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Substituted ferrocenyldiphosphines as ligands for homogeneous hydrogenation catalysts

The present invention relates to 2,2'-bis{(a-secondary aminoalkyl)-1,1'-diphosphinoferrocenes
having 3,5- or 3,4,5-substituted phenyl radicals in the phosphine groups as ligands for
homogeneous hydrogenation catalysts; metal complexes of these ligands with metals of
transition group 8 of the Periodic Table of the Elements; and a process for hydrogenating

prochiral, ethylenically unsaturated, organic compounds.

EP-A-0 867 015 describes, in quite general terms, 1,1'-diphosphinoferrocenes which are
substituted in the 2,2" positions with very different, chiral a-substituted alkyl radicals. Specific
mention is made of some 1,1'-diphenylphosphinoferrocenes which are substituted in the 2,2°
positions by a-secondary aminophenylmethyl, for example a-dimethylaminophenylmethyl.
These diphosphinoferrocenes act as ligands for effective, homogeneous and enantio-
selective metal catalysts for the hydrogenation of carbon-carbon or carbon-heteroatom
double bonds. No mention is made of a possible influence of substitution of the phenyl
radicals in the two phosphino groups.

it has now surprisingly been found that specific substitution of the 3, 5 and possibly 4
positions of the phenyl radicals in the two phosphino groups leads to ligands whose metal
complexes display a considerably higher activity and thus also productivity to hydrogenation
products and also display a very high enantioselectivity in the hydrogenation of prochiral,
ethylenically unsaturated compounds, so that the hydrogenations can even be carried out at
atmospheric pressure. Hydrogenation processes using such metal complexes therefore offer

significant process engineering and economic advantages.

The invention provides compounds of the formulal in the form of essentially pure

enantiomers,

R2
[R)ZP’: LH R,

R17/%D)
& d P(R),

2 (1),
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in which

R1 is C4-Caalkyl, Cs-Ciparyl or C,-Cysaralkyi,

Rz Is an open-chain or cyclic secondary amino group,
and R is a radical of the formula

R3 .
2

R,
in which
Rs is C4-Csalkyl or C4-C,alkoxy, and
R4 is H, C4-Caalkyl or C4-Caalkoxy.

C1-CoAlkyl radicals R, can be linear or branched and can be methyl, ethyl, n- or i-propy! and
n-, I- or t-butyl. The alkyl is preferably linear. Preferred alkyl radicals R, are methyl and ethyl.

Ce-C1oAryl radicals Ry can be, for example, phenyl or naphthyl. A preferred aryl radical R, is
phenyl.

A preferred aralkyl radical R, is benzyl.
In a preferred embodiment, R, in the compounds of the formula | is phenyi.

The secondary amino group preferably contains a total of from 2 to 16 carbon atoms, more
preferably from 2 to 12 carbon atoms, and particularly preferably from 2 to 6 carbon atoms.

The open-chain or cyclic secondary amino group R; can correspond to the formula RsRgN-,
where Rs and Rg are each, independently of one another, C1-Cealkyl, preferably C;-C,alkyl,
Cs-Cgeycloalkyl, preferably Cs-Cecycloalkyl, Ce-Croaryl, preferably phenyl, or C7-Cparalkyl,
preferably benzyl, where the cycloalkyl groups and aryl groups are unsubstituted or
substituted by C;-Casalkyl or Cs-Chalkoxy, or Rs and Rg together form tetramethylene,
pentamethylene or 3-oxapentylene. Examples of alky! radicals, which are preferably linear,
are methyl, ethyl, propyl and butyl. Examples of cycloalkyl radicals are cyclopentyl, cyclo-
hexyl and cyclooctyl.
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In a preferred embodiment, Rs and Rg are each methyl, ethyl, phenyl, benzyl, cyclohexyl, or
Rs and Rg together form tetramethylene, pentamethylene or 3-oxapentylene. Very particular
preference is given to Rs; and Rg each being methyl.

