFT calculation¥?
interaction of the keto-carbonyl group with the metal surface

3 Ph B8R R SO leads to rehybridization of the carbonyl C aft#%3! and
4 Ph tertBu 95(R) 89(R) 78(S) the loss of the “planarity” of the adsorbed pyruvate molecule
o (Figure 8), which simplified geometry is a general assump-

5 Et 92(R) 75(R) 52(S) tion in the mechanistic models. In addition, ttis position

\Q of the two carbonyls is energetically favored.

. } A major source of difficulties in the spectroscopic analysis
\Qﬁk B TR T8R 68 o_f the subsj[ratemodlfler—metal interactions |s.the numerous
side reactions of activated ketor#és,including the Pt-
F catalyzed decarbonylati#i¥?**and oligomerizatiori¢23and
the amine-catalyzed aldol reaction and cyclizafi#n.

7F3C\©H‘ B 68(R) 4T(R) 48(S) In the absence of reliable experimental evidence, most
mechanistic ideas are based on assumptions and (at best)
CFa calculations. In most cases, the models assume two interac-
MeO ) tions between the amine type modifier and the ketone: an
o N—H—016237241 or N—C type attractive interactigf? 244
8 \Q Et 94® 8K® 73 and a second attractive or repulsive interaction that directs
OMe the adsorption of the ketone on $%24°

The first concept based on an—-#—O type H-bond
between the protonated amine modifier and the keto-carbonyl
86(R) 60(R) 31(S) O atom is traced back to 199%,246 and the model was
improved remarkably throughout the ye&$.The main
feature of this model was corroborated later by sophisticated
calculation&®®113.247 gand in situ spectroscopic measure-
tioselection. This conclusion is supported by the observation ments?*#2 To explain the source of H in the complex,
that hydrogenation of the deactivated ketone acetophenoneoriginally it was assumed that in acidic medium the proto-
on the P+CD system is poorly selective, but introduction hated quinuclidine N is involved in the-NH—0O bond, while
of electron-withdrawing CEgroups in the phenyl ring [in  in aprotic medium (e.g., in toluene) the basic quinuclidine
3,5-bis-(trifluoromethyl)acetophenone] enhanced the ee upN atom interacts with the half-hydrogenated state of the
to 60%322° ketone!®4248|t has been demonstrated recently that the Pt
The numerous mechanistic concepts advanced in the pashydrogen system is acidic and can protonate pyridi&?*
years will be presented here as an illustration to the role of and CD° Thus, we assume that the protonated modifier
surface science aspects in understanding the enantioselectioglways is the interacting species and it is unnecessary to
at metal surfaces. The models usually consider CD as thepostulate the stabilization of the half-hydrogenated state of
source of chirality, with only a few attempts to extension to the ketone by the amine modifié¥:
other modifierg11.118.164,188,221 A less clear point is the nature of the second interaction
There is a general consensus that adsorption of thethat ensures the preferred adsorption mode of the ketone on
modifier on Pt generates chiral sites for adsorption of the the re or si face. Stimulated by the steric and electronic
ketone. Two major adsorption modes of CD have been effects in the hydrogenation ef-ketoesters (Table 1) and
identified by various surface science techniques: a weakly trifluoromethyl ketoneg>® we now assume that not a
adsorbed species with the quinoline ring being in a tilted repulsive interactiof??° but the directing effect of the
position and a strongly adsorbed (“flattrbonded species  activating functional group determines the adsorption mode
where the aromatic ring is oriented nearly parallel to the of the ketone. This directing effect is related to the electronic
surface (Figure 737:88.90.91,93,94,100.22224 |t |5 commonly environment of the preadsorbed chiral modifier and is largely
assumed, but not proven, that the “flat” species interacts with independent of the steric bulkiness on any side of the
the ketone during hydrogenation and the tilted modifier is ketone?'7:253Thus, the activating functional group enhances
only a spectator species. Note that calculations indicate farthe reactivity of the ketone and also guides its adsorption
more possibilities for adsorption of CD on $#% due to mode in the neighborhood of the chiral modifier. This
the conformational complexity of the alkaloid (various open concept can rationalize why the excellent performance of
and closed conformer8y 22" and to the multiple functional ~ cinchona-modified Pt is limited to the hydrogenation of
groups that can interact with Pt (quinoline ring, quinuclidine activated ketones. The illustration in Figure 11 is based on
N, and the G=C function) (Figure 7). Interestingly, Bako the stereochemical outcome of the hydrogenation reactions
et al. proposed recently that the reason for the inversion of and the presence of CD on Pt as a protonated sp&€ies,
the major enantiomer by replacing CD with cinchonine (CN) independent of the reaction medium. TH®-product is

©
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a)

N

H 6.0 N7 “HioH
R b
R; OR, 5C J o

Ry, Ro: alkyl, aryl /}\(
1, K2 yl, ary g

b) J O~cH,
/ax Figure 13. Schematic illustration to the formation of a six-
\ membered ring between CD and methyl pyruvate, according to
ThH Augustine2st

Oy4F 2

FE R b)
R: Me, OEt

Figure 11. Interaction of CD (protonated by the-Ptl system}10
with (a) an a-ketoester, (b) a trifluoromethyl ketone, (c) a
trifluoromethyl3-ketoester (R= OEt), or a trifluoromethy|s-
diketone (R= Me). According to Baiker et aPl” these adsorption
modes result in the formation of the major enantiomer by hydrogen
uptake from the Pt surface.

Figure 14. Mechanistic models for the hydrogenation afke-
toesters on CD-modified Pt suggested by Begaroupl98.263

since many important details of the substrateodifier
interaction and adsorption of the ketones are unknown. For
example, protection of the OH function of CD has barely
any influence on the enantioselectivity in pyruvate hydro-
genatior?>6but it can increasé’ or decreas®®the ee in the
Figure 12. Two-point H-bonding model applied for CD and methy hydro_genanpn of quorma_Lted ketones, and_even the op_posne
pyruvate241245s enantiomer is produced in (small) excess in the reduction of
1-phenylpropane-1,2-diorf®® aryl-substituted acetophe-
formed with CD in the hydrogenation ofi-ketoesters  nones’®® and a-hydroxyketoneg®®
(Scheme 11a) and simple aliphatic and aromatic trifluoro- A popular concept is the nucleophilic attack of the
methyl ketones (Figure 11b). In contrast, hydrogenation of quinuclidine N atom on the keto-C atom of the substrate.
a trifluoromethyls-ketoester and A-diketone gives theSj- The model originating from Augustif®26! predicts two
alcohol as the major enantiomer (Figure 11c). It seems thatattractive interactions between the quinuclidine N and the
the carbonyl group is a stronger directing function than the O atoms of CD and the two carbonyl C atoms of the
activating trifluoromethyl group and inverts the adsorption a-ketoester (Figure 13). The formation of the rigid six-
mode relative to that of simple trifluoromethyl ketones. This membered ring complex on the Pt surface is unlikely due to
hypothesis can also interpret the unusual electronic effectssteric hindrance, particularly when the O-methyl derivative
in the hydrogenation of aromatia-ketoesters (Table 1), of CD (MeOCD) is used. In addition, neither methylation
namely, that activation of the carbonyl group should come nor removal of the OH function of CD hinders the enantio-
from only one side due to the critical role of the electronic selection in pyruvate hydrogenatidfit, contradicting the
effect in enantioselection. Note that the role of the OH equal importance of the two interacting functions of CD.
function of cinchona alkaloids is not yet clear, as will be  Bartck advanced several models farketoester hydro-
discussed below. genation with the major common point that the quinuclidine
A different idea was proposed by McBreen, assuming a N atom acted as an electron pair do#r243:262265 |n an
H-bond between the quinuclidine N of CD and the ester early version, the N and O atoms of CD and the two carbonyl
carbonyl of the substrafél?>4255The latest version, the O atoms interact with a surface Pt atom (Figure P43
“generalized two-point H-bonding model”, assumes a second, This surface complex may be considered as an analogy to
bifurcated H-bond involving two aromatic H atoms of the three-dimensional metaligand—substrate interactions in
modifier at 3- and 6-positions and the O atom of the keto- homogeneous catalysis, but it is disfavored on a metal surface
carbonyl group (Figure 121245 According to this model,  due to steric effects. According to the most recent version,
the cinchona alkaloids quinidine (QD) and QN, which the second substratenodifier interaction that controls the
contain a methoxy group in thé-position (Figure 3), should  adsorption of the ketone is a H-bond involving an aromatic
be ineffective in contrast to the experimental observations H of the quinoline ring (Figure 1403¥8 The critical point
(see, for example, Table 1). In addition, the interacting here is the efficiency of QN and QD as modifiers that cannot
complex is suggested to be valid for the hydrogenation of be explained by this model, as discussed previously in
all activated ketones on Pt. This extension is challenging relation to McBreen’s modef!24
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Scheme 3. Hydrogenation of 2-Oxoglutaric Acid on Pt
Modified by O-Methyl-10,11-dihydrocinchonidine
(MeOHCD) Gives 92% ee (in Water, at 25 bar and 0°C)277

.

HOOC COOH

PYAILO;

Figure 15. “Shielding model”: during adsorption of the complex
H,, MeOHCD

formed in solution, CD is located above, not beside, the adsorbed
ethyl pyruvate?’?

