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Abstract

In this overview, the opportunities and problems associated with the industrial application of chiral catalysts (restricted to homogeneous
metal complexes and modified metallic catalysts) are being analyzed in detail. In a first chapter, critical factors affecting the industrial
feasibility of an enantioselective catalyst are discussed. In the following chapters, chiral catalysts with synthetic relevance are described and
about 40 types of catalytic transformations are discussed in some detail and characterized regarding enantioselectivity, catalyst activity and
productivity. In addition, existing selected industrial applications for pharmaceuticals, agrochemicals and fragrances are reviewduat Finally t
various transformations are assessed regarding their potential for future technical applications.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and background Over the years, three types of enantioselective chemo-
catalysts have proven to be synthetically useful. The most
For many applications of chiral compounds the racemic versatile ones areomogeneous metal complexamtain-
forms will no longer be acceptdd,2]. As a consequence, ing bidentate ligands with a chiral backbone carrying two
the importance of enantioselective synthesis in general andcoordinating heteroatoms. For noble metals, especially Rh,
of enantioselective catalysis in particular has increased. FourPd, Ru, Ir and Os these are tertiary P or N atoms, for met-
general approaches for producing enantiopure (ee >99%) orals such as Ti, B, Zn, Co, Mn or Cu ligands with coordi-
enantioenriched compounds have evolved (Baigle 1for nating O or N atoms are usually preferred. This methodol-
a comparison of the different methodologies and an assessogy has just received its due recognition in the 2001 No-
ment concerning their suitability for industrial applications) bel Prize to W.S. Knowles and R. Noyori for enantioselec-
[3]. tive hydrogenation and to K.B. Sharpless for enantioselec-
Separation of enantiomergia classical resolution, i.e.  tive oxidation catalysi$g]. Also useful for synthetic appli-
crystallisation of diastereomeric adducts, still accounts for cation areheterogeneous metallic catalystaodified with
the production of more than 50% of enantioenriched drugs chiral auxiliaries[9] and finally organocatalysis, i.e. the use
[4a]. An emerging technology is separation by chiral high- of chiral soluble organic bases and acigsat the moment
performance liquid chromatography (HPLC) using moving a very hot research topic with quite a lot promise for fu-
simulated bed technologip]. While crystallisation of di- ture industrial applicationfl0]. Chiral polymeric and gel-
astereomeric adducts can be applied on any scale, separatiotype material§l1a], phase transfer catalygti?] and immo-
via HPLC is probably most important in the early phase of bilized complexeg13] are less common for synthetic pur-
product development and is restricted to small-scale (100 kg poses.
to tonnes), high-value products. In both cases, large amounts  While most applications are in the field aymmetric
of solvents have to be handled and of course at least 50% ofsynthesisstarting from a prochiral substratkinetic resolu-
the material with the wrong absolute configuration has to be tion, i.e., the preferential transformation of one enantiomer
either recycled or discarded. of a racemic substrate, is of growing synthetic importance
Thechiral pool approactuses chiral building blocks orig-  [14]. Up to now, relatively few enantioselective catalysts
inating from natural products for the construction of the final are used on an industrial scdl15]. One reason is that
molecule. This approach is very often chosen in the early enantioselective catalysis is a relatively young discipline, but
phases of drug development but, depending on the commerthere are many other reasons and these will be discussed be-
cial availability of the starting material, it can also be used low.
for large-scale products. Because natural products very often  In this overview, the opportunities and problems associ-
(but not always!) have high enantiomeric purity, no further ated with the industrial application of chiral catalysts (re-
enrichment is usually necessary. An additional complication stricted to homogeneous metal complexes and modified
is the fact that products of human or animal origin must be metallic catalysts) will be analyzed in detail. The review is
declared for the manufacture of medicinal products in order an amended and updated version of a chapter written in 2002
to minimize the risk of transmitting animal spongiform en- for the second edition of “Applied Homogeneous Catalysis
cephalopathy. by Organometallic Complexe$16], supplemented with in-
Enantioselective synthesage performed with the help  formation on heterogeneous catalysts. In the first chapter, we
of covalently bound chiral auxiliaries (often from the chiral discuss critical factors affecting the feasibility of an enan-
pool). These are not incorporated in the target molecule buttioselective catalyst. In the following chapters, chiral cata-
are removed after the stereogenic centres have been estallysts with synthetic relevance are listed and finally about 40
lished and must be either recycled or discarded. types of catalytic transformations are described and char-
In many respects the most elegant approaemantiose- acterized regarding enantioselectivity, catalyst activity and
lective catalysisvhere prochiral starting materials are trans- productivity, and their potential for technical applications is
formed to enantioenriched products with the help of chiral assessed.
catalysts. Effective catalysts are either synthetic (chemocatal-
ysis) or can be of natural origin (biocatalysis). In this discus-
sion we will focus on the application of chemical catalysts
but the use of enzymatic and microbial transformations have 2. Critical factors for the technical application of
in many respects similar opportunities and concg8ihsAn homogeneous enantioselective catalysts
important issue is often the time needed to find and develop
an efficient biocatalyst, especially when the starting mate-  The application of homogeneous enantioselective cata-
rial is not a very close analogue to the natural substrate. Inlysts on a technical scale presents some very special chal-
addition, product isolation can be a serious problem since lenges and probleni8,4,6a,15,17]Some of these problems
reactions are often carried out in a rather dilute agueous so-are due to the special manufacturing situation of the products
lution. But as several recent publications convincingly show involved, others are due to the nature of the enantioselective
[6,7], these hurdle can be overcome. catalytic processes.
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Table 1
Scope and limitations of major production methods for enriched chiral molecules

Chemocatalysis Biocatalysis Chiral pool Crystallisation HPLC
Enantioselectivity 1-2 1 1 1-2 1-2
Activity and productivity 1-2 2-3 - - -
Availability and diversity 1-2 2-3 2 1 1
Substrate specificity 2 2-3 1 1 2
Work-up and ecology 1-2 2-3 2 2 2
Development time and effort 2 3 1 1-2 1
Application in the lab 2 3 1 1-2 1
Application in development 1-2 2 1 2 2
Small-scale production 1-2 1-2 1 1-2 2
Large-scale production 1 2 2-3 1-2 3

Rating: 1: broad scope, 2: medium scope and/or some problems, 3: narrow scope and/or often problematic.

2.1. Characteristics of the manufacture of specificity) and/or when not much is known on the desired
enantiomerically enriched products catalytic transformation (technological maturity). When
developing a process for a new chemical entity (NCE)
Enantiomerically enriched compounds will be used above in the pharmaceutical or agrochemical industry, time re-
all as pharmaceuticals and vitamifld, as agrochemicals straints can be severe (déig. 1). In these cases it is more
[2] and as flavors and fragrancfs8]. Other potential but important to find a competitive process on time than an
at present less important applications are functional materi- optimal process too late. So-called second generation pro-
als such as chiral polymers, materials with non-linear optical  cesses, e.qg., for chiral switches, for generic pharmaceuti-
properties or ferroelectric liquid crystgdib,19] The manu- cals or the manufacture of other fine chemicals have dif-
facture of pharmaceuticals and agrochemicals can be charac- ferent requirements; here the time factor is usually not so
terized as follows (typical numbers are given in parenthesis):  important but a high performance process is necessary.

e Multifunctional moleculeproduced via multistep synthe-  2.2. Characteristics of enantioselective catalytic
ses (10-15 steps for pharmaceuticals and 3-7 for agro-processes
chemicals) with short product lives (often <20 years).