Alkyl or alkoxy radicals R3 can be linear or branched and can be methyl, ethyl, n- or i-propyi
and n-, i- or t-butyl, or methoxy, ethoxy, n- or i-propoxy and n-, i~ or t-butoxy. Preferred alkyl
radicals are methyl and t-butyl. Preferred alkoxy radicals are methoxy and {-butoxy.

In a preferred embodiment, both radicals R are methyl, t-butyl or methoxy.

Alkyl or alkoxy radicals R4 can be linear or branched. Specific examples have been given for
Rs.

In a preferred embodiment, R4 is H or methoxy.

Particularly preferred compounds of the formula | are those in which R, is phenyl, R, is
di-Cy-Csalkylamino, in particular dimethylamino, Rs is methyl, t-butyl or methoxy and R, is H,
methyl or methoxy.

The compounds of the formula | are obtainable by known methods as are described, for
example, in EP-A 0 965 574 or by J. J. Aimena Perea in Tetrahedron: Asymmetry 10 (1899),
pages 375 to 384. The compounds are obtainable, for example, by reacting compounds of
the formula |l

2 (1),

in which

Ry and R, have the meanings given for the compounds of the formula | and X is H, Cl, Br or
|, preferably H or Br,

with an organometallic compound such as lithium alkyl (methyllithium or butyllithium) and

subsequently adding a monohalophosphine of the formula i
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X1-P(R)2 (1),

in which
R is as defined above and X, is halogen, preferably Cl, Bror 1.

The compounds of the formulae Il and lll are known or can be prepared by analogous
methods. The reaction is generally carried out in inert solvents, for example ethers or
hydrocarbons. Further details regarding this reaction may be found in the examples. The
preparation of substituted halophosphines is known to those skilled in the art and can be
carried out either by published preparative methods or by methods analogous to these
starting from the appropriately substituted aryl bromides.

The novel compounds of the formula | are ligands for complexes of metals selected from the
group of TM8 metals, in particular from the group Ru, Rh and Ir, which are excellent
catalysts or catalyst precursors for asymmetric syntheses, for example the asymmetric
hydrogenation of prochiral, ethylenically unsaturated, organic compounds. The metal
complexes display a very high activity and enantioselectivity. If prochiral unsaturated organic
compounds are used, a very high excess of optical isomers can be induced in the synthesis
of organic compounds and a high chemical conversion can be achieved in short reaction
times. The activity and enantioselectivity for selected substrates is considerably higher than
that obtained using known unsubstituted diphosphines. In addition, the productivity can also
be increased considerably by means of the metal complexes. In this way, efficient
hydrogenation processes can be carried out even at atmospheric pressure.

The invention further provides complexes of metals selected from the group of TM8 metals
with compounds of the formula | as ligands.

Possible metals are, for example, Cu, Ag, Au, Ni, Co, Rh, Pd, Ir, Ru and Pt. Preferred metals

are rhodium and iridium and also ruthenium, platinum and palladium.

Particularly preferred metals are ruthenium, rhodium and iridium.

Depending on the oxidation number and coordination number of the metal atom, the meta

complexes can contain further ligands and/or anions. They can aiso be cationic meta
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complexes. Such analogous metal complexes and their preparation are widely described in
the literature.

The metal complexes can, for example, correspond to the formulae IV and V,
AsMel, (IV), (AsMeL,)*(E), (V),

in which A, is a compound of the formula |,

the radicals L are identical or different monodentate, anionic or nonionic ligands, or the
radicals L are identical or different bidentate, anionic or nonionic ligands;

nis 2, 3 or 4 when L is a monodentate ligand, or n is 1 or 2 when L is a bidentate ligand;
zis1,2o0r3;

Me is a metal selected from the group consisting of Rh and Ir; with the metal having the
oxidation state 0, 1, 2, 3 or 4;

E" Is the anion of an oxo acid or a complex acid; and

the anionic ligands balance the charge of the oxidation state 1, 2, 3 or 4 of the metal.

The above-described preferences and embodiments apply to the compounds of the
formula .