-

COOH
Scheme 2. Enantioselectivities in the Hydrogenation of /\/cﬂ'l -Hx0 o
Ketopantolactone on Pt Modified by CD, HooC COOH| — =~
N,O-Dimethyl-cinchonidine (N,0-DMeOCD-ClI),?’® and S
NED192
o] OH Scheme 4. Enantioselective Hydrogenation Combined with
P/AI,03 . Kinetic Resolution, Affording up to 90% ee to
0 > ° (R)-3-Hydroxybutane-2-one (Pt/AbOs, HCD)®
O Ho, modifier lo] OH
slow )ﬁ/
modifier ee (%) OH / OH
cD 915(R) /'\H/ % T
N,0-DMeCD-Cl 445 (S) Q / o / /'\/
NED 25 (R) OH OH
\ S fast
o :
OH
The nucleophilic attack of the quinuclidine N might lead Y
to a zwitterionic intermediate with the activated ketone and OH

provide the basis for enantioselection, as suggested by Sun

and co-worker¥* and later by Bartk's group??8.266.267 a-ketoacids; other metals perform poorly (Schemé’8j7”
Although the model has been justified by NMR analysis in The reactions require polar (agueous) medium, and the loss
acetone solutioR%® 268 jt seems that the experimental of ee with K or Na salts ofu-ketoacids™ indicates the
evidence is based on erroneous interpretation of the sigfflals. importance of acietbase type substratenodifier interac-
Steric hindrance against the interaction of the amine modifier tions. The enantioselection obtained with quaternary cin-
with cyclic ketones and the regioselectivity of the hydro- chonidinium salt¥® extends the circle of the mechanistic
genolysis of the hypothetical zwitterionic intermediate are differences between the hydrogenationoeketoacids and
further critical points to be considerét. o-ketoesters.

Margitfalvi also predicts an NC type interaction between o-Ketoamides Hydrogenation ofa-ketoamides on CD-
the quinuclidine N and the C atom of the ketone, but he modified Pt/AbOs; is not an attractive route to the corre-
rejects the strong adsorption of CD on Pt via the quinoline sponding chiral alcohols (3460% ee)2’828° but reduction
ring. Instead, his “shielding modéf®272 postulates the  of cyclic imidoketones, such as pyrrolidine-2,3,5-triones,
formation of a complex in solution between theketoester affords up to 91% ee (Figure 5)28!
and the alkaloid, the subsequent adsorption of the complex «-DiketonesThe high enantioselectivity in the hydrogena-
on the metal surface (Figure 15), and desorption of the tion of a-diketones on cinchona-modified Pt is due to a
alkaloid and product after hydrogen uptake. The model is combination of enantioselective reaction and kinetic resolu-
disfavored due to energetf€ and kineti@’® considerations,  tion.8”282 In the complex reaction route (Scheme 4), the
and it contradicts the experimental observations corroboratingmedium ee in the first step is increased up to 90% via further
the strong, almost irreversible adsorption of CD or?%%. transformation of the hydroxy-ketone intermediate to the 1,2-

Other Activated Ketones.KetopantolactoneDespite the diol. The synthetic potential of the method is limited by the
rigid structure of ketopantolactone, its hydrogenation is very low chemical yield, usually less than 30%. Other reactions
similar to that of acycliax-ketoesters, with up to 91.5% ee investigated are the hydrogenation of hexane-3,4-dighe,
to (R)-pantolactone on CD-modified B%27#This similarity, 1-phenyl-1,2-propanedione 0% ee)?*and cyclohexane-
however, disappears when using other modifiers. 1-Naphthyl- 1,2-dione (81% e€f® Supported Pt in the presence of CD
1,2-ethanediol (NEDBYJ? and quaternary cinchonidinium is the best choice also for this reaction class; replacement of
saltg7> are moderately selective in ketopantolactone hydro- Pt by other Pt group metdfsé2 and that of CD by other
genation (Scheme 2) but give racemic products in pyruvate cinchona derivatives or analogous chiral amino alcdfflé’
hydrogenation. In the case of cinchonidinium salts, the diminished the enantioselectivity.
probable origin of enantioselection is an electrostatic interac- There is no unambiguous conclusion yet concerning the
tion between the cinchonidinium cation and the free electrons reaction mechanisi”:19825The striking similarity between
of the keto-O atoni’® Note that the mechanistic models the hydrogenation a&-hydroxy- anda-alkoxy-ketone%-260.286
developed for pyruvate hydrogenation are based on the earlyindicates that both O atoms of the substrate act as H-bond
observation that quaternary cinchonidinium salts are inef- acceptors toward the protonated N of the modif&The
fective as modifierd®? protection of the OH function of the alkaloid by methylation

o-Ketoacids. Alumina-supported Pt modified wittO- leads to a dramatic loss of enantioselection or even to
methylated CD gives up to 92% ee in the hydrogenation of inversion of the major enantiomé&#’26° Contrary to these
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Scheme 5. Structural Effects in the Hydrogenation of

o

o-Keto Acetals (5 wt % Pt/Al,O3, AcOH, MeOHCD, 25 °C, CF o o N

and 60 bar)® ’ CF F3°{ > zc&, WA
cD cD

3

o OH co cD
OR, PtAI,03 OR, ee=92% ee =67 % ee=81% ee=63%
R —_— Ry
OR; Ho, MeOHCD OR;z o o o o
3 CF
MCF;, EtoMCFs F :
Ry R ee rate
i - PNEA MeOCD MeOCD MeOCD
(%)  (mmol-g™-min™") 00 =93% ce=22% ee =96 % ee=81%
Me Me 96 53 o o
Me (CHys 97 42 )k ©/Y @\FO m\fo
Me Et o1 58 CFs CFs CFs CFa
Me Bu 8 1.8 cD cD cD cb
Ph Me 89 15 ee=23% ee=19% ee =44 % ee=48%
PhO(CH,)3 Me 93 5 Figure 16. Structural effects in the hydrogenation of fluorinated
MeoNOC(CHo), Me 8o 0.7 ketones on Pt/AD; modified by CD, MeOCD, and PNEA.

MeO,C(CHy), Me 50 <0.1

observations, theoretical calculations showed that bifurcated
H-bonded complexes not involving the OH function of CD
are energetically favored as compared to cyclic modifier
substrate complexes involving both interacting functions of
the 1,2-amino alcohol type modifié¥

o-KetoacetalsHydrogenation of-keto acetals belongs  Figyre 17. Side and front views of the calculated structure for the
to the most selective reactions on chirally modifie@*Pt287288  jnteraction of 1,1,1-trifluoro-2,4-pentanedione with an amine type
The enantioselection is good even in the presence ofmodifier, for example, CD. The protonated amine (simulated here
additional functional groups (Scheme)Pyruvaldehyde by Me&NH™) is coordinated to the di-adsorbed, deprotonated
acetals are highly reactive, but the reaction rate drops with enolate on a Pt 31 cluster. Reprinted with permission from ref 297.
increasing bulkiness of the substrate. Copyright 2006 American Chemical Society.

o-Fluorinated KetonesThe Pt-catalyzed hydrogenation . . e :
of a-fluorinated ketones is characterized by unusually strong that the amino functlon of the modifier interacts with the
structural effects. The best modifiers are CD, MeOCD, and ketpne and the different performance Of. CD and MeOCD
PNEA (Figure 3) for some fluorinate@-diketones®:289 indicates that the OH group of the alkaloid may or may not
Protection of the OH function of CD (in MeOCD) may be be important in the_substrmodlfler interactions. There
advantageod® 2%or detrimenta82912949 enantioselection 'S experimental evidence in favor of an—#-0O type
as mentioned previously, and this effect is as of yet poorly H-bond. In the hydrogenation of 1,1,1-trifluoro-2 4-diketones,
understood. For example, replacement of CD by MeocD addition of the amine type modifier (CD or PNEA) mducedo
increased the ee from 31 to 77% in the hydrogenation of high ee and also enhanped the chem.oselectlwty up to 100%
1,1,1-trifluoro-2,4-pentanedioffé but diminished it from 55 toward the hydrogenation of the activated carbonyl group

57,297
to 17% in the hydrogenation of 1,1,1-trifluoro-acetophe- ]EO an tO.H grcf;up?. ~'NMR agdt\:VR spetcr;[rosco?y p;méed th_e
none?®? using otherwise identical conditions. ormation of :an lon pair between e prolonaled amine

The method shows the biggest potential in the hydrogena-Todifier and the enolate form of the substrée DFT
tion of fluorinated aromatic keton@®.2+29% B-dike- calculations including the simulation of the aminenolate
toness6:257.289and B-ketoester§®2% but even within these interaction on the_> Pt surface shqwed that only the activated
groups, the good enantioselectivity is not general (Figure 16).(;]"3‘:1bonyl IS '(;‘ dlrr].ecr;[ cgntacp with the metal lar_1d Cﬁ” ht')eh
A unique example is the dynamic kinetic resolution of Yarogenated, which adsorption geometry explains the hig
racemic ethyl 2-fluoroacetoacetate where 82% ee to thechemoselecﬂwty (Figure 17). An intriguing point n t.h's
(25,3R)-alcohol was obtained due to the spontaneous race_mode;l is that not the_ketone bu_t_ an enoI_ type species is the
mization of the unreacted keto#¥ This is the only example  'cactive form on chirally modified Pt, in contrast to all
in the literature where a single F atom activates the keto existing models for ketone hydrogenation.
group. Reduction of aliphatic fluorinated ketones is moder- 4 ;1 5 B-Functionalized Ketones
ately selectivé??and complicated by striking solvent effects
that are difficult to rationalizé33-266Some reactions are fast The extensive research initiated by Japanese scientists
(average TOF of 15062100 h?),%8 while others are difficult ~ several decades ago evolved the Raney ™M —NaBr sys-
to bring to completioff® or there is no reaction at all at F¥’ tem to the best heterogeneous enantioselective catalyst for
A few mechanistic proposals analogous to those developedthe hydrogenation g8-functionalized and unfunctionalized
for pyruvate hydrogenation are availaf&267.29529%t some ketones to alcohols; other metals are far less efficient. Details
important observations cannot easily be rationalized by them. of this development and the critical role of catalyst modifica-
As discussed previously, a key element of enantioselectiontion can be found in numerous revie#$35°.5759,123,298:302
is the directing effect of the GFgroup that controls the TA-modified Ni is mainly used for the hydrogenation of
adsorption of the ketone on the or si face?5® although B-ketoesters. The importance of tfeposition of the ester
this effect is not very strong, as a carbonyl group in the group is illustrated in Scheme 6, and some outstanding
substrate “overwrites” it (Figure 18 It is very probable examples are collected in Schemé?¥°1 TA is the most
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Scheme 6. Structural Effects in the Hydrogenation of
Ketoesters on the Raney Nt TA—NaBr Catalyst System
(THF + AcOH, 100 °C, 90 bar)®”
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Scheme 7. Structural Effects in the Hydrogenation of

p-Ketoesters on the Raney Ni TA—NaBr System, at 60
°C124,301

o O Ni-TA-NaBr OH O
—
Ao T A
2
R ee (%)
Me 86
Et 94
i-Pr 96
cyclopropyl >08
Bu 91
cyclobutyl 94

suitable chiral modifier among the various hydroxy and
amino acids tested. Crucial requirements that the modifier
has to fulfill are the presence of two carboxyl groups and at
least one hydroxyl group. The original, time-consuming,
and corrosive catalyst preparation technique has been
improved remarkably in the past yedfg53%33%7 A general
obstacle is the relatively low activity of Ni as compared to
that of Pt group metals; completion of the reactions requires
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Scheme 8. Hydrogenation of 2-Alkanones over Raney Ni