o Relatively small scale producfs—1000 t/year for pharma- Enantioselective catalysis is a relatively young but rapidly
ceuticals, 500-10,000t/year for agrochemicals), usually expanding field. Up to 1985, only few catalysts affording
produced in multipurpose batch equipment. enantioselectivities of more than 90% were knd@]. This

e High purity requirementqusually >99% and <10ppm  has changed dramatically in recent years and there are now
metal residue in pharmaceuticals). a large number of chiral catalysts able to catalyze a variety

e High added valueand therefore tolerant to higher process of transformation with ees >98941,21] A major challenge
costs (especially for very effective, small scale products). which still remains is the transfer of the results obtained for a

e Thedevelopmenttimean be a hurdle, especially when the particular substrate to even a close analog due to the low tol-
optimal catalyst has to yet be developed or no commercial erance for structure variation even within a class of substrates
catalyst is available for a particular substrate (substrate (substrate specificity). The industrial application of enantios-

number of compounds
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Fig. 1. Development process for a new chemical entity in the pharmaceutical industry.
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elective catalysts is also hampered by a lack of information e The catalyst activity given as turnover frequency for

on their synthetic scope and limitations. In addition, cata-
lyst activities or productivities are often not given for new
catalysts (in the literature enantioselectivity is still the dom-
inant criterion) and applications to the synthesis of “real”

substrates are rather scarce (usually simple model reactiore

are studied). Finally, many chiral ligands and metal precur-
sors are expensive and/or not easily available in technical
quantities.

2.3. Critical factors for the application of
enantioselective catalysts

In the final analysis, the choice of a specific catalytic step
is usually determined by the answer to two questions:

e Can the costs for the over-all manufacturing process com- ®

pete with alternative routes?
e Can the catalytic step be developed in the given time
frame?

As a consequence of the peculiarities of enantioselective
catalysis described above, the following critical factors often
determine the viability of an enantioselective process:

e Theenantioselectivityexpressed as enantiomeric excess

>95% conversion (TOF, 1), determines the produc-
tion capacity. For hydrogenations, TOFs ought to be
>500 ! for small scale and >10,000°h for large scale
products.

Availability and cost of ligandsin the majority of cases
these are chiral diphosphines that need special synthetic
know how and can be rather expensive. Typical prices
are 100-500 $/g for laboratory quantities and 5000 to
>20,000 $/kg on a larger scale. Chiral ligands such as di-
amines or amino alcohols used for early transition metals
are usually cheaper.

Intellectual propertyMany chiral ligands and/or catalysts
are patent protected. It is essential to obtain the right to use
proprietary catalysts on a commercial basis at reasonable
costs and conditions.

Availability and cost of starting materialStarting mate-
rials are often expensive and difficult to manufacture on
a large scale with the high purity required for catalytic
reactions.

Development timeCan be crucial if an optimal ligand has

to be developed for a particular substrate (substrate speci-
ficity) and when not much know-how is available on the
catalytic process (technological maturity).

For most other aspects such as catalyst stability and sen-

(% ee), i.e., % desired % undesired enantiomer. The ee sitivity, handling problems, catalyst separation, space time
of a catalyst should be >99% for pharmaceuticals if no yield, poisoning, process sensitivity, toxicity, safety, spe-
purification is possible (via recrystallization or at a later cial equipment, etc., enantioselective catalysts have simi-
stage via separation of diastereomeric intermediates). Thislar problems and requirements as nonchiral homogeneous
case is quite rare and ees >90% are often acceptable; focatalysts.

agrochemicals ees >80% can be sufficient. Which of these criteria will be critical for the development
The chemoselectivity and/or functional group tolerance of a specific process depends on the specific catalyst and
will be very important when multifunctional substrates are transformation. The following factors have to be considered:
involved. the field of application and the price of the active compound
The catalyst productivity given as turnover number (added value of the catalytic step); the scale of the process;
(TON), determines catalyst costs. TONs oughtto be >1000 the technical experience and the production facilities of a
for small scale, high value products and >50,000 for large company; the maturity of the catalytic process; and last but
scale or less expensive products (catalyst re-use increasenot least, the chemist who plans the synthesis must be aware

the productivity).

of the catalytic route!

Table 2
Statistics for the industrial application of enantioselective catalytic readtiéijs
Transformation Production Pilot Bench scale
>5tlyear <5tlyear >50 kg <50kg
Hydrogenation of enamides 1 1 2 6 4
Hydrogenation of &C-COOR and &C-CH-OH 1 0 3 4 6
Hydrogenation of other€C 1 0 1 2 2
Hydrogenation ofx and functionalized GO 2 2 3 6 4
Hydrogenation/reduction of other-€D 0 0 0 1 4
Hydrogenation of &N 1 0 1 0 0
Dihydroxylation of G=C 0 1 0 0 4
Epoxidation of G=C, oxidation of sulfides 2 1 2 0 2
Isomerization, epoxide opening, addition 2 0 3 0 1
Total 10 5 15 19 27

Definitions: production processes are operated on a regular basis; pilot processes are technically on a similar level but are not (yet) appliedimassreg
bench scale processes have an optimized catalyst system and have been carried out on a kg scale.
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3. State of the art and evaluation of catalytic systems enantioselectivity for a variety of catalytic reactidig,21]

and transformations This was not always so and for many of the early industrial
processes, the search for and the preparation of the chiral lig-

3.1. General comments and was the most time consuming problem. Most classes of
chiral catalysts have a preferred application spectrum which

3.1.1. Transformations is sometimes quite broad as, e.qg., for diphosphine complexes

Inthe lastfew years, information onindustrial applications and sometimes very narrow as, e.g., for metal porphyrins.
has increased both in quantity and in quality because espe-Even today only few chiral ligands and modifiers are used
cially smaller technology based companies are ready to pub-on a regular bases for the synthesis of target molecules and
lish relevant results. In a recent review we have collected andJacobsen has coined the term “privileged ligands” for these
commented information on technical proceq4&4; a statis- selected feyi22]. The usefulness of aligand can be negatively
tical summary of this compilation is presentedTable 2 affected if itis extremely air and/or moisture sensitive. In ad-
Even though some new applications have been publisheddition, catalysts are often rather substrate specific, i.e., ligands
since the review was writtef6], the general trend has not have sometimes to be “tailored” for each individual substrate
changed. From these numbers it is evident that hydrogena-because even small changes can strongly affect the catalyst
tion is the transformation with the highest industrial impact, performance. In this respect, modular ligands are preferred
followed by epoxidation and dihydroxylation reactions. On since the effort required to adapt the ligand to the reaction are
the one hand, this is due to the broad scope of catalytic hy-much smaller than for ligands with little structural variabil-
drogenation. On the other hand, it could be attributed to the ity [23]. Finally, a scarcely addressed point is the functional
early success of the-dopa process, because for many years group tolerance and/or chemoselectivity of a catalysts which
most academic and industrial research was focused on thiswill get very important when more complex substrates must
reaction type. The success with epoxidation and dihydrox- be transformed selectively. Needless to say that ligands with
ylation can essentially be attributed to the efforts of Sharp- a wide scope (and well defined and known limitations), low
less, Katsuki and Jacobsen. Nevertheless, as will be shown irsubstrate specificity and with good functional group tolerance
the following chapters, other catalytic transformations have and stability have a much better chance for being applied by
the potential for industrial use—but this potential has to be the synthetic organic chemist than others.
translated into applications by the persons responsible forthe As already pointed out above, the enantioselective hydro-
actual choice of the technology: the development chemists. genation of unsaturated functions is the most important in-