Monodentate nonionic ligands can, for example, be selected from the group consisting of
olefins (for example ethylene, propylene), allyls (allyl, 2-methallyl), solvating solvents
(nitriles, linear or cyclic ethers, unalkylated or N-alkylated amides and lactams, amines,
phosphines, alcohols, carboxylic esters, sulphonic esters), nitrogen monoxide and carbon
monoxide.

Monodentate anionic ligands can, for example, be selected from the group consisting of
halide (F, Cl, Br, 1), pseudohalide (cyanide, cyanate, isocyanate) and anions of carboxylic
acids, sulphonic acids and phosphonic acids (carbonate, formate, acetate, propionate,
methylsulphonate, trifluoromethylsulphonate, phenylsulphonate, tosylate).

Bidentate nonionic ligands can, for example, be selected from the group consisting of linear
or cyclic diolefins (for example hexadiene, cyclooctadiene, norbornadiene), dinitriles
(malononitrile), unalkylated or N-alkylated diamides of carboxylic acids, diamines, diphos-
phines, diols, acetylacetonates, dicarboxylic diesters and disulphonic diesters.
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Bidentate anionic ligands can, for example, be selected from the group consisting of anions
of dicarboxylic acids, disulphonic acids and diphosphonic acids (for example of oxalic acid,
malonic acid, succinic acid, maleic acid, methylenedisulphonic acid and methylene-
diphosphonic acid).

Preferred metal complexes also include those in which E is -CI", -Br, -I', CIQ,, CF3S0O,,
CH,3S03, HSO., BF4, B(phenyl)s, B(CsFs)s, B(3,5-bistrifluoromethylphenyl)s’, PFs, SbClg,
AsFg or SbFg.

Particularly preferred metal complexes which are suitable for hydrogenations correspond to
the formulae VI and VII,

[A1MeYZ] (VI), [AiMe, YT'Ey Vi),

in which

A, is a compound of the formula |;
Me; is rhodium or iridium;

Y represents two olefins or a diene;
Z is Cl, Brorl; and

E+ is the anion of an oxo acid or complex acid.

The above-described embodiments and preferences apply to the compounds of the
formula 1.

When Y is an olefin, it can be a C,-C1,~, preferably Co-Ce- and particularly preferably C,-Cy-
olefin. Examples are propene, but-1-ene and in particular ethylene. The diene can contain
from 5 to 12, preferably from 5 to 8, carbon atoms and can be an open-chain, cyclic or
polycyclic diene. The two olefin groups of the diene are preferably connected by one or two
CH, groups. Examples are 1,3-pentadiene, cyclopentadiene, 1,5-hexadiene, 1,4-cyclo-
hexadiene, 1,4- or 1,5-heptadiene, 1,4~ or 1,5-cycloheptadiene, 1,4- or 1,5-octadiene, 1,4- or
1,5-cyclooctadiene and norbornadiene. Y preferably represents two ethylene or
1,5-hexadiene, 1,5-cyclooctadiene or norbornadiene molecules.
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In the formula VI, Z is preferably Cl or Br. Examples of E; are CIO,, CF3S05;, CH;SO3,
HSO;{, BF4-, B(phenyl)4‘, PFB“, SbC'ab, ASFG- or SbFs-.

Ruthenium complexes according to the invention can, for example, correspond to the
formula VI

[RUsHbZo(A1)aLe]{(E")o(S)n (Vill),

in which

Z is Cl, Bror I; Ay is a compound of the formula |; the radicals L are identical or different
ligands; E is the anion of an oxo acid, mineral acid or complex acid; S is a solvent capable
of coordination as ligand; and a is from 1 to 3, b is from 0 to 4, ¢ is from 0 to 8, d is from 1 to
3,eisfrom0Oto4,fisfrom1to3, gisfrom1to4, hisfromOto6 and k is from 1 to 4, with
the net charge on the complex being zero.