Modified by (R,R)-TA and Pivalic Acid (in THF, at 60
°C)301,318

(o] OH

/\R

Ni-TA-NaBr
—_—

Ho, pivalic acid

R ee (%)
Et 63
i-Pr 85
Bu 80
pentyl 71
hexyl 80

monohydroxy-dicarboxylic acid type modifiers (e.g., 70%
ee with malic acid$?* but STM studies support the concept
that all four functional groups of TA are involved in the
modifier—surface and modifiersubstrate interactiori$?
Adsorption of methyl acetoacetate with the molecular plane
parallel to the Ni surfacé’and that of TA as bitartrate ioH$8
were also confirmed by surface science studies. The reactivity
of the keto form of the substrate is indicated by the good
enantioselectivity in the hydrogenation of methyla-
dimethylacetoacetate, an ester that cannot exist in the enol
form 3% and by the low enantioselectivity in the reduction
of cyclic g-ketoesters that are present dominantly as enols
in solution3!! Earlier, Yasumori suggested the enol form of
acetoacetate as the reactive spetiebut the enol (beside
the keto form) was detected on Ni(111) only at relatively
high coveragé&®®

Several other models have been proposed to rationalize
some important aspects gfketoester hydrogenatici20
To account for the positive effect of acid additive on the
enantioselectivity, Osawa et al. assumed that the acid additive
forms a complex with TA through a sodium ié%. The
formation of a six-membered ring involving only one OH
function of TA was proposed fg#-ketoester hydrogenation

high pressure and elevated temperature. In an extreme casever mixed nickel-cerium oxided2 Raval and co-workers

in the hydrogenation of racemic 3-cyclopropyl-2-methyl-3-

considered the surface restructuring of Ni atoms induced by

oxopropanoate, 93% ee and high diastereomer ratio weremodifier—metal interactior’$119314 and the formation of

obtained by dynamic kinetic resolution but the conversion
was only 23% after 1 day at 8C.3%8

Other useful substrates geketoalcohols ang-ketoethers
(68—70% ee),[3-ketosulfones (6771% ee), and3-dike-
tones?” In the latter substrate class, kinetic resolution
enhances the enantioselectivity of the first reaction step and
gives 90-91% ee to theR R)-diol.

According to the “two-point interaction” model advanced

several years ago by Japanese scientists, TA adsorbs on Ni

as a dianion and interacts with the keto form of the
B-ketoester via H-bonding (Figure 18)3°The carboxylate
groups anchor the modifier to the surface, and the OH groups
interact with the keto form of the substrate. This complex
cannot explain the good enantioselectivity achieved with

TA

\
o o]
OOCIO\H/__O
Cooc o -0
Figure 18. “Two-point interaction” model for the hydrogenation

of methyl acetoacetate (MAA) on Ni modified byRR)-TA;
hydrogen uptake from the surface (from “beloW&?).

MAA

long-range ordered adsorption patterns ofA'531%s the
origin of enantioselection. Ordered arrangements of TA on
Ni(111) were confirmed, but methyl acetoacetate did not
interact with the chirally modified surface (at rti.See
also the discussion in section 3.2.

4.1.3. Other Ketones

2-Alkanones.TA-modified nickel is the only useful metal
catalyst for the hydrogenation of unfunctionalized aliphatic
ketones, although good enantioselection requires more than
a stoichiometric amount of an achiral acid additi&32

In the hydrogenation of 2-alkanones, addition of the bulky
pivalic acid allowed up to 85% ee (Scheme 8). It seems that
branching in thea-position of the ketone (3-methyl-2-
butanone) and the acid additive (pivalic acid) leads to the
highest enantioselectivities. The role of the bulky pivalic acid
is to prevent the adsorption of the ketone on the other side
(“key-lock” system), as visualized by the “one-point interac-
tion” model in Figure 198301322 ater, the one-point and
two-point interaction models were extended to a generalized
mechanistic concept that can account for the enantioselec-
tivity of TA-modified Ni in ketone hydrogenation in the
presence of additional aci@s%® Gas-phase hydrogenation
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TA pivalic acid Scheme 10. Best Examples on the Hydrogenation of
HO Aryl-Substituted Alkenoic Acids (5 wt % Pd/C, CD, 0.8
) )—é equiv Benzylamine, 1 bar, r.t.}°
ooc._O., ..-0
I H- HooC HOOC,
%0c oM -0 — Pd/C
WEWNTIRWEWY,
2-octanone K 2 benzylamine K o
Figure 19. “One-point interaction” model for the hydrogenation
of 2-octanone on Ni modified byRR)-TA and pivalic acid,; R=H o0 =81%

hydrogen uptake from the surface (from “beloR?). R=0OMe ee=92%

Scheme 9. Effect of Aryl Substituents in Acetophenone

Hydrogenation?20.258 4.2.1. Unsaturated Carboxylic Acids and Esters
0 OH The first report on the hydrogenation af-unsaturated
Rt PUALOs Ry carboxylic acids dates back to the early sixfi®sand
Hy, CD continuous improvement mainly by Nittd 3% resulted in
R & a highly selective transformation of some aryl-substituted
2 2 acids (Scheme 109:33"The only useful catalyst is cinchona-
Ri Ry 06 (%) modified Pd; other meta4§?38’.339 and mp'difier's“‘oyg"‘l are
poorly selective. Under optimized conditions, a base (ben-
H H 17 zylamine) in an almost equivalent amount is added to
H CF3 44 deprotonate the carboxylic acid and thus weaken the adsorp-
CF3 CF3 69.5* tion of the product on P#&? Another handicap is the
relatively small substrate/modifier ratio of 25, which may
* optimized value be due to the weak adsorption of CD on®dhe addition

of CD diminishes the reaction rate, which is a typical feature

of 2-butanone is also feasible when the catalyst (Ni/Y zeolite) of Pd-catalyzed hydrogenations. The method was applied for
is premodified ex situ with TA&23 the synthesis af-DOPA via reduction of the corresponding

3-Alkanones.The Ni-TA—NaBr system is also effective ~ Cinhamic acid derivative (44% e#}: . .
in the hydrogenation of 3-alkanones, but in these reactions, According to Nitta, the probable origin of enantioselection
a more bulky carboxylic acid additive is necess#fy. N the _hydrogenatlo_n of aromatic u_nsaturated aC|ds_|s the
Enantioselectivities in the range of 284% ee were formation of a 1:1 acid:CD complex via two H-bonds (Figure

achieved by using more than 1 equiv of 1-methyl-1- 20)344 In the strongly polar medium necessary for high

cyclohexanecarboxylic acid. The lower efficiency of the
catalyst system in the hydrogenation of 3-alkanones, as
compared to that of 2-alkanones, is attributed to the smaller
difference between the steric bulkiness of the alkyl groups
on the two sides of the keto group.

Aromatic Ketones. Another demanding reaction is the
hydrogenation of unfunctionalized aromatic ketones. Hy-
drogenation of acetophenone on a CD-modified Pt cluster Figure 20. Probable key interaction (1:1 complex) leading to
supported on MCM-41 gave 49% ee at 40% conversion, but enantioselection in the hydrogenationoephenylcinnamic acid on
the enantioselectivity decreased with conversion and the CD-modified P4
catalyst slowly deactivated® Platinum modified with an _ o ) )
organotin compound (24% é&and Pd/C in the presence enantioselectivity, the substrate is present mainly as a
of (S)-proline (23% e€f5 were even less selective. The Mmonomer, and a similar monomedimer equmbnur_n was
enantioselection improved by ring substitution of acetophe- implicitly assumed on the Pd surface. Another important
none. The reduction of 3’4-dimethoxyacetophen0ne on Pt/6|ement of the model _|S the ad_SOI'ptlon_ of CD nearly parallel
SiO, modified by a chiral organotin compound gave 39% O the metal surface via the quinoline ring, and the existence
eel® and 69.5% ee was obtained in the hydrogenation of Of this z-bonded species (beside a tilted species) was
3,5-bis(trifluoromethyl)acetophenciion CD-modified Pt/ confirmed later by attenuated total reflection infrared (ATR-
Al,Os. The latter reaction, including some other acetophe- IR) spectroscop§z ) o
none derivatived? resembles the hydrogenation of activated ~ The enantioselectivities are less impressive in the hydro-
ketones, but here, the carbonyl group is activated by electron-genation of aliphatia.,5-unsaturated carboxylic acids when
withdrawing groups at the aromatic ring (Scheme 9). thereis no aryl substituent in tifeposition?*° The ee varies

Theoretical calculations confirmed this relat®f327includ- in the range of 26.66%, depending on the functionalization

ing the similarity of the probable reaction mechanifn. of the G=C bond**34¢349 The addition of up to 2 equiv of
benzylamine increases the enantioselectivity, and the pres-

4.2. Hydrogenation of C =C Bonds ence of two carboxyl groups in the substrate diminishes the

enantioselectivity®® A major reason for the sometimes
Chirally modified metals are effective only in the hydro- disappointing enantioselectivity is the rapid isomerization of
genation of functionalized olefins and aromatic compounds, the alkenoic acid on the Pd surface, which as a side reaction
and the best choice is usually supported Pd modified by ais accelerated by the amine type modifieh352 Good
cinchona or vinca alkaloig2832° enantioselectivities can be achieved only when the double
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Scheme 12. Hydrogenation of Isophorone on Pd Black
Modified by DHVIN (MeOH + AcOH, 50 bar, r.t.)375

Figure 21. Empirical mechanistic model for the hydrogenation of
o,fB-unsaturated carboxylic acids; H uptake from the Pd surface EtooC”
(“bottom-sidesynaddition”) affords the major enantiom#:354.355 ~

Scheme 11. Synthesis oR)-Ethyl 2-Acetoxypropionate on DHVIN

CD-Modified Pd (DMF, 1 bar, r.t., 5 min) 359 . o
(O o _) Scheme 13. Hydrogenation of 2-Pyrone Derivatives over
AOJWOE, il A A omt Pd/TiO, Modified by CD (Entry 1) or CN (Entries 2 —7) and
o Ha, €D /\J; the ees to the Dihydro Intermediate (2-Propanol, 1 bar, r.t}°

R4 R4 R4

ee=50% . :
/KIRS Pd/TiO, oRe @Rs

nd migration is slow (internal n ritisn . .
bond migration is slow (internal €C bond), or it is not R 0 No H2 ONOD oo Re™ N0 No

possible at all ¢-phenyl-cinnamic acid derivatives).