In the Section8.2—-3.5synthetically useful enantioselec- dustrial application of chiral catalysts. In the last few years
tive reactions and the corresponding catalysts are revieweda number of ligand classes have been shown to be espe-
and tabulated imables 3-91In addition, illustrative exam-  cially versatile[24] and a sizeable number is now commer-
ples of processes in various stages of industrial developmentcially available also on large scale. In the text we have cho-
are shown. Critical issues will be discussed and an overall sen the following generic abbreviations: BIAR for atropi-
assessment of the technical maturity will be given. It has to someric diphosphines-{g. 3, FERRO for ferrocene based
be stressed that such an assessment, even though made aliphosphinesKig. 4), PCYCL for phospholane type ligands
the basis of the criteria defined above, can not be completely(Fig. 5.), MONO for monodentate and PCHIRAL for phos-
objective and that it reflects the experiences (and of coursephines with a stereogenic P atorffiq. 6). Structures and

also the prejudice) of the authors. names (in capital letters) of commercially relevant ligands
used for hydrogenation reactions and mentioned in the fol-
3.1.2. Chiral catalysts, ligands and modifiers lowing sections are also given kigs. 3—6 the structure of
As already pointed out, there are two classes of synthet- other ligands can be found in the cited references. Most of
ically versatile enantioselective catalysts, nametynoge- these ligands (and of course many more) can be purchased
neous metal complexesntaining chiral ligands anetero- on a laboratory scale from Strem or Fluka-Aldrich. If appro-

geneous metallic catalysia presence of chiral modifiers priate, we have also indicated the company which markets or
(Fig. 2). Generally speaking, the metal component is the acti- applies the ligands on a technical scale.
vating function while the chiral ligand/modifier is responsible Besides these ligands which have been mainly developed
for enantiocontrol. However, it has to be stressed that all com- for hydrogenation applications but which are effective for
ponents of a given catalytic system (metal, ligand/modifier, many other transformations as well, there are a few more
additives, solvents etc.) are needed to reach the desired catehiral auxiliaries available commercially on a large scale and
alytic effect and that in many cases the ligands/modifiers af- these are depicted Fig. 7.
fect the catalytic activity as well. In each case, these param-
eters as well as the reaction conditions have to be carefully3.2. Reduction of €C, C=0 and G=N bonds
optimized in order to arrive at the best over-all catalyst per-
formance. 3.2.1. Hydrogenation of olefins

Today, an impressively large number of chiral ligandsand  The enantioselective hydrogenation of olefins is the
modifiers is recorded in the literature to achieve very high best studied reaction with the most industrial applications



6 H.-U. Blaser et al. / Journal of Molecular Catalysis A: Chemical 231 (2005) 1-20

Table 3

State-of-the-art for the hydrogenation of olefins

Substrates ee (%) TON? TOF (1)@  Preferred catalyst types

Enamides, enol acetates, itaconates 90-99 1000-50000 200-5000 Rh/PCYCL, Rh/FERRO, Rh/MONO, Rh/PCHIRAL, Ru/BIAR, Rh/VARIOUS
Allylic alcohols 80-95 10000-50000 1000-5000 Ru/BIAR

a,B-Unsaturated acids 85-95 2000-20000 500-3000 Ru/BIAR (Rh/PCYCL, Rh/FERRO)

Tetrasubstituted €C 85-95 500-2000 200-500  Ru/BIAR, Ru/PCYCL, Rh/FERRO, Rh/PCHIRAL

C=C without privileged function 80-95 20-100 2-5 Ir/P"OXAZ (Ru/BIAR, Rh/PCYCL)

2 Typical range for suitable substrate and optimized catalyst.
b Structures seBigs. 3—6 catalysts in parenthesis have narrow scope.

Table 4

State-of-the-art for the reduction of functionalized ketones

Substrate/Reducing agent ee %) TON? TOF (12 Preferred catalyst types

RCOCHRCOOR/H 90-98 5000-50000 2000-10000 Ru/BIAR, RU/FERRO, Ni/TARTRATE
RCOCOOR/H 90-95 1000-5000 100-500 Rh/AMPP, Ru/BIAR, Pt/CINCHONA
RCOCHRX/H X=NHR, OR 90-95 1000-5000 100-500 Ru/BIAR, Rh/FERRO, Rh/AMPP, Pt/CINCHONA
ArCOR/H, 90-95 5000-20000 500-10000 Ru/BIAR-diamine

ArCOR/i-PrOH or HCOOH/NE# 85-95 1000-5000 100-500 Ru, Rh, or IrfO'N, N'N, P"N

Various ketones/BH 85-95 20-50 5-10 OXABOR

a Typical range for suitable substrate and optimized catalyst. .
b Structures seBigs. 3—-7 AMPP amidophosphine-phosphiniteY>bidentate ligand with O, N or P as coordinating atoms.

Table 5

State-of-the-art for the reduction o groups

Reaction ee (%) TON? TOF (h 1) Preferred catalyst typks

N-Aryl imines 80—-90 500-10000 50-100 IrfFERRO, Rh/BDPP, Ir/P"OXAZ, Ru/P"P/N'N
Alkyl imines 80-90 50-500 5-50 Rh/BDPP (Ir/P"OXAZ)

Cyclic imines 90-98 50-1000 1-50 Ti/EBTHI, I/FERRO, Ir/BIAR

Various G=N-X 80-95 100-500 5-100 Rh/PCYCL, Ru/BIAR, Rh/FERRO

@ Typical range for suitable substrate and optimized catalyst.
b Structures seFigs. 3-6

Table 6

State-of-the-art for the oxidation of olefins and sulfides

Reaction ee (%) TON? TOF (h1)a Preferred catalyst typks
Epoxidation of allylic alcohols 85-95 10-40 Up to 20 TIITART

Epoxidation of G=C 80-95 50-2000 50-200 Mn/SALEN
Dihydroxylation of G=C 85-95 100-500 50-100 Os/CINCH
Aminohydroxylation of G=C 85-95 20-100 5-20 Os/CINCH

Sulfide oxidation 80-95 2-20 1-5 TiIITART

2 Typical range for suitable substrate and optimized catalyst.
b Structures seFBig. 7.

Table 7

State-of-the-art for miscellaneous addition reactions to olefins

Reaction ee (%) TON? TOF (h 1) Preferred catalyst types
Hydrocarbonylation 85-95 100-1000 300-500 Rh/BIAR, Pd/BINO, various
Hydrosilylation 85-95 200-1000 20-100 Pd/MOP

Hydroboration 85-95 50-100 5-200 Rh/QUINAP, Rh/FERRO
Michael addition 85-95 50-200 5-100 var/BINO, Cu/PAMID
Cyclopropanation 85-95 50-1000 20-100 Cu/OXAZ, Rh/CARB
Diels-Alder reaction 85-95 10-100 1-10 Cu/OXAZ, M/O"O, M/O"N, M/N"N

2 Typical range for suitable substrate and optimized catalyst.
b Selected structures séegs. 3 and 7OXAZ various bisoxazolidines, BINO various bisphenols.
¢ Chiral carboxylate or carboxamidate.
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Table 8
State-of-the-art for addition reactions te=O groups
Reaction ee (%) TON? TOF (h1)2 Preferred catalyst types
Aldol reaction 90-95 5-20 1-10 Ln/BINOL, Ag/BIAR, Cu/OXAZ
Ene reaction 90-95 5-20 1-10 Ti/BINOL
Addition of MR to RCHO 90-95 5-100 1-20 M/N"O, M/O"O, M/IN'N
Hetero Diels-Alder 85-95 10-50 2-10 Cu/OXAZ, M/O"0O, M/IN"O, M/N'N
Addition of CN~ to C=0 90-95 10-100 Low Ti/BINOL, M/N'N, M/SALEN
@ Typical range for suitable substrate and optimized catalyst.
Table 9
State-of-the-art for miscellaneous transformations
Reaction ee (%) TON2 TOF (h1)2 Preferred catalyst typks
Allylic substitution 85-95 50-1000 20-100 Pd, Mo/Trost lig, Pd/P"OXAZ, Pd/OXAZ, various
Cross coupling 80-90 500-200 2-20 Ni/P°N
Heck reaction 80-95 10-100 1-10 Pd/BIAR, Pd/P"OXAZ
Metathesis 90-95 20-100 10-100 Ru/carbene, Mo/O"O
Kinetic resolution of epoxides 98-99 500-1000 20-40 Co or Cr/SALEN
2 Typical range for suitable substrate and optimized catalyst.
b Selected structures s€egs. 3 and 7OXAZ: various bisoxazolidines.
R2
R Ry -
3 R * B binding group
: chiral
(chiral) z modifier
backbone = hori
Z A  anchoring group
—— o free coordinations sites Actly sleﬁgi | | | I_I | |
M type, oxidation state slul |°!_t (type, texture, chiral,
X anion | rFi | preparation method)