The above-described ;;references for Z, Ay, L and E™ apply to the compounds of the
formula VIlIl. The ligands L can additionally be arenes or heteroarenes (for example

benzene, naphthalene, methylbenzene, xylene, cumene, 1,3,5-mesitylene, pyridine,
biphenyl, pyrmrole, benzimidazole or cyclopentadienyl) and metal salts having a Lewis acid
function (for example ZnCl,, AlCl3, TiCls and SnCl,). The solvent ligands can be, for
example, alcohols, amines, acid amides, lactams and sulphones.

Complexes of this type are described in the references mentioned below and the references
cited therein:

D. J. Ager, S. A. Laneman, Tetrahedron: Asymmetry, 8, 1997, 3327 — 3355;

T. Ohkuma, R. Noyori in Comprehensive Asymmetric Catalysis (E.N. Jacobsen, A. Pfaltz, H.
Yamamoto, Eds.), Springer, Berlin, 1999, 199-246:

J. M. Brown in Comprehensive Asymmetric Catalysis (E.N. Jacobsen, A. Pfaltz, H. Yama-
moto, Eds.), Springer, Berlin, 1999, 122 — 182;

T. Ohkuma, M. Kitamura, R. Noyori in Catalytic Asymmetric Synthesis, 2nd Edition (l. Ojima,
Ed.), Wiley-VCH New York, 2000, 1 - 110:

N. Zanetti, et al. Organometallics 15, 1996, 860.

More specific ruthenium complexes having corresponding formulae but other diphosphine
ligands are described in the following references:
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[Ru.HLClo(A1)sarene,] (amine)n: EP-A1-0 269 395 and EP-A1-0 174 057;

[Ru.(A4)]E", more specifically [Ru(A4)] E™ and [RuH(A4)JE: EP-A1-0 256 634;
[Ru(A,)(carboxylate),]: US-A-4 739 084 and AP-A1-0 245 959:

[Ru(Aq)(Lewis acid)](NC.Hs)s, [Ru(A,).(Lewis acid]{(acetate): EP-A1-0 307 168;
[RuZ(arene)(A4)] halide, [Ru{Z)(arene)}(A;)]E": EP-A1-0 366 390;

[RuZaz(A4)] (chiral amine): H. Doucet et al., Angew. Chem. Int. Ed. 37, 1998, 1703; T.
Ohkuma, et al., J. Am. Chem. Soc., 120, 1998 13529; T. Ohkuma, et al., J. Am. Chem. Soc.,
122, 2000, 6510.

[RuZz(Aq)] (pyridine),: O. M. Akotsi et al., Chirality, 12 (2000) 514.

Some specific and preferred ruthenium complexes are: [Ru(acetate);(A+)], [Ru{OOCCF3)2(A1)],
[RuClx(A4)], [RuBr2(A4)], [Rulx(A4)], [Ru2Cli(A¢)d(Nethyls), [RuaCls(Aq)](Nethyls)(xylene),
[RuCl{benzene)(A4)]ICI, [RuBr(benzene)(A,)]Br, [Rul(benzene)(A;)]i, [RuCl{p-cumene){A,)IClI,
[RuBr(p-cumene)(A4)]Br, [Rul{p-cumene){(A4)]l, [Ru(2-methallyl)»(A;)], [RuClx(phenyl-
CN)2(A4)], [Ru(A4)(AcO)q(ethanol)y], [(Cp)Ru(A)ICI, [(Cp)Ru(A)]PFs, [RuCl{Pphenyls)-
(A41)]2(m-Cl)z, [RuClx(Aq)(dpen)] and [RuClx(A4)(daipen)]. Cp is cyclopentadienyl; dpen and
daipen are each a chiral ethylenediamine, for example 1,2-diphenylethylene-1,2-diamine or
1,1-di{p-methoxyphenyl)-2-isopropylethylene-1,2-diamine.

The metal complexes of the invention are prepared by methods known from the literature (cf.
US-A-5,371,256, US-A-5,446,844, US-A-5,583,241 and E. Jacobsen, A. Pfaltz, H.
Yamamoto (Eds.), Comprehensive Asymmetric Catalysis | to Ill, Springer Verlag, Berlin,

i

1999, and references cited therein).