The enantioselectivity decreases with increasing solvent
polarity 352 indicating that in this case the acid dimer may Entry R3 R4 Re ee (%)
be the reactive species. An empirical model that can predict

the major enantiomer of the product in the hydrogenation 1 H OH CHs 85(S)
of aliphatic a,$-unsaturated carboxylic acids (including 2 H OCHs CHs 94 (R)
indene carboxylic acids) is shown in Figure 29:3543%5The 3 H OCH,CH;  CH, 85(R)
quinoline ring of CD and the acid dimer lie close to parallel 4 CHs  OCHs CHs SR
to the Pd surface, and their interaction is stabilized by two 5 ocH X 8
H-bonds, involving the quinuclidine N and OH functions of s @ ®
CD. The acid dimer is itransarrangement, and one of the o g

C=C bonds points toward the neighboring quinoline ring 6 H ocHy ¢ 90 (R)
of CD. Spectroscopic studies confirmed the dominance of o)

acid dimer-CD interactions in solution in the concentration 7 H CH3 CHs :

range relevant for alkenoic acid hydrogenafiegi#>’Ab initio
calculations showed that the 2:1 complex is energetically
favored and can adsorb on the metal surface easier than thyomogeneous phase and the Pd surface is not involved in

1:1 complex® the enantiodifferentiating stef? In any case, the topic does

A closer supervision of the hydrogenation of all acrylic not belong to enantioselective reactions over chirally modi-
acid derivatives reveals that a phenyl substituefitposition fied metals.
inverts the adsorption mode of the substrate or#*Ptut The best ees achieved in the hydrogenationags-
indene-carboxylic acid seems to be an exception (Figure 21).unsaturated ketones on chirally modified Pd are around 50%.
The directing effect of the phenyl group is probably related CD-modified Pd black is the choice for the hydrogenation
to steric effects. of an exocyclic alkenone, 2-benzylidene-1-benzosuberone,

Early mechanistic studies revealed that in the hydrogena-to the corresponding saturated ketone (549 €d) similarly
tion of unsaturated carboxylic acids the origin of enantiose- efficient modifier for Pd is the vinca alkaloid derivative )-
lection is acid-base type interactions and the efficiency of dihydroapovincaminic acid ethyl ester (DHVIRPY, which
cinchona-modified Pd is lost by transformation of the gives up to 55% ee in the hydrogenation of isophorone
carboxyl group to an estét*3533%The Pd-cinchona system  (Scheme 12§75-377 Other modifiers were less selective in
may still be effective, however, if there is an additional this thoroughly investigated test reactitf378-381 On the
functional group in the molecule ia-position to the &C basis of the observation that addition of a weak acid
group, whose function may be to interact with the alkaloid. improved the ee, it was speculated that enantioselection might
Examples include the hydrogenation of an enol ester (Schemebe attributed to interaction of the keto O atom of isophorone
11)%° an enamine (24% eé)? and an N-acetyl dehy-  with the protonated aliphatic N atom of the bulky modifier
droamino acid ester (33% e¥}364 adsorbed parallel to the Pd surface.

4.2.2. Unsaturated Ketones 4.2.3. Pyrones

A large part of the available data is related to reactions  Hydrogenation of the pseudo-aromatic 4-hydroxy, 4-alkoxy,
carried out in the presence of stoichiometric amount of and 4-methyl derivatives of 2-pyrones to the corresponding
proline3®5-371 Tungler et al.’s pioneering work has indicated dihydro- and tetrahydropyrones is highly selective on
that proline acts as a chiral auxiliary that reacts with cinchona-modified Pd; the structural effects are illustrated
isophorone and the adduct is hydrogenated diastereoselecin Scheme 13° Partial hydrogenation of the 4-hydroxy
tively. Interestingly, it has recently been proposed that the derivative (entry 1) was slow and complicated by the
origin of enantioselection is kinetic resolution of the racemic saturation of the quinoline ring of the cinchona alkal&#l.
hydrogenation product by interaction with proline in the Continuous feeding of the modifier during reaction sustained
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Model A ee=85% (S) Scheme 14. Hydrogenation of Benzofuran Carboxylic Acid
O~n. on 5 wt % Pd/Al,O3 by Stepwise Feeding of CD in the First
® I 7 h (Cumulative M/S Ratio: 4.5 mol %, 2-Propanol, 30 bar,
/N\ (e} r.t., 23 h)391
L HC
HCD SN Pd/AlO3
© mCOOH E— COOH
o] H,, CD o
Y=29%
ee=50%
Model B ee=14% (R) Scheme 15. Pd-Catalyzed Hydrodehalogenation of an
OH a,a-Dichloro Compound in the Presence of CN [in THF, at
® 3 bar and r.t.; Catalyst/Substrate Ratio (C/S), 60 Mass %;
~N{ ~ o M/S, 47 mol %]400
. | TH---0\
HCD e ¢l Pd/BasoO, H
(o} . -~
Figure 22. Schematic models for the interaction of protonated CD C(,\:\XCI Ho, CN, NBus C(,\:\E\CI
(HCD™) with the deprotonated 4-hydroxy-6-methyl-2-pyrone (top- o (o]
side view on the Pd surfacé}
ee=50%

the initial good ee (85%) with an overall M/S ratio of around

5 mol %383 Replacement of the acidic OH function by a CD interaction analogous to that suggested for alkenoic acid
methyl or methoxy group (entries—) eliminated this  hydrogenation (Figure 2£§2 The 1:1 type interaction is
difficulty: The reactions were fast even under ambient thermodynamically disfavored, and adsorption of the rigid
conditions, affording good yields and #94% ees to the  complex on the Pd surface is hindered by geometrical
corresponding dihydropyrones. Only in one case (entry 7), constraints. The 2:1 stoichiometry is also supported by the
the separation between the uptakes of 2 equiv of hydrogenalmost equal efficiency of 1,2- and 1,3-amino alcohol and
was poor due to the missing stabilization by the methoxy amino phenol type modifier?

group at the 4-position (an indication to the pseudo-aromatic

character of the molecule), and the tetrahydropyrone formed4.3. Hydrogenation of C =N Bonds

with 99% de.

Catalytic experiments with CD and its O- and N-methyl
derivatives revealed various competing interactions between
the 2-pyrones and the alkaloid modifier, and the dominance
of these interactions depended on the substrate, modifier,
and reaction conditior*38The mechanistic models (Figure
22) suggested for the hydrogenation of the acidic 4-hydroxy-
2-pyrone derivatives were supported by NMR and FTIR
investigations and theoretical calculations. The origin of
enantioselection in the best solvent acetonitrile is the
bidentate complex (model A). A more flexible and less
effective monodentate interaction (B) is dominant in strongly
interacting protic solvents and for reactions where the O atom .
of the alkaloid is protected (MeOCD). Note that in the latter 4.4. Hydrodehalogenation
case even the opposite enantiomer forms in excess. Various Supported Pd, commonly used in the presence of a base,
other interacting complexes are feasible for the nonacidic s a highly active and chemoselective catalyst for the
4-methoxy and 4-methyl derivatives, although these assump-hydrogenolysis of carbonhalogen bond#7-3% Palladium

Enantioselective saturation oI bonds is a challenging
reaction, and only chirally modified Pd revealed some
enantioselectivity. Around 20% ee was achieved in the
hydrogenation of a Schiff base on Pd/gi@odified by
L-alaninol orL-phenylalanind®* and in the reduction of an
N-alkyl-a-iminoester on cinchona-modified Pdi8k.3% The
enantioselectivity was slightly higher in some other reactions
but only when the “modifier” was applied in a stoichiometric
amount3623%From a synthetic point of view, these reactions
are uninteresting, and the weak interactions allowing only
poor enantioselection are difficult to interpret.

tions need further confirmatiotf> was also outstanding in the enantioselective hydrodehalo-
424 A fic C. d genation ofa,a-dichlorobenzazepin-2-one (Scheme 4%).
<4, Aromatic. Lompounas CN-modified Pd/BaS@in the presence of NBuas a HCI

The attempts for the enantioselective hydrogenation of acceptor afforded the monochloride with high chemoselec-
aromatic compounds on Ri§387and NP883%0 were barely tivity and up to 50% ee. The reaction could not be
successful, and the ee remained in the single-digit region.generalized to othex,a-dihalogen compounds and to other
Cinchona-modified Pd is more promising for the hydrogena- modifiers beyond the cinchona family. The unusually high
tion of furan and benzofuran carboxylic acids, although the catalyst and modifier concentrations necessary to obtain the
enantioselectivities are medium at best (Schemé®ta)he best optical yield further limit the attractiveness of the
reactions are relatively slow, and the competing hydrogena- method. The performance of various cinchona derivatives
tion of the quinoline ring of CD necessitates high M/S ratios indicated that the crucial substrateodifier interaction that
(2—15 mol %). Clearly, cinchona alkaloids and other controlled the enantioselection involved hydrogen bonding
modifiers that possess an aromatic ring as the “anchoringbetween the OH function of the modifier and the carbonyl
moiety” are not suitable for demanding hydrogenation group of the lactam; involvement of the quinuclidine N of
reactions, particularly not on Pd and Rh, which are highly the alkaloid was excluded.
active in this side reactiof#6-383 From a mechanistic point of view, it is interesting to

Spectroscopic measurements and ab initio calculationsconsider the early work on the electrochemical reduction of
indicated that the origin of enantioselection is an acid dimer 1,1-dibromo-2,2-diphenylcyclopropane (Scheme*6The
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Scheme 16. Enantioselective Electrochemical
Monohydrodehalogenation on Emetine-Modified Hg%!