Z coordinating atoms
with (aromatic) substituents

Fig. 2. Generic structural elements of chiral metal complexes (left) and chirally modified heterogeneous catalysts (right).

al OMe
L., . O
|
OO O MeO PR, PR, MeO™ 7 “PAr
PAr, X PR,  MeO PR, PR, MeO. L __PAr,
! ! PAr, X . PR, g N\I
Cl OMe
BINAP BIPHEP CI-MeOBIPHEP ~ HEXAPHEMP P-PHOS
(various suppliers) (Roche) (Bayer) (Dow Chirotech) (Johnson Matthey)
B
N
o) [ e
{ O o PPh, [
o PA, PPh, O PPh, FED, - )-O PR,
<o PAr, [O g PPh, " \28 PR,
0 ' 0 ‘
SEGPHOS SOLPHOS SYNPHOS2 TMBTP TUNEPHOS
(Takasago) (Solvias) (Synkem) (Chemi) (Chiral Quest)

Fig. 3. Structure, name and company of commercially relevant atropisomeric biaryl ligands, generic abbreviatich/&saRknown as BISBENZODIOX-

ANPHOS.
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PR === "
\
> NMe PP @ A
R,P @ “"CH =
H 3 Y
Lt Ph,P
BOPHOZ BPPFA

(Johnson Matthey)

R RpP

MANDYPHOS
(Umicore/Solvias)

TANIAPHOS
(Umicore/Solvias)

PR,
H

H
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(Solvias)
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Fig. 4. Structure, name and company of commercially relevant ferrocene based ligands (generic abbreviation FERRO).

[11c,15,21a,24]0ver the last decades, a few privileged sub-

expensive and most large scale amino acids are now pro-

stitution patterns have evolved that almost guarantee high eesduced via biocatalytic method8b,25]. Many different sub-

These structures are depictedrig. 8and the state-of-the-art
is summarized irmable 3 With few exceptions, Rh and Ru

strates of typel such asx-dehydroamino and itaconic acid
derivatives can now be hydrogenated with ees between 95

complexes of a limited number of chiral diphosphine fami- and 99% with moderate to very high catalyst activity and
lies are the preferred catalysts but in any case, the optimalproductivity even though model reactions are usually carried
complex (metal, ligand, anion, etc.) has to be determined for out with substrate/catalyst ratios of 100—-1000. In general,

each substrate.

Hydrogenation of enamides (tygkein Fig. 8 X=NR,
Y =C, W=R), especially olx-dehydroamino acid deriva-
tives (R = COOR), is not only the best known test reaction

more and larger substituents lead to a decrease in catalyst
activity both when directly attached to=C or when bound
to X or W.

Selected examples depictedHrig. 9 show what level of

but has also a very high potential for the production of pes- catalyst performance can be achieved by process develop-

ticides or pharmaceuticals. The original motivation for de-

veloping this reaction type was the manufacture.@fmino

ment. The most prevalent catalysts are Rh complexes with
various diphosphines but in some cases also Ru/BIAR cata-

acids but except for small scale applications or more complex lysts are suitable. In addition, the selection demonstrates the
structures, the preparation of the enamide substrates was towariety of structural motives found in biologically active com-

S
R — R R Q R
LD UG
RR" “RR
BUTIPHANE DUPHOS
(Solvias) (Dow Chirotech)
o 00 Q
{; Qoa
Q AR
MALPHOS ROPHOS
(Degussa) (Solvias)

:U—'(>"'”Il

AN .
2.5

FERROTANE
(Dow Chirotech)

¥
<]
/&\

TANGPHOS
(Chiral Quest)

Fig. 5. Structure, name and company of commercially relevant phospholane type ligands (generic abbreviation PCYCL).
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(MONO) (PCHIRAL)
O.p : E;l\ 0
O i o IL
0 5 @ L
MeO R
MONOPHOS DIPAMP PAOXAZ
(DSM) (Solvias))
H P
H PPh, O% h
- N, .O
Ph,p  PPh, PPh, 2
BICP PHANEPHOS OXABOR
(DSM) (Johnson Matthey

Dow Chirotech)

Fig. 6. Structure, name, company and generic abbreviation of miscellaneous commercially relevant ligands.

pounds and the need for tolerating functional groups such asare depicted ifFig. 10 with few exceptions the catalysts of
pyridyl, cyano, thienyl or other€C or G=O moieties. choice are Ru/BIAR complexes. While very high TONs and

The hydrogenation of allylic alcohols an¢g3-unsaturated ~ TOFs have been achieved for simple allylic alcohols, more
acids @in Fig. 8) isanother class of transformations with high complex substrates and especiall@-unsaturated acids are
industrial success rate. Also here some illustrative examplesreduced with lower efficiency.

OO HO, _COOR
o T

| OH HO~ "COOR
BINOL R=Et DET R=H R'=Vin cinchonidine (CN)
(various suppliers) R =i-Pr DIPT R=H R'=Et hydrocinchonidine (HCN)
R=H tartaric acid R = OMe R'=Vin quinine (QN)

Ao O
H,,’ kA

F’hala_O_;C9 = w ¥N\M/N_
Mt 0 SN tBu o” o tBu
N -G, tBu tBu
(DHQD),PHAL PHAL SALEN
(Rhodia Chirex) (Rhodia Chirex)

0 Q 0o 0 Q 0
N N Trost ligands N N
O H H Q (Dow Chirotech) ./ H H
O PPh, Ph,P Q NN NN

Fig. 7. Structure, name, company and generic abbreviation of miscellaneous commercially relevant chiral ligands and modifiers.
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R, R R, R,
>.=< /0 X=CH,, NR, O >=< X=COOH(R), CR,-OH
E X—Y/ Y=C, P W=R, OR
3 R, X
type 1 type 2

Fig. 8. Olefins with privileged substitution patterns.

Homogeneous hydrogenations of tetra substituted olefins[9,11a]have the required catalyst performance for synthetic
are still rare, even though high ees and reasonable activi-applications
ties can now be achieved. Three industrial examples are de-
picted inFig. 11, favored catalysts are Rh and Ru/JOSIPHOS 3.2.2. Reduction of ketones
and Ru/DUPHOS complexes, also effective catalysts are The hydrogenation of ketones using Rh and Ru diphos-
Ru/BIPHEP and Rh/TRAP. phine catalysts is the most versatile and efficient method

Even though the hydrogenation of alkenes without “priv- for the synthesis of a large variety of chiral alcohols (see
ileged” functional groups is much more difficult and re- Table 4 [11e,21a] While Rh diphosphine catalysts are of-
quires much more effort to achieve good enantioselectivity ten substrate specific, several Ru/BIAR type catalysts have a
there are some successful examples as depictédyinl2 rather broad scope. These catalysts are effective for the hy-
Of special interest are the Ir-phosphine dihydrooxazol cata- drogenation of functionalized ketones suclaseto esters,
lysts (Ir/P"OXAZ) recently reported be Pfaltz et [@7] even 2-amino and 2-hydroxyketones with high ees and often rea-
though their functional group tolerance is relatively low. sonable TONs and TOFs. An alternative fefunctionalized