The metal complexes of the invention are homogeneous catalysts, or catalyst precursors
which can be activated under the reaction conditions, which can be used for the asymmetric
hydrogenation of prochiral, ethylenically unsaturated, organic compounds. Such
hydrogenations using soluble homogeneous metal complexes are described, for example, in
Pure and Appl. Chem., Vol. 68, No. 1, pp. 131-138 (1996). According to the invention,
preference is given to using complexes of ruthenium, rhodium and iridium for the
hydrogenation. Particularly good results are achieved in the hydrogenation of prochiral
compounds having a carbon double bond. The high activity also enables the amount of
catalyst to be reduced, which offers economic advantages.
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The invention further provides for the use of complexes of metals selected from the group of
TM8 metals with ligands including compounds of the formula | as homogeneous catalysts for
the asymmetric hydrogenation of prochiral, ethylenically unsaturated, organic compounds by
means of hydrogen.

A further aspect of the invention is a process for preparing chiral organic compounds by
asymmetric hydrogenation of prochiral, organic compounds containing at least one carbon
double bond by means of hydrogen in the presence of a homogeneous catalyst, wherein the
addition reaction Is carried out in the presence of catalytic amounts of at least one complex
of metals selected from the group of TM8 metals with compounds of the formula | as ligands.

Preferred prochiral, unsaturated compounds to be hydrogenated can contain one or more,
identical or different groups C=C in open-chain or cyclic organic compounds, where the
groups C=C can be part of a ring system or be exocyclic groups. The prochiral unsaturated

compounds can be alkenes, cycloalkenes, heterocycloalkenes. They can, for example,
correspond to the formula IX,

RsRsC=CR;Rs (1X),

In which Rs, Rs, Ry and Rg are selected so that the compound is prochiral and are each,
independently of one another, hydrogen or an open-chain or cyclic hydrocarbon radical or
heterohydrocarbon radical containing heteroatoms selected from the group consisting of O,
S and N, which contain from 1 to 30, preferably from 1 to 20, carbon atoms;

Rs and Rg together with the carbon atom to which they are bound form a hydrocarbon ring or
heterohydrocarbon ring having from 3 to 12 ring atoms;

Rs and Ry, in each case together with the C=C group to which they are bound, form a
hydrocarbon ring or heterohydrocarbon ring having from 3 to 12 ring atoms;

the heteroatoms in the heterocyclic rings are selected from the group consisting of O, S and
N: °

and Rs, Rg, Ry and Rg are unsubstituted or substituted by C;-Csalkyl, C;-Cgalkoxy,
cyclohexyl, GCgCiaryl, GCz-Crraralkyl, C4-Csalkyl-Cs-Cioaryl, C;-C,alkoxy-Ce-Cioaryl,
C,-Caalkyl-Cs-Coparalkyl, C,-Csalkoxy-C;-Cozaralkyl, -C)H, -NR41R2, -CO-ORg or
-CO-NR 1Ry, where Rg is H, an alkali metal, C4-Cgalkyl, cyclohexyl, phenyl or benzyl and
Rio and Rj; are each, independently of one another, hydrogen, Ci-Csalkyl, cyclohexyl,
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phenyl or benzyl, or Ry and Rj;, together form a tetramethylene, pentamethylene or
3-oxapentylene group.

" Examples of and preferences for substituents have been mentioned above.

Radicals Rs to Ry can, for example, be C4-Cgealkyl, preferably C,-Cizalkyl, Ci-Cypheteroalkyl,
preferably C1-Cizheteroalkyl, containing heteroatoms selected from the group consisting of
O, S and N, C3-Cqcycloalkyl, preferably C,-Cscycloalkyl, C-bonded Cs-Cqiheterocycloalkyt,
preferably C;-Cgheterocycloalkyl, containing heteroatoms selected from the group consisting
of O, S and N, GC;-Cycycioalkyl-Cy-Csalkyl, preferably C