Ph Br Hg electrode Ph H
emetine
—_—
Ph ¥V Br Ph ¥V Br

acetic buffer, 5°C

R-(-), ee = 45 %

Scheme 17. Enantioselective Synthesis of 1-Phenylethanol
Via Hydrosilylation of Styrene on BINAP-Stabilized Pd
Nanoparticles’

(S)-BINAP-Pd SiCls
©/\ HSICl ©/L\
—_—
0°c
Y=81%
H202
KF, KHCO3
‘ ‘ PPh, OH
T O
(S)-BINAP 00 =95%
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Scheme 18. Pd-Mediated Enantioselective Formation of
2-Methylindan-1-one or 2-Methyltetral-1-one by
Hydrogenolysis/Decarboxylation offi-Keto-ester A or
Deprotection/Decarboxylation of Enol Carbonate B

O o
OR
)n Pd catalyst o
A hydrogen source *
—_—

chiral modifier n
(amine or

[0}
aminoalcohol)
o4
OR

I I n R = allyl, benzyl

B n=1,2

or

synergic effect between the components have been recom-
mended as effective cataly$t§.416

4.6. Enol Isomerization (Domino Reactions)

The tautomeric equilibrium between ketones and enols is
the basis of enantioselective protonation, a special route to
optically active carbonyl compound¥s-4° When a stereo-
genic carbon is in thex-position to the carbonyl group,
addition of a base or acid catalyzes the deprotonation
protonation reaction, and both steps can be carried out
enantioselectively. In enantioselective protonation, the trans-

chemo- and stereoselective hydrogenolysis was carried ouffer of the proton from a chiral source may be kinetically
on a mercury electrode modified with different alkaloids, favored to either of the enantiofaces of the prochiral enol.
among which emetine performed best. Here, the authorsThe enol may be produced by various routes, including
attributed the stereochemical control to an interaction deprotectior-decarboxylation of enol carbonafe&°422and
between the protonated N atom of the adsorbed alkaloid andhydrogenolysis-decarboxylation ofg-keto esterg?422-428

the cycloalkyl bromide. Another application of chirally These two routes are usually performed as one-pot domino
modified Hg is the enantioselective hydrodehalogenation of (cascade) reactions induced by homogeneous or heteroge-
3,3-dichloro-4,4-diphenyl-succinimide (26.5% ee with strych- neous catalysts; the latter is the topic of this section. An

nine)#02

4.5. Hydrosilylation

Catalytic asymmetric hydrosilylation of olefitf§ and the

illustrative example is shown in Scheme 18. Removal of the
benzyl or allyl group on Pd under hydrogenation conditions
is followed by decarboxylation. The crucial step is then

asymmetric protonation of the prochiral enolate, immediately
after it has been produced, by using an amino alcohol or

subsequent oxidation of the organosilicon compounds with amine as the chiral protic source, or chiral modifier in our
retention of configuratiof?*4%is a viable route to optically  terms.
active alcohols. The Pd'CataIyZed transformation of terminal Many Variations have been pub“shed for the Cascade
olefins to 2-alkylsilanes in the presence of monodentate reactions; some substitutgtiketoesters i, 724224244283 424
phosphine ligands is characterized by high rate and excellents 423 ¢ 426427 7426 and 8 + 9%25 and enol carbonates
regio- and enantioselectivit§®4°’Spurred by the outstanding (2a,72421422.4240} 420,422,424 g 4422429 s typical starting
performance of chiral Pd complexes, chirally modified Pd compounds are shown in Figure 23. The source of chirality
nanoparticles were also tested in the hydrosilylation of s frequently a cinchona alkaloid, ephedrine, or 2-hydroxy-
styrene’* Colloidal Pd, stabilized by addingRf- or (S)- 3-aminobornane, but a broad range of other amino alcohols
BINAP [2,2-bis-(diphenyl-phosphino)-1;binaphthyl], cata-  and secondary amines have been applied successfully. The
lyzed the reaction with trichlorosilane under very mild amount of chiral modifier varies between stoichiometric and
conditions (Scheme 17). Oxidation of the chiral organosilane catalytic; the latter requires a careful adjustment of the
with hydrogen peroxide gaveR]- or (§-1-phenyl-ethanol,  yeaction conditiong?” The absolute configuration of the
respectively, with high enantioselectivity. ketone depends on the configuration of the carbon carrying
For comparison, Pd complexes coordinated with BINAP the amino group, not the OH group, of the modifi&tThe
are ineffective in hydrosilylation of olefins, probably because characteristics of supported Pd have a major influence on
a bisphosphine chelate complex cannot offer a coordinationthe reaction rate and enantioselectivity, but the origin of this
site for the activation of the olefitf®4%° This is a strong  effect could not be fountf34?® Racemization on the Pd
indication that hydrosilylation carried out with the Pd surface can diminish the enantioselectivity.
nanoparticle-BINAP system is a truly heterogeneous reac-  There are only a few mechanistic studies available on the
tion involving metallic surface sites. In fact, racemic hy- Pd-catalyzed cascade reactidhg42542%|n the first step
drosilylation catalyzed by colloidal or supported metals is starting fromp-ketoesters, hydrogenolysis of the benzyl or
well-demonstrated in the literature. In addition to Pt group allyl group gives the ketoacid intermediate that decarboxy-
metals and Ni, even bimetallic compositions with significant lates rapidly (Scheme 1%j.The decarboxylation product is
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Figure 23. Starting compoundd—9 have been used in the domino deprotectidecarboxylatiortautomerization sequence over
heterogeneous Pd catalysts. Yields and the highest ees (in brackets) are given, and references can be found in the text.

Scheme 19. Feasible Reaction Mechanism for the Pd-Catalyzed Cascade Reacfion
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the enol, when the solvent (e.g., acetonitrile) is able to alkanoic acids on Pd(111) (the dominant crystallographic face

stabilize it via hydrogen bonding. The decarboxylation can on polycrystalline Pd) already at f¥ Strong adsorption of

proceed intramolecularly via a sigmatropic reaction, or it may CD on the Pd surface via the quinoline ring is also protfen.

be induced by the basic N atom of the amino alcohol by It seems that the prerequisites of enantioselection on the metal

abstraction of the acidic proton; involvement of the Pd surface exist, but there is no experimental evidence yet for

surface is also feasibf@® Ketonization (protonation) of the  the participation of Pd in the enantioselective reaction step.

enol may proceed via O-protonation, C-protonation, or a . .

cyclic mechanism. A cyclic transition state might rationalize 4-7- Allylic Substitution

the role of the hydroxyl group of the amino alcohol Palladium complexes are first choice catalysts for asym-

modifier 42 metric allylic substitution reactions, but many other metals
Although some fundamental elements of the reaction route have been used as wéif-433Since its discovery in 1965}

and the mechanism are known, the role of the metal sur-allylic substitution has been rarely attempted heterogen-

face in the enantioselection is unclear. Cinchona alkaloids eously?3>“37 and up to now, only two cases of enantiose-

(5—10 mol %) are good (homogeneous) catalysts of enan-lective allylic substitution on chirally modified metals have

tioselective decarboxylatidi? but the reaction can also occur  been reporte®#3” Jansat et al® compared the efficiency

on the Pd surface where the acid is adsorbed (and activatedpf Pd nanoparticles stabilized by a chiral diphosghte°

as a carboxylate after its formation. Arguments in favor of and the related chiral homogeneous complex in the alkylation

the latter route are the strong adsorption of carboxylic acids of rac-3-acetoxy-1,3-diphenyl-1-propene with dimethyl-

on Pd as carboxylat&® and the facile decarboxylation of malonate (Scheme 20). The enantioselectivity of the hetero-
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Scheme 20. Enantioselective Allylic Alkylation on Pd Nanoparticles Stabilized by a Chiral Xylofuranoside Diphosphite [r.t.,

24—168 h; BSA, N,O-Bis(trimethylsilyl)acetamide]”®

OAc
+

> MeOOC._.COOMe

Ph Ph
rac.

after reaction
ee =89 % (S)

t-Bu

Pd-nanoparticles/L* MeOOCICf(iMe
- O
BSA, KOAc Ph Ph
CHoCl,
ee = 97 % (S)
Y=56-61%

geneous reaction was higher (97 vs 90% ee), and the yieldScheme 21. Intramolecular PausonKhand Reactions on
was considerably lower than that of the homogeneous Charcoal-Supported Co-Rh Bimetallic Nanoparticles

process.
A critical question is whether the alkylation reaction was

catalyzed by the metal surface or small amounts of dissolved

Pd were the active species. Discrimination between homo-
geneous and heterogeneous catalysis is a delicaté*feék,
since the heteroatom-containing ligand may facilitate the
leaching and the dissolved metal can (partially) redeposit at
the end of the reaction, as reported for some Pd-catalyzed
heterogeneous Het® 4+ and Suzuki*>44"reactions. In the
case of the allylic alkylation reaction in Scheme 20, an

indication for heterogeneous catalysis is the different kinetic

behavior of the colloidal and molecular systems. The

heterogeneous reaction could not be run to completion;

instead, a high kinetic resolution occurred. THy-énan-
tiomer reacted twice as fast as tHg-enantiomer with the
Pd complex while a kinetic preference by a factor of-2D

was observed for colloidal Pd, resulting in strong enrichment
in substrate and product over the metal surface. This kinetic

Chirally Modified by ( S,S)-BDPP; Crotonaldehyde Is Used
as a Substitute for CO*0

Co-Rh/C, R

——=— R (S5,5)-BDPP

o= T X/\jj:o
THF, P
130°C,18h
crotonaldehyde

X R yield (%)  ee (%)
o] Ph 91 84

0 Bu 75 62

(o] Me 85 80
para-tosyl-N Ph 94 85
(MeOOC),C Me 92 56
(MeQQC),C Ph 89 64
(EtO0OC),C Me 93 87
(EtO0OC),C Ph 94 51

resolution might be attributed to the enhanced stereoselec-0Us enyne substrates were converted using BDPP-modified
tivity that is inherent to a heterogeneous system (shielding Co—Rh/C, and the yields and enantioselectivities were

from one side), exploited already earli€?.

comparable to, or even better than, those achieved with

The reaction in Scheme 20 (with diethylmalonate instead homogeneous catalysts (Scheme 21). The commonly used

of dimethylmalonate) was carried out by another group in
water using R)-BINAP-modified Pd/C*” With this catalyst
system, the yield (21%) and ee (80% to tH#® product)
were significantly lower.