For the enantioselective reduction of olefins, there are ketones is the heterogeneous Raney nickel modified with tar-
few alternatives to homogenous hydrogenation because neitaric acid and bromidf0]. Due to the low activity of homo-
ther transfer hydrogenations with hydrogen donors such asgeneous catalyste;keto esters, acetals and ethers are pref-
HCOOH/NEt3[24,38] nor chiral heterogeneous catalysts erentially hydrogenated with heterogeneous cinchona modi-

HBF, j\ OMe
AcO j\ Ny HN
2, ! Lo
P a
MeG #>coon ! ooNe Acooe
Rh/DIPAMP; ee 95% Rh/DUPHOS; ee 98% Rh/DUPHOS; ee 96%
TON 20'000; TOF 1000/h TON 20'000; TOF n.a. TON 50'000; TOF 5'200/h
small scale production pilot process, >200 kg pilot process, kg scale
Monsanto [6c] Dow Chirotech [26] Ciba-Geigy/Solvias [27]
(o]
J 0 J\
N R i
N<
OHC” N\/Afo [/IN\ o Z cooH
Z
HHIEY COOHXNET,
Rh/JOSIPHOS; ee 97% Ru/BIPHEP; ee >99% Rh/PBM; ee 99%
TON 1'000; TOF 450/h TON 20'000; TOF 830/h TON 1'600; TOF 1'600/h
pilot process, >200 kg pilot process, >10 kg bench scale process
Lonza [28] Roche [11d,29a] HéchstMarionRoussel [29b,30a]
0~<0 E/Z mixture
o ONa
COOMe
OMe
Ru/BIPHEP; ee 98% Rh/DUPHOS; ee 98% Rh/DUPHOS; ee 97%
TON 20'000; TOF 6'600/h TON 20'000; TOF 5'000/h TON 1'000; TOF n.a.
bench scale process pilot process, multi kg pilot process, >kg scale
Roche [11d,29a] Roche [29a] Dow Chirotech [31]

Fig. 9. Selected applications with tyfiesubstrates: catalyst type and performance, development stage and c¢6gyabg,26—28,29a,b,30a,31]
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|
)\/\/k/\ /I\/\J\/\)‘\\/\ N
H
(o) OH L on

Ru/BINAP; ee 97% Ru/BIPHEP; de >98% Ru/BIPHEP; ee 98%
TON 50'000; TOF 500/h TON 100'000; TOF 10'000/h TON 5'000; TOF 200/h
production process 300 t/y pilot process, kg scale bench scale
Takasago [32] Roche [11d] Roche [33]
o]
- \/\
0 FiC E/Z=96/4
MeO o] OOH
Ru/BINAP; ee 97% Rh/WALPHOS; ee 95% RuW/TMBTP; ee 92%
TON 3'000; TOF 300/h TON 5000, TOF ca .800/h TON 20'000; TOF 6'600/h
bench scale pilot scale pilot process, >100 kg
Takasago [32] Novartis/Solvias [24] Chemi [34a]

Fig. 10. Selected applications with tygesubstrates: Catalyst type and performance, development stage and cqhimhfy,32—34]

0
)J\ COOMe OOH
F
5 o0 o)

Rh/JOSIPHOS; de 99% Ru/JOSIPHOS or DUPHOS; ee 90% Ru/BIPHEP; ee 94%
TON 2'000; TOF n.a. TON 2'000; TOF 200/h TON 1'000; TOF ca. 400/h
medium scale production medium scale production pilot process, >10 kg
Lonza [35] Firmenich [36] Roche [11d]

Fig. 11. Hydrogenation of tetrasubstituted olefins: catalyst type and performance, development stage and[¢dch3ar86]

fied Pt catalystf9,11a] At the moment there exist two com- Other reducing agents are of interest especially for
mercial applications of such catalyst systems Siee 13. small scale reductions and/or when no hydrogenation fa-
The Ru/BINAP/chiral diamine catalysts developed by Noy- cilities are available. Transfer hydrogenati@ia,24]using

ori [21a] are very effective for the hydrogenation of aryl ke- i-PrOH/base or HCOOH/NEtas reducing systems shows
tones (TOF up to 2,400,000!) and are also suitablex{@r some promise for the reduction of aryl ketones due to the re-
unsaturated ketones. The technology has been licensed bgent development of efficient Rh and Ru transfer hydrogena-
companies like DSM, Dow Chirotech and Johnson Matthey tion catalysts with new bidentate N'N, N"O and PN ligands.
Synetix who have developed analogous systems with their For several model aryl ketones ees up to 99% were obtained,
own chiral diphosphines. Unfunctionalized alkyl ketones are however activities and productivities are usually relatively
still a problem, ees >90% have only been reported for a few low even though in a few cases TONs up to 5000 and TOFs
rare casef21a]. Fig. 13shows a selection of ketones where of 3000-6000 h! were described. Avecia has developed the
industrial processes have been developed. Also here, tolerso-called CATHy technology for technical applications and
ance against functional groups such as pyridinesCiGnd has carried out the reduction of the model ketones depicted

C=C bonds is important. in Fig. 14on a 50-200 | scalgsd].
Me
Ph i
NO, o H Al Ar
X o
[
0o H,Alk

RW/DUPHOS; de 93% Ru/BIPHEP; ee 94% IFPAOXAZ; ee up to 99%

TON 1'000; TOF n.a. TON 1'000; TOF 45/h TON 200-1000; TOF 100-500/h

small scale production bench scale laboratory procedure

Dow Chirotech [26] Roche [11d] Pfaltz / Solvias [37]

Fig. 12. Hydrogenation of olefins without privileged substitution: catalyst type and performance, development stage and[¢GohRé&r37]
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o 0
COOEt @»fu\)‘coom o
o

12

o]

Pt-Al,O4/HCd; ee 82-94% Pt-Al,O4/HCd; ee 70-87% Rh/PPM; ee 91%
TON 4'000; TOF1'000/h TON n.a.; TOF n.a. TOT\! 200'000; TOF 15'000/h
small scale production small scale production pilot process, >100 kg
Ciba-Geigy/Solvias [39] Ciba SC/Solvias [40] Roche [11d]
/ﬁ\/COOMe Cl\/ﬁ\/COOEt /ﬁj/\NHCOPh
H23C11
COOMe

RaNi/tartrate/NaBr; ee 91% RW/TMBTP; ee 97% Ru/BINAP; ee >97%, de >94%
TON 160 (16 recycl); TOF 2/h TON 20'000; TOF 15'000/h TON 1'000.; TOF 200/h

pilot process, >100 kg pilot process, >100 kg large scale production
Roche [41] Chemi [34a] Takasago [32]
U
N.HCI
A G
Ru/BINAP; ee 94% Rh/BPPFOH; ee 97% Ru/BIPHEP; ee 92%
TON 2'000.; TOF 300/h TON 2'000; TOF 125/h TON 6'400; TOF 320/h
medium scale production pilot process, >10 kg bench scale
Takasago [32] Ciba-Geigy/Solvias [42a] Roche [43]

Fig. 13. Hydrogenation of functionalized ketones: catalyst performance, development stage and daithagay34a,39-41,42a,43]

(o]
o o Rh
E H,Nz, A~ ﬁ? ~y 0T
2 \E/\\Ph

CAT A; i-PrOH/i-PrONa  CAT B; HCOOH/NEt, Ph

ee 97%, TOF 500-2500/h ee 98%, TOF 75/h CAT A CATB

pilot process, 200 | scale pilot process, 50 | scale

Avecia [6d] Avecia [6d]

Fig. 14. Transfer hydrogenation of aryl ketones using CATHy technology, substrate and catalyst stfédiures

The reduction with BH [11f] adducts in presence of less preparative interest since most silanes are quite ex-
catalytic amounts of amino alcohols has already found pensive. Activities and productivities for both methods
some industrial applications, especially by PPG-Sipsy and are often low and for large scale processes, the dis-
Rhodia Chirex (sed-ig. 15. Hydrosilylation [21Db] is of posal of wastes from the stoichiometric reducing agent

0 0 2
Br X @ (
Fe CH,
N

R=Cl
BnO
NO, = X =Cl, Br
OXABOR/BH,.Me,S OXABOR/BH,.Me,S OXABOR/BH;.Me,S
ee 94%; TON 17, TOF n.a.  ee 99%; TON 20-30; TOF n.a  ee 92%; TON 20; TOF ca. 5/h
pilot process, multi kg small scale production pilot process, 50 kg
Sepracor [44] PPG-Sipsy [45] Lonza [46]

Fig. 15. Reduction of aryl ketones: catalyst performance, development stage and cidpai6}
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——— ,PtBu,
NH, O Rh/JOSIPHOS NH, O Ar,P @ CH,
RTSX 50 °C, ca. 6 bar R X :
R < Ar.Bn TON 300; TOF 15-50/h JOSIPHOS
X = OMe, NHPh ee 82-97% Ar = Ph, 4-F-Ph

Fig. 16. Hydrogenation of unprotect@denamine esters.

could be problematic (borate or silane hydrolysis prod-
ucts).

3.2.3. Reduction of €N bonds

3.3.1. Oxidation of olefins

Enantioselective oxidation of olefins is a very elegant way
of introducing oxygen and in some cases also nitrogen func-
tions into a molecule. The epoxidation of allylic alcohols

Even though chiral amines are important intermediates using Ti/diisopropyl tartrate (Ti/DIPT) or Ti/diethyl tartrate

for biologically active compounds, the asymmetric hydro-
genation of &N has been investigated less systematically
than that of GC and G-O groups. In recent years this

(Ti/DET) catalysts has been applied in numerous multistep
syntheses of bioactive compourid4h,21c] In presence of
molecular sieves, the catalyst is effective for a variety of

has begun to change and now, various Rh, Ir and Ru com-substituents at the=€ bond and tolerates most functional
plexes are known with reasonable enantioselectivities (seegroups with good to high ees but rather low activity. How-

Table § [11g,21a,47a]With few exceptions, Rh complexes
often have relatively low catalyst activities and productivities

ever, applications on a larger scale are still restricted to a
few example$15] and selected ones are depictedFig. 18

while some Ir complexes have high initial rates but often tend The most important is the manufacture of glycidol devel-

to deactivatd48]. Recently it was shown that Noyori's Ru
diphosphine diamine catalyst also is useful for selecteN C
groups[49].

Very recently, the hydrogenation of an unprotecfed
enamine esters depictediiy. 16was described representing

oped by Arco and later operated by PPG-Sipsy]. The
reaction has been carefully optimized and is run with cumyl
hydroperoxide as oxidant. Potential problems are the stere-
oselective preparation of certain allylic alcohols, the han-
dling of organic peroxidest{utyl or cumyl hydroperox-

an important breakthrough for the catalytic synthesis of chi- ide) on a large scale, the rather low catalytic activity and

ral B-amino acidg50]. Mechanistic studies indicate that the

productivity and sometimes the isolation and purification of

reaction occurs via the hydrogenation of the corresponding the epoxy alcohols. An interesting new development is a

C=N tautomer. Up to now, only few industrial applications

Ta/DIPT attached to silica (ees up to 97%, TON up to 25

have been reported. The metolachlor process carried out byand TOF <1)Y54] but its synthetic potential has not yet been
Ciba-Geigy/Syngenta with a volume of >10,000 t/year is the €xplored.

largest known enantioselective catalytic production process

[51,52] In addition, pilot processes developed by Imwinkel-
ried[35] for a dextromethorphan intermediate and by Avecia
[6d] for a transfer hydrogenation of phosphinyl imine were
reported (se€ig. 17).

The hydrogenation of acyl hydrazones with Rh/DUPHOS
with ees up to 95%, of N-diphenylphosphinyl ketimines with
Rh/JOSIPHOS and a Ti/EBTHI catalyst for cyclic imines

In the last few years, the epoxidation of unfunctionalized
olefins using cheap NaOCI as oxidizing agent has been de-
veloped industrially by Rhodia Chirex in collaboration with
Jacobserj42b,56] and an example is depicted Fig. 19
Mn/SALEN type catalyst give good results for terminal and
cis substituted olefins results with ees up to >97% with mod-
erate to good catalytic activifiL 1i,21d]. New developments
are the discovery of the beneficial effect of pyridine N-oxides

(>98% ee) have some synthetic potential, however, the Ti[42b] and of new types of SALEN ligands by Katsuki with

catalysts unfortunately have a low functional group toler-

TONSs up to 900(11c]. Of potential interest is the use of

ance and very poor catalytic activity. Good to high enantios- ionic liquids which allow recycling of the cataly7]. .-
electivities can be achieved with transfer hydrogenation and Unsaturated ketones can be epoxidized with hydrogen perox-

BH3 reduction with medium to very low catalyst activities.
Recently, the first example of a reductive alkylation of an
aniline derivative with high TON and TOF values has been
described, an interesting variant from an industrial point of
view [53].

3.3. Oxidation reactions
The catalytic oxidations with industrial potential are epox-

idation, dihydroxylation and aminohydroxylation of olefins
and with a more narrow potential sulfide oxidatidalfle §.

ide in presence of a polypeptide catalyst with ees up to >98%,
albeit with usually very low activity58]. Recently it was de-
scribed that addition of phase transfer catalysts significantly
enhance catalytic activit}p9].

The asymmetric dihydroxylation (AD) of olefins leads
to cis-diols with high to very high ees using Os/CINCH
complexes (for a representative structure deg. 7)
[11k,21e,21f). This reaction has been applied in numerous
lab scale syntheses and a catalyst/oxidant mixture (AD-mix)
is available from Strem. However, even though it has been
developed by Rhodia Chirg%6] (for an example sefeig. 19
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CH,0
P I

N

o

Ir/JOSIPHOS; ee 80%
TON 2'000'000; TOF >400'000/h
very large scale production
Ciba-Geigy/Syngenta/Solvias [51]

~N_.H,PO,

IrfJOSIPHOS; ee 90%
TON 1'500; TOF n.a.

pilot process, >100 kg
Lonza (Solvias) [35]

_POPh,

CAT B®; HCOOH/NEt,

ee 99%, TON >200; TOF 1000/h
pilot process
Avecia [6d)]

OMe

Fig. 17. Hydrogenation of €N groups: catalyst performance, development stage and confd@egFig. 14 [6d,35,51]

/\/OH n-C.H,, \/\/OH

Ti/DIPT; ee 88-90%

Ti/DET; ee >98%

Ti/DIPT; ee 96%

TQN >40; TOF <1h. TON 8; TOF n.a. TON 20; TOF ca.1
medium scale production pilot process, >10 kg bench scale
Arco/PPG-Sipsy [4¢] Upjohn [55] HéchstMarionRoussel [30b]

Fig. 18. Epoxidation of allylic alcohols: catalyst performance, development stage and cophp@0p,55]

its application on a commercial scale seems to be challeng-
ing. KsFe(CN}-K2COg, the oxidant used in the commer-

A very recent development is the Ti and Cu catalyzed
enantioselective halogenation of 1,3-dicarbonyl compounds

cially available AD-mixes is problematic on larger scale. Re- using electrophilic reagents, usually with an N—X function
cently, Beller has shown that oxygen can be used instead(X=F, Cl, Br) [64]. While in several cases ees up to 95%

which is more promising for industrial applicatiofs’b,60]
The analogous aminohydroxylation reactj@if,47c]lead-

ing directly from olefins to 1,2-aminoalcohols has a similar

were reached, catalyst activities are too low for industrial use

and the synthetic scope remains narrow.

synthetic potential but the additional problems of chemo- and 3.4. Addition reactions to-€C, G=O and G=N bonds

regioselectivity make synthetic and particularly industrial ap-

plications more difficult.
Allylic oxidation [111,61], aziridination[11m] as well as
chiral variants of the Baeyer Villiger oxidatid62] are not

3.4.1. Addition reactions to-€C bonds
Addition reactions to olefins can be used both for the
construction and the functionalization of molecules. Accord-

yet mature for technical use, even though in specific casesingly, chiral catalysts have been developed for many differ-

high ees have been achieved.