4.8. Pauson —Khand Reaction

Various Co, Ti, Ru, and Rh complexes catalyze the
Pausor-Khand reaction, the [2- 2 + 1] cycloaddition of
an alkyne, an alkene, and carbon monoxide to form
cyclopentenone&'®450 The enantioselective version of the
catalytic reaction is relatively new; the first report on a chiral
titanocene complex appeared in 1996Cobalt nanopar-
ticles usually immobilized on charcoal or silica emerged

mercury-poisoning experiment indicated that the catalyst
was truly heterogeneous. No mechanistic model exists for
the interpretation of enantioselection, and also, the func-
tioning of the homogeneous counterpart is poorly under-
stood#48

Gaseous CO is commonly replaced by an aldehyde that
decarbonylates on the transition metal. An attractive, atom-
economic solution is the use of ar3-unsaturated aldehyde
as the source of CO and the alkene react#fits.

4.9. Hydroformylation

Enantioselective hydroformylation of olefins with synthesis
gas is a demanding reaction, which also needs careful control

as a practical, recyclable alternative to homogeneous of the chemoselectivity to avoid hydrogenation and isomer-

catalysts>2456
Bimetallic Co-Rh, Co-Ru, and Ce-Pd particles are more

active than monometallic Co, but the real nature of the syn-

ergic effect of the noble metal component is unkndwn>®
The addition of G symmetrical chiral diphosphine ligands
(modifiers) to a Ce-Rh/C catalyst induced significant enan-
tioselectivity; the most effective among them wa§49-
(—)-2,4-bis(diphenylphosphino)pentang §-BDPP]#° Vari-

ization and the regioselectivity, which is the ratio of branched
to linear aldehyde®'462Very recently, Chinese scientists
have uncovered a new method using highly dispersed
Rh/Si0, and chiral diphosphine modifief&3 The highest
enantioselectivity was achieved with BINAP (72% ee) in
the hydroformylation of vinyl acetate at 6€ and 50 bar.
The chemoselectivity was also excelleri00% to the
branched aldehyde. A strong limitation to practical applica-
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tion is the very low conversion of only 5%; at higher conver- Scheme 22. Reversible Effects of Reductive and Oxidative
sion, the enantioselectivity dropped. Good performance of Catalyst Treatments at 400°C in a Flow-Through Reactor
the catalyst required an astonishingly high modifier/Rh molar on the Subsequent Hydrogenation of Ketopantolactone
ratio of around unit, although the (expected) strong adsorp- (Tluene, 70 bar,—9 °C, 2 hr=

tion of the chiral modifier on Rh was proved B MAS 0 5 Wi PUALO OH

NMR and by the competitive adsorption of CO. Even more AE‘KFO e 3%0

unusual is the “steplike” correlation between the BINAP/ S Ha, CD g

Rh ratio and the enantioselectivity; the racemic product
formed below a BINAP/Rh ratio of 0.6, but the maximum

ee was obtained at a ratio of 0.9 or above. It was speculated pretreatment conv. (%) ee (%)
that enantioselection occurred only when all unmodified sites
were eliminated at sufficiently high BINAP concentrations. no 99 46
Hy 87 89
5. Chirally Modified Metals: Special Aspects W ¢ p
-
In this section, we discuss some phenomena that have Hy - air - H 95 89

attracted great interest in the past years, and they will
probably remain in the focus in the near future due to the hy
unsatisfactory understanding of their origin.

a After oxidative pretreatment at 400, the catalyst was reduced by
drogen at r.t. at the beginning of ketopantolactone hydrogenation.

5.1. Structure Sensitivity —Catalyst Restructuring 22. Pretreatment in the gas phase in flowing hydrogen
) ~ doubled the enantioselectivity as compared to the oxidative
A fundamental difference between homogeneous catalysistreatment in air under otherwise identical conditiéfs.
with chiral metal complexes and heterogeneous catalysis atRedispersion of the Pt particles was clearly detectable by
chirally modified metal surfaces is the replacement of the high-resolution transmission electron microscopy (HRTEM),
central metal atomthe active site-by the metal surface.  and the change in enantioselectivity after reductive and
Obviously, the surface structure should have a strong oxidative treatments showed excellent reversibility: The last
influence on the adsorption of substrate and modifier and treatment always controlled the ee. Restructuring of the metal
on their interaction resulting in enantioselection, but studies particles changes the relative abundance of special surface
in this direction are in an early stage. siteg®0481 that influences the adsorption of the reaction
An illustration to the complex and poorly understood role components. Also, sonication of the catalyst prior to the
of metal surface is the sometimes dramatic influence of enantioselective reaction leads to severe structural changes
catalyst pretreatments. Effective and widely used proceduresas indicated by the shifts in the metal particle size distribu-

are (i) the corrosive pretreatment of RaneyPhic-300.30jj) tions216471Unfortunately, the sites responsible for the higher
prereduction of supported Pt20329%and P§%391.395:464in or lower enantioselectivity could not be identified in these
hydrogen at elevated temperature in the gas phase or instudies.

solution, and (iii) ultrasonication of P§;45-467 pd347:389and The importance of surface morphology of small supported

Ni“6&-470in solution in the presence of the modifier. These Pt particles was confirmed by Attard’s work on Bi- and
empirically developed techniques are highly catalyst specific. S-poisoned Pt/graphite cataly&t4483A cyclic voltammetric
Taking the example of the hydrogenation of pyruvate esters analysis indicated that surface step sites were more enantio-
on cinchona-modified Pt, 9598% ee was obtained without  selective than terraces. A limitation of the study was that
any pretreatment on small Pt nanoparticles stabilized by bismuth and tin poisoning also influenced the extent of side
polyvinylpyrrolidoné€®and on a commercial Pt/ADs,?%” and reactions (e.g., pyruvate dimerization), and surface impurities
on Pt/ALO; only after a hydrogen treatment at 40C might hinder the unambiguous localization of the observed
with*7472 or withouf? a subsequent sonication step in shifts in enantioselectivity. This limitation is probably valid
solution. The only conclusion that may be deduced is that to many other studies where the highly reactive ethyl
there are several alternative routes toward a highly selective,pyruvate is used as a model substrate since hydrogenation
chirally modified surface. of this compound is complicated by extensive side reac-
In the case of Raney Ni, the positive effect of catalyst tions?3? Reductive and oxidative pretreatments of PiGl
pretreatment in acidic medium in the presence of bromide are accompanied by the remot?lor formatiorf®48 of
ions has been attributed to corrosive restructuring (etch- impurities on the metal surface, and these treatments strongly
ing) 335 The remarkable selectivity enhancement after reduc- influence the adsorption of cinchona alkaloid8:48” We
tive heat treatment of supported Pt was originally attributed assume that the contradictory observations on the effect of
to complete reduction of surface metal oxid&sBecause metal particles size on enantioselectivity in various reactions
MO sites are considered as the real active sites of all reactionsare partly due to different surface impurities originating from
discussed in section 4, it is understandable that prereductioncatalyst preparation and to side reactions that are also
of the supported Pt group metal catalyst stored under air structure sensitive (for examples on pyruvate hydrogenation,
influences the performance. Complete prereduction of Pt see refs 46, 238, 481, and 48891).
requires forcing conditions only for very small particles on  Selectivity enhancement induced by restructuring of the
oxide supportd73474 For most other cases, the dominant metal particles during transformation of the substrate is an
effect of heat treatments is probably adsorbate (hydrogen,intriguing phenomenon that demonstrates the structure sensi-
and oxgen, and in situ produced water)-induced restructuringtivity of enantioselective reactions. Although there are num-
of the metal particle$’> a phenomenon thoroughly investi- erous reports on the variation of enantioselectivity at low
gated by surface scientist$ 47® The effect of adsorbate- conversion (“initial transient period’9100.233.264,492494 gr dur-
induced restructuring of Pt/AD; is illustrated in Scheme  ing long-term use of chirally modified metdfg;209.211.30549%04
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rate on modified and unmodified metals may vary within a
70 + c substrate clas¥ or by small, apparently unimportant changes
oo in the modifier structuré®54and these deviations cannot
be attributed to mechanistic differences.

50 Before discussing the origin of the phenomenon, we have
to address the confusion in the literature concerning the
40 4 definition of “ligand acceleration”. In homogeneous catalysis,
a ligand-accelerated reaction means that the enantioselective
cycle is faster relative to the racemic cyélé Analogously,
20 - a in heterogeneous catalysis, the modifier enhances the rate
: . . | at the enantioselective surface sites over the rate at the
0 30 60 90 120 unmodified sites that afford racemic product. The modifier
time: (min) occupies a fraction of surface sites and thus generates chirally
Figure 24. Variation of ee with time during the hydrogenation of modified surface sites, but the number of modified and
3,5-bis(trifluoromethyl)acetophenone to the corresponding alcohol unmodified sites is unknown. Hence, from the overall or
on SD-;nodifti_ed PUA%% (t?"liert“?' 1 bar,é.t.).é:yw&gbgg_cata:jlyst apparent reaction rate, we cannot deduce the intrinsic rate
g&?vfi’ rgaetglilsctuirsvpe) ficlumots @'1&8{?,8’];‘?‘ fite o the - Cion &t the modified sites that would be important to understand
mixture was stirred under Nor 1 h before H was introduced?® the phenomenon at the molecular level. In other words,
macroscopic observation of rate acceleration indicates un-
there is only one example where metal restructuring was ambiguously the phenomenon, but a lower overall reaction
verified as the origin of the phenomen®.In the hydro- rate after addition of the modifier cannot exclude some
genation of 3,5-bis(trifluoromethyl)acetophenone, the intrin- “ligand acceleration” at the molecular level (which might
sic enantioselectivity of CD-modified Pt was low but be the case on chirally modified PH}.347.378.379,383,391,464,516

increased continuously with time (Figure 24, curve b).  |nterpretation of the rate acceleration is complicated by
Stirring the slurry under nitrogen before introducing hydro- numerous side reactions, particularly in the hydrogenation
gen tripled the initial selectivity (Figure 24, curve ). A of g-ketoesterd32 The byproducts may occupy an unknown

considerable redistribution of the Pt particles during precon- fraction of the active sites and makes the interpretation of
d|t|0n|ng was evidenced by TEM, but no correlation between the relative rates even more ambiguous_ It was sug-

the particle size and ee could be deduced. Itis very probablegested®?517518that the major role of cinchona modifiers

that the quinoline fragment of CD (*anchoring moiety”) is would be to suppress catalyst deactivation due to pyruvate
responsible for the restructuring since replacement of CD polymerization on P and aluming?® The simplest way to
by quinoline led to almost the same effect; that is, the ayoid this complication is to consider those reactions where
chirality of the modifier did not play a role. Reductive the kinetic data are not distorted by poorly controlled side
treatment at elevated temperature activated the catalyst folreactions. In contrast to the transformation of acyclic
the subsequent restructuring in the liquid phase (compareq.ketoesters, hydrogenation of ketopantolactone is not
curves a and b in Figure 24). o complicated by the aldol reaction due to the missing

To sum up, we consider the structure sensitivity of atom, and decarbonylation by Pt was barely detectable by
enantioselection as a field where scientific understanding ATR-IR spectroscop$t The rate acceleration induced in this
would require studies on well-defined (single crystal) reaction by various chiral modifiers on 274 and RHS52
surfaces. It is difficult to find unambiguous correlations clearly contrast the concept that “ligand acceleration” would

between enantioselectivity and surface structure when con-pe |inked to catalyst deactivation and not to the enantiodif-
ventional metal catalysts are applied, which possess heteroferentiating step.

geneous structures (broad range of particle size and shape)
with inevitable surface impurities.

m}
0
&

60

ee (%)

30

In the hydrogenation of acetophenone and trifluoromethyl-
acetophenone derivatives on CD-modified Pil the
W P conversion rates and enantioselectivities varied strongly with
5.2. "Ligand Acceleration the nature of the aromatic substituet#&?®* The different
The higher reactivity of chirally modified metals compared reactivities were traced to the electronic (and steric) effect
to the unmodified metals, frequently termed as “ligand accel- of the substituents and to hydrogen-bonding interactions
eration” based on the analogous phenomenon in homoge-between the quinuclidine N atom of the alkaloid and the
neous catalysis, is a widely debated feature of these cata-carbonyl group of the substrat®:3?’Theoretical calculations
lysts. In the light of classical heterogeneous catalysis, the revealed a linear correlation between the logarithm of the
early observation is indeed fascinating: Quinoline and its reaction rate and the highest occupied molecular orbital
derivatives are well-known poisons of metal hydrogenation and lowest unoccupied molecular orbital stabilizatitf,,
catalysts6507 put the addition of CD, a bulky quinoline of the carbonyl compounds, relative to the reference com-
derivative that adsorbs strongly and occupies a large fractionpound (Figure 25). The relative orbital stabilization is defined
of active sites, increases remarkably the rate of ethyl pyruvateas the sum of two numbers: the difference between the
hydrogenation on Pt/AD;.78117:49249550810 | ater, rate ac-  energy of the antibonding orbital of the reference compound
celeration induced by the addition of CD was perceived in acetophenone and that of the substituted acetophenone, and
the hydrogenation of several other activated ketones onthe corresponding energy difference for the bonding orbitals.
Pt 55.66,267,274,276,293,297 511,53 341 Ry 49.148-150,1523n( |61 and The more stabilized the orbitals of the substituted
also in the presence of other chiral modifigi&!87.190.191341.513  zcetophenone are, the largeAE,, and the re-
On the other hand, there are numerous examples where thectivity of the molecule are. According to these calculations
modified and unmodified reactions run with comparable (where the metal surface was not involved), the origin of
rates, or even the latter is faster significantly. The relative “ligand acceleration” is the lowering of thre-orbitals in the
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Figure 26. Feasible structure of the modifiecarboxylic acid (R-
o )J\©\ F;,c)k©\ COOH)—substrate interaction without considering the adsorption
F N~ on the metal surface and using the example of CD and a fluorinated
jz' )‘\©\D : ! ketone substrate @&O—CFs).530
] Me CFj3
T % 0 20 40 60 80 enantiomer, is the change of the reaction mechaf&fil
AE_, IR spectroscopy revealed that CD (and probably also other
Figure 25. Linear correlation between the logarithm of the 1'2_aT|no alﬁOth) formls 11 and 2h:1 typt? ac'di:?.;pd'f'er
hydrogenation rate (mmol#) of acetophenone and 2,2,2-trifluo-  COMPIEXes that are analogous to the substratedifier

roacetophenone derivatives and the relative orbital stabilization interactions in the Pd-catalyzed hydrogenation of alkenoic
AEy;, (see the text). Reprinted with permission from ref 327. acids®°¢-3%" These complexes represent the actual modifier

Copyright 2002 Royal Society of Chemistry. that interacts with the substrate as illustrated with one
example in Figure 26. The model predicts that changes in
enantioselectivity are intrinsically coupled with a lower
reaction raté3°in agreement with the experimental observa-
tions 259,530

Inversion of the major enantiomer in the hydrogenation
of ethyl pyruvaté®? and ketopantolactof® on Pt modified
by g-isocinchonine was explained differently. Bdctet al.

. . - assumed that in toluene the nucleophilic quinuclidine N of

5.3. Inversion of Enantioselectivity the modifier interacts with the electrophilic C of the keto

Variations in the catalyst composition or the reaction carbonyl of the substrate, while in acidic medium the
conditions may have a large influence on the enantioselec-protonated N atom interacts with the O atom of the ketone
tivity of chirally modified metals and sometimes even the via H-bonding?%? This interpretation, however, contradicts
sense of enantioselection changes. (Application of the numerous other experimental observations. The addition of
opposite enantiomer, another diastereomer, or another chirabn acid does not induce inversion in these reactions when
compound as modifier may give the opposite enantiomer of the parent cinchona alkaloids or other amine type modifiers
the product in excess, but this case is not considered here.pre used as modifiets:1%5Besides, bothR)- and ©-lactate
The switch in chirality provides valuable hints to the nature were produced by-isocinchonine-modified Pt in toluene
of modifier—substrate-metal surface interactions, with the by changing the reaction conditioff§;>32and there was no
supplementary advantage that the information is related toinversion by acid addition in the hydrogenation of various
truly in situ conditions. The observed inversions may be othera-ketoesters on the same catali8it is very unlikely
classified according to the parameter varied: (i) solvent that the reaction mechanism would change within a substrate
composition, including variations in polarfty258.266:520.523nd class. We assume that the exceptional behavigrisbcin-
addition of an acigp8259.262522gr water®?3 (ii) modifier chonine, induced by subtle variations in the reaction condi-
concentratiorf#?-362.524.52jii) temperature of catalyst modi-  tions or substrate structure, should be attributed to changes
fication (Ni—glutamic acid system¥, (iv) catalyst support  in the adsorption mode of this rigid molecule on the metal
(C or Al,03);%%' (v) cleaning of the continuous reactor surface leading occasionally to inversion.
(removal of the soluble fraction of the modifie?f, (vi) size Many years ago, Japanese scientists made the astonishing
of the ester group in the substrate (Me or Et estérjyii) observation that the performance of Raney Ni modified by
reaction time (probably induced by transformation of the (S-glutamic acid strongly depended on the catalyst modi-
modifier during reaction}?#52* and (viii) structure of the fication temperaturé® The R)-enantiomer formed in excess
modifier while preserving the stereogenic centers, including in the hydrogenation of methyl acetoacetate when the catalyst
protection of the OH function of CD by methyl258.259.291.344  \was modified under ambient conditions, but the ee decreased
or other bulkier groug§?174:180.219,258,260.527.5¢d protection ~ with increasing modification temperature, and abové@0
of both N and OH functiong’® The inversion induced by the major product was inverted (Scheme 23). On the basis
replacing CN withB-isocinchoniné® does not belong here  of RAIRS and STM studies, Baddeley and co-workers
since the latter compound represents a new modifier with attributed the inversion to fundamental changes in the
an additional stereogenic centét. adsorption and interaction of modifier and substPafs3

In many cases, the enantioselectivities are low and At r.t. and low surface coverage, glutamic acid adsorbs on
interpretation of the inversion is barely possible due to the Ni(111) in a zwitterionic form, and the subsequently added
corresponding small energy difference. The examples dis-methyl acetoacetate adsorbs on the modified surface as a
cussed below in more detail elucidate some aspects of thediketone with the molecular plane lying parallel to the
reaction mechanisms. surface. The modifier and the ketone probably interact via

A feasible explanation for the special effect of carboxylic two H-bonds involving the protonated amine and the keto
acids, leading in extreme cases to inversion of the major O atom as the dominant interaction. This interaction leads