3.3.2. Miscellaneous oxidation reactions

ent types of reactions with often very high enantioselectivity.
Unfortunately, most have either a narrow synthetic scope or
are not yet developed for immediate industrial application

The oxidation of aromatic or hetero aromatic sulfides due to insufficient activities and/or productivities and most

[21g]using T TART catalysts exhibits good enantioselectivi- of the ligands are not avai_lable on techr_1ical scale. For this
ties but usually very low TONs (2—20) and TOFs (1-5/h); nev- r€ason, these transformations will be discussed only sum-

ertheless two industrial applications are on recéiid (20,

marily; the synthetically most versatile ones are listed in

one of them for the chiral switch of one of the largest anti 1able 7

ulcer drugd6e,63]

epoxidation
Mn/SALEN; ee 88%
TON >250; TOF ca. 250
small scale process
Rhodia Chirex [42b]

Cl

dihydroxylation
Os/(DHQD)2PHAL; ee 95%
ton ca. 500; tof 50-100
pilot process, >10 kg
Rhodia Chirex [56]

Fig. 19. Epoxidation and dihydroxylation of€C groups. Catalyst perfor-
mance, development stage and compii2p,56]

Me

= S\
|/ S @/
N

N OMe R

Ti/TART, ee 92-93%
TON 3-4; TOF 3-4
medium scale production
AstraZeneca [6e,63]

Ti/TART; ee 98%
TON n.a.; TOF n.a.
pilot process, <100 kg
Lonza [28]

Fig. 20. Oxidation of sulfides: catalyst performance, development stage,
company{6e,28,63]
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(\iOOMe
o)
RS o + <COOM€‘ W COOMe
COOMe
MeO
hydrocyanation hydrocarboxylation Michael addition
Ni/GLUP; ee 90% Pd/BINAPO; ee 91% AILi-BINOL; ee 99%
TON 5'000; TOF ~200/h  TON <20; TOF <1/h ton 330; tof 33/h
bench scale laboratory experiment bench scale, kg
DuPont [12k] Alper [68] Shibasaki [69]
w An{binagist )\/\/'\/\
NEt = =
2 ee 97% LS

TON 400'000 (recycled); TOF 440/h
production process, >1000 t/y
Takasago [52]

Fig. 21. Hydrocyanation, hydrocarboxylation, Michael addition, allylamine isomerization: catalyst performance, development stage and company
[12k,52,68,69]

The most common classes of substrates for the additionproof-of-concept syntheses of natural products. The cyclo-
of various H-X fragments are styrenes and other function- propanation with Cuand Rh complexXé4t,11u, 21khndthe
alized olefins; very often regioselectivity is an issue. Hydro- Rh/BINAP catalyzed isomerization of allylaminfslv] are
carbonylationg21h] are possible with good ees, especially already used commercially for the manufacture of Cilastatin
with the Rh/phosphine-phosphite catalysts, but only few ap- (one of the first industrial processggjlw] and citronellol
plications for industrially relevant targets have been reported and menthol (presently the second largest catalytic process,
(Fig. 21). Hydrosilylation[11n] and hydroboratioifl10] of Fig. 21 [11b], respectively. However, both transformations
olefins followed by oxidation are attractive alternative meth- have a rather narrow scope for industrial applications. The
ods for preparing chiral alcohols or amines. High catalyst insertion of carbenesin C-H bongslt,11u,21khas a some-
activities (TOF up to 100,000/h) have been reported for the what broader synthetic potential but involves the handling of
Pd catalyzed hydrosilylation of styrene in presence of aryl- diazo compounds.
phosphine ferrocene ligands with planar chira]$]. The
Ni catalyzed hydrocyanation reactifrip] occurs with lower 3.4.2. Addition reactions to-60 bonds
ees and requires the handling of HGRg. 27). All four meth- Addition reactions to carbonyl groups are very important
ods have an interesting synthetic potential but also some ob-in synthetic methodology. Even though a wealth of catalysts
vious draw backs. For the foreseeable future, they will be with high enantioselectivity have been developed in the last
used industrially at best in niche applications. years Table §, there are only few industrial applications.

Both the Michael additiofiL1qg,11r,21s,664nd the Diels- Most catalysts have low to medium catalytic activity and
Alder reaction[11s,21i,67]have a broad synthetic scope, TONs of 5-100.
however, with the exception depicted Fig. 21, most in- The aldol reactionjl1x,211,21m] ene reactiofilly,21n]
vestigations were carried out using model substrates or forand hetero Diels-Alder reactioil1z,21i,70]are catalyzed

R, ,COOEt gold aldol; Au/BPPFA
RCHO + C=N-CH,COOE ——= ee 85-90%; TON 100; TOF 5
O N bench scale, kg scale
Ciba-Geigy [72]
+ 5% cis

H _@ ene reaction, Ti/BINOL
A ‘ QO — o ee 98%, TON 70; TOF 3/h
COOBn pilot process, multi 100 kg
CoaBn Roche [11d]

o]

NH, : :
H, : nitro aldol; LaLi/BINOL complex

z Ph :
B 3 + MeNO, ——» NO, ee 96%: TON 30; TOF <1/h
~">CHOo \/\é:\ & small scale process

Kaneka [73]

nz

de 98%

Fig. 22. Various addition reaction to=© bonds: catalyst performance, development stage and corfipkay 2,73]
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0
g YbK/BINOL; ee 92-96%
=N _, (MeO),P S
(MeO),PHO + R>()<R 2. N TON 20; TOF <1/h
R sSR! H>[ % small scale production
R g7 R Hokko Chemical Co. [76]

R, R' = Me, Et, (CH,),

Fig. 23. Hydrophosphonylation of a=IN group: catalyst performance, development stage and conjpéhy

H HKR, R = CH,CI
Co/SALEN; ee >99%

H‘“"'<T +HO . /<? + R/\/OH TON ca. 250; TOF ca. 30/h

medium scale process
Rhodia ChiRex [6f]

mQ

R = Me, Et, CH,CI

Rh/JOSIPHOS

100 °C
+ Nu - ee 94-99%
TON up to 10'000 Nu®

TOF 1000-6000/h OH

Nu = ROH, RNHR'

Fig. 24. Hydrolytic kinetic resolution of epoxides (catalyst performance, development stage and company), opening of ox@bjcycles

most effectively by early transition metal and lanthanide com- 3.5. Miscellaneous transformations
plexes. The addition reactions of ZpRnd similar reagents
to aldehydegl1za]in presence of catalytic amounts of amino Even though most of the reactionsTable 9form new
alcohols or early transition metal complexesis one of the clas- C—C bonds asymmetrically, none has really been devel-
sical model reactions but with few synthetic applications. The oped to technical maturity, major issues being in many
synthesis of chiral cyanohydrins as versatile building blocks cases catalyst activity and productivity, and especially for
via catalytic addition of cyanide to=€D groups has seen the very versatile Heck and metathesis reactions also the
much progress in the last few yedr4]. The most effective  relatively narrow synthetic scope for making chiral mole-
catalysts are early transition complexes with O and N ligands cules.
which achieve ees up 90-95% albeit with modest TON and  Nucleophilic allylic substitution reactiorf21q] with C-
TOF. Somewhat of a draw back is the need for trimethylsilyl- and N-nucleophiles catalyzed by Pd/P"P, Pd/P"N and Pd/N"N
cyanide as cyanation reagent since there are few cases whereomplexes have recently been applied not just in model stud-
HCN or KCN works well. Industrial applications have been iesbutalso in for the synthesis of natural products and pharma
reported for the gold-aldol reacti¢®ll,72] as an interesting  relevant molecule$77]. Indeed, Dow Chirotech has com-
approach t@-hydroxy amino acids, an ene reaction for an mercialized two ligands developed by Trost (5ég 7) [78]
intermediate for Trocade, a collagenase inhibjidrd], and but to our knowledge no large scale application has been re-
the nitro-aldol reactiofil 1zb,73](Fig. 22. ported. The Ni/P"N catalyzed cross coupling reacti@is]
tolerate only few functional groups. The asymmetric Heck
reaction is still in an exploratory phase even though some
3.4.3. Additions to €N bonds syntheses of natural products have been repd@éd]. In
Several addition reactions to=Gl groups have been de- the last few years, the Ru and Mo catalyzed metathesis of
veloped in recent years with a high synthetic potential but olefins has been on of the hottest research topics in organic
with few exceptions, industrial use is not yet feasillézc]. synthesis. Several chiral catalysts have been developed with
A notable exception is the Strecker reaction where in par- an interesting but narrow synthetic scope since only rather
allel to cyanohydrin synthesis progress has been impressivespecial substrate structures are feadib®d. With the excep-
in recent year§74]. Avecia has developed a catalyst system tion of allylic substitution, all these methodologies will find
based on V and Ti/salen cataly§I§). Feasible catalysts are  at best industrial niche applications.
Al, Ti, Zr and Sc/BINOL, Ti/tripeptide and AI/SALEN cat- Finally, two ring opening reaction have an interesting po-
alysts, typical ees are 85-95%, TONs 10-50 but TOFs aretential. The first is the Co/SALEN catalyzed hydrolytic ki-
often <1/h. The addition reaction of (MefPHO to cyclic netic resolution of epoxides-{g. 24) [11zd,80] a reaction
imines Fig. 23, an interesting method for the preparation Wwhich is in many cases more economical than asymmetric
of a-amino phosphonic acids, seems to be an excepiigin epoxidation and often competitive with biocatalytic methods.
While ees of the heterobimetallic catalyst are very high, TON Rhodia Chirex has developed the catalytic system and man-
and TOF values are relatively low. ufactures several epoxides with this technol{&fy81]. The
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Table 10
Classification of industrial potential of selected transformations

Existing applications, broad scope e Hydrogenation of enamides and itaconates
e Hydrogenation of3 functionalized GO

Existing applications, medium scope e Hydrogenation of &C-COOR and &C-CH-OH
e Hydrogenation ot functionalized and aryl €O
e Hydrogenation of &N-Ar

Existing applications, narrow scope, niche applications e Hydrogenation/reduction of other=€C and G=O
¢ Hydrogenation of and addition to various=Gl
o Dihydroxylation and epoxidation of-€C
o Oxidation of aryl sulfides
e Epoxide opening (kinetic resolution)
e Isomerization, cyclopropanation, hydrocyanation efC

Broad substrate scope, good chance for selected application o (Hetero) Diels Alder
e Michael additions, allylic alkylation
o Aldol and ene reactions
o Various addition reactions to=80 and G=N

Narrow substrate scope, niche applications only e Aminohydroxylation of G=C
e Hydrocarbonylation, hydroboration, hydrosilylation ofC
e Cross coupling, metathesis and Heck reactions

second transformation, the Rh/JOSIPHOS catalyzed openingdemic and industrial research it is highly probable that we
of oxabicyclic alkenes has not yet been applied on an indus-are now in the steeper part of the usual S-shaped learning
trial level but is a very promising method for the synthesis of curve for technical applications. Second, there are many indi-
substituted dihydronaphthalenes, important building blocks cations that development chemists in large pharma and chem-
in medicinal chemistry82]. ical companies who are responsible for the choice of process
technology have a greater awareness for the potential of enan-
tioselective catalysis. Thirdly, many specialized technology
companies such as Solvias, Rhodia Chirex or Dow Chirotech

In the last few years, the industrial application of enan- have evolved offering know-how and experience in catalytic

tioselective homogeneous catalysts has made slow but sigPrcess development and producing technical quantities of
nificant progress. Even though the list of processes compiledt€ chiral ligands. This gives smaller companies who are not
in [6,15] which are applied or have been shown to be suit- able to develop ltechnology on their own access to catalytic
able for manufacture of chiral fine chemicals is certainly not Processes and ligands.
comprehensive, an impressive number has been documented.
At this time, relatively few are (or have been) really imple-
mented as production processes run on a regular basis bu
there is every reason to assume that this technology is here . . .
to stay. [1] For a recent update on chiral pharmaceuticals see A.M. Rouhi,
) . . ~ C&EN, June 14, 2004, p. 47.

On the basis of the results presented in Sect®s3.5 [2] G.M. Ramos Tombo, H.U. Blaser, in: G.T. Brooks, T.R. Roberts

we have classified the transformations according to their (Eds.), Pesticide Chemistry and Bioscience, Royal Society of Chem-

industrial potential and the conclusions are summarized in istry, Cambridge, 1999, p. 33, and references cited therein.
Table 10 [3] J. Crosby, in: A.N. Collins, G.N. Sheldrake, J. Crosby (Eds.), Chi-

. . -~ . rality in Industry |, John Wiley, Chichester, 1992, p. 1.
Concerning the technical feasibility of the various cat- [4] () A. Bruggink, Chirality, in: AN. Collins, G.N. Sheldrake, J.

alytic systems it is obvious that homogeneous diphosphine = * croshy (Eds.), Chirality in Industry 11, John Wiley, Chichester, 1997,
complexes of Rh, Ru and to some extent Ir are the most  p. 81;
versatile for industrial applications. Also a certain industrial (b) D. Pauluth, A.E.F. Wchter, Chirality, in: A.N. Collins, G.N.
potential is expected for selected Pd, Ti, B, Zn, Co, Mn or Sh_eldrake, J. Crosby (Eds.), Chirality in Industry I, John Wiley,
. o Chichester, 1997, p. 263;

Cu cpmplexes. Chirally modified heter_ogene(_Jus catalysts are () W.P. Shum, M.J. Cannarsa, Chirality, in: A.N. Collins, G.N. Shel-
relatively easy to handle but for the time being there use is  grake, J. Crosby (Eds.), Chirality in Industry I, John Wiley, Chich-
restricted to the hydrogenation@f andB-activated ketones, ester, 1997, p. 363.
even though recently a phosphites modified Pd colloid gave [5] P. Franco, M. Schaeffer, T. Zhang, D. Heckmann, Chim. Oggi 22
high ee’s in an allylic alkylation reactigi3]. (2004) 28; .

. . . . J.R. Bruno, Chim. Oggi 22 (2004) 32.
~ We are convinced that the number of industrial applica- ¢, ) .U, Blaser, E. Schmidt, in: H.U. Blaser, E. Schmidt (Eds.),
tions will increase significantly in the near future for several Large Scale Asymmetric Catalysis, Wiley-VCH, Weinheim, 2003, p.

reasons. First, after more than 20 years of successful aca- 1;

4. Conclusions and prospects
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