-3.0 H

diastereomeric complex of the substrate and modifier. In the
pro(R) and pro® complexes, the carbonyt-orbitals are
differently stabilized, which results in different intrinsic rates
in the formation of the two enantiomers. It remains, however,
to be proven that the concept can be extended to other
substrates and reaction types.
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Scheme 23. Inversion of the Major Enantiomer in the ptl74.180.258,260,527.528nd Rh!52.286 ATR-IR spectroscopy and
Hydrogenation of Methyl Acetoacetate on Raney Ni DFT calculations indicated that introduction of a bulky ether
Modified by (S)-Glutamic Acid® group restructures the chiral sites available for adsorption
~ OH O of the substrate on the metal surface, partly due to the steric
o~ effect of the ether group and partly to the repositioning of
modification the quinuclidine moiety, the interacting function of the
o o Hy, PU/ALO4 at <80 °C modifier?!® This switch in the sense of enantioselection
MO/ — ,< OH © demonstrates the crucial importance of the adsorption mode
(S)-glutaminic acid| 5 and conformation of the modifier during interaction with the
o~ substrate, the least understood element of the existing
o o | Medification mechanistic models.
o at> 80 °C
o} (o}
®,|qH2 t 5.4. Nonlinear Phenomenon
Mo 4 The nonlinear effect (NLE) in homogeneous asymmetric
M o catalysis is attributed to molecular interactions (associations)

between two enantiomers of the auxiliary or liga&ftP3>The

aThe | L . . h | ificati .
e inversion is induced by increasing the catalyst modification concept has been extended to diastereomers and even to

temperaturé?® The interacting complex at ambient temperature is shown

below (top view)?” chemically different compounds that give products of op-
posite configuratio’?®-538 This “extended” nonlinearity has

Scheme 24. Inversion of Enantioselectivity in the been studied in heterogeneous catalysis, with only one

Hydrogenation of Ketopantolactone on PYALO; Modified by exception’3® We termed the nonlinear behavior of modifier

Bulky Ether Derivatives of CD (PhCF3, 40 bar, r.t., Full

e mixtures in heterogeneous catalysis “nonlinear phenomenon”
Conversionf

to clearly separate it from NLE in homogeneous catal§fSis.
0 Ha, PUAL,O3 O* Technically, the nonlinear behavior of modifier mixtures
A(‘S;o _— AES;O can be studied in three different setups. In the classical
o] o] “static” method, the reaction is simply carried out in a batch
reactor using mixtures of two modifie?® A transient

) method can also be applied in a batch reactor by starting
the reaction with one modifier, and after a short period, a
i second modifier is added in an equimolar amddhtic-

cording to the third approach, the reaction is carried out in

R ee (%) a continuous flow reactor and the “disturbance” induced by
a switch from one modifier to another in the feed is

H 73 (R) followed1°t The latter two transient methods give insight

Me 40 (R into the dynamics of modifier competition at the metal

Et 47 (R) surface.

Si(CHa)s 51(9) At first, Wells et al?*® observed some nonlinearity in

Ph S0 pyruvate hydrogenation on Pt modified by mixtures of

cinchona alkaloids in a batch reactor. They attributed the
deviation from the expected (calculated) ee to differences
in the adsorption strength of the modifiers. Very recently,
this interpretation was corroborated by time-lapse STM
preferentially to theR)-product. When the surface modifica-  studies on a Pt(111) surfa8&Tungler et al. found a unique
tion is carried out at a higher temperature, th&etoester  behavior of mixtures of dihydrocinchonine and dihydrovin-
adsorbs in the enol form and the adsorption geometry pocetine in the hydrogenation of isophorone: Either the
switches from parallel to approximately perpendicular to the cinchona or the vinca alkaloid controlled the enantioselection,
single-crystal surface. Interestingly, ordered arrays of glutam- depending on the catalyst used (Pd or P& Later,
ic acid are formed at high surface concentration of the analysis of the nonlinear phenomenon became a common
modifier, and this modified surface is catalytically inactive tool to characterize the adsorption of various modifiers under
since thes-ketoester cannot adsorb onto Ni. reaction conditions on P$0188228.265p(61.524 gnd Rh!52
Protection of the OH group of cinchona alkaloids by including the kinetic aspects of the competing enantioselec-
methylation is a frequently used approach to clarify the role tion.101:541.542
of this function in the substratemodifier interactiorts® The A systematic study revealed a linear behavior of mixtures
loss of enantioselection or formation of the opposite enan- of the two enantiomersRR)- and §S)-PNEA (Figure 3)
tiomer with a small ee is commonly interpreted as evidence in ketopantolactone hydrogenation on Pt in a batch reator.
for the involvement of the OH group (beside the basic This result is in agreement with the majority of the
quinuclidine N atom) in the enantiodifferentiating complex. mechanistic models of ketone hydrogenation assuming 1:1
An intriguing case is when the OH group is not involved in type modifier-substrate interactions and provides indirect
the substratemodifier interaction and the same enantiomer evidence against the relevance of long-range ordering of
is formed in excess in the presence of CDOemethyl-CD, chiral modifiers on the metal surface. A small deviation from
but with increasing bulkiness of the ether group, the ee the ideal behavior was observed when mixtures of two
gradually decreases or even the opposite enantiomer becomediastereomersR,S)- and §S)-PNEA were used. Consider-
dominant (Scheme 24). The inversion has been confirmedable nonlinearity was detectable only when the anchoring
in the hydrogenation of various activated ketones on moieties of the modifiers were different, corroborating the

-4 53(S)
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Figure 27. Nonlinear behavior of mixtures of CD an§§)-PNEA
(Figure 3) in the hydrogenation of ketopantolactone (R@4lacetic
acid)>%® The theoretical ee (dashed line) was calculated with the
assumption that the molar ratios of the modifiers in solution and

Mallat et al.

modifier is used alone, it can adopt parallel adsorption via
the aromatic ring system and allow high ee. This interpreta-
tion is supported by the competitive hydrogenation of the
two modifiers on Pt/AlO;.54! Hydrogenation of the quinoline
ring of CD and QD occurred at similar rates when only one
alkaloid was present, indicating a similar, parallel adsorption
geometry of the alkaloids via the quinoline rings. In contrast,
in an equimolar mixture, the rate of CD hydrogenation was
higher by more than an order of magnitude. Recently, the
different adsorption modes of CD and QD when they are
present simultaneously on Pt have been confirmed by ATR-
IR spectroscopy??

The practical importance of the nonlinear phenomenon is
that cheap but low purity chiral compounds can be applied
as effective modifiers if the impurities adsorb weakly. This
fortunate situation allows one to achieve 98% ee with CD,
although the alkaloid contains considerable amounts of QD
that affords the opposite enantiomer in exc@€3n the other
hand, only traces<0.1 mol %) of a strongly adsorbing
impurity can distort the enantioselectivity and lead to a false
conclusion in a mechanistic study. Several cinchona deriva-
tives belong to this category as the parent alkaloids adsorb

on the Pt surface are identical and that the reaction rates and eegnuch stronger on the metal surfed@522.527

are linear combinations of those measured with each modifier alone.

Figure 28. Competitive adsorption of CD (dominant modifier,
“parallel” adsorption mode) and QD (inferior modifier, “tilted”
adsorption mode) on Pt or P54

6. Summary

The state of art in the practical heterogeneous catalytic
synthesis of chiral compounds is reviewed in the light of
the fundamental features of chiral surfaces. Despite the
remarkable development in the past years, many details of
the interaction of substrate and chiral modifier at the metal
surface remain to be worked out. We hope that this critical
review aids in improving the understanding of enantiose-
lection at the molecular level and provokes further research
in this fascinating area of heterogeneous catalysis.

A comparison of the literature of homogeneous and
heterogeneous enantioselective catalysis reveals several dif-
ferences. An important deviation is the relatively narrow
application range of enantioselective catalysis at chiral
surfaces. We consider this as a sign of the early stage of
development and look forward to increasing involvement of
synthetic chemists to accelerate the advance. The recent
extension of the application of chirally modified metals

crucial importance of the adsorption strength c;f the modifiers. beyond catalytic hydrogenation has been hopefully only the
In some extreme cases, less than 1 mol % of the morepeginning of a positive development in this direction. From

strongly adsorbing modifier in the mixture was sufficient to
invert the major enantiomer (Figure 27}:53°An essential

a synthetic point of view, the simple approach of chiral
modification of metals provides easy-to-handle catalysts that

conclusion from this study is that, although strong adsorption ;, some reactions are highly efficient and represent a

is & crucial requirement for an efficient modifier, there is N0 yecppically attractive and cheap alternative to soluble transi-
positive correlation between the adsorption strength and theio, metal complex catalysts.

enantioselectivity achieved with the modifier aldrd.

The primary reason for the nonlinear phenomenon is the _r
different adsorption strength of the modifiers on the metal 7. Abbreviations
surface’®> The energy difference, however, does not ATR-IR
necessarily result in the expected big difference in the surfaceBDPP
concentrations of the modifiePd! The imbalance is traced  BINAP

attenuated total reflection infrared (spectroscopy)
2,4-his(diphenylphosphino)pentane
2,2-bis-(diphenyl-phosphino)-1':binaphthyl

to the different adsorption modes of the modifiers, as CD cinchonidine

illustrated in Figure 28 on the example of CD and €.  CN cinchonine _ .
According to this concept, the dominant modifier CD adsorbs gé S g?;’;‘gfg g;%ﬂ(r:a;iéggg (mass %)

mainly via the quinoline ring being parallel to the metal DHVIN  (—)-dihydroapovincaminic acid ethyl ester

surface while the inferior modifier QD adsorbs more weakly

in a tilted position of the aromatic ring. The latter geometry

disfavors the interaction with the ketone substrate in the ycp

enantiodifferentiating step; thus, the inferior modifier may

be considered mainly a spectator species. When the inferiorMeOCD

enantiomeric excess (%)

metal

10,11-dihydrocinchonidine

high-resolution transmission electron microscopy
O-methyl-cinchonidine

M

HRTEM
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MeOHCD O-methyl-10,11-dihydrocinchonidine

M/S modifier/substrate molar ratio
NED 1-naphthyl-1,2-ethanediol
PNEA pantoylnaphthylethylamine

QD quinidine

O]\ quinine

RAIRS  reflection absorption infrared spectroscopy
r.t. room temperature

ST™M scanning tunneling microscopy
TFA trifluoroacetic acid

TOF turnover frequency (1)

Y yield (%)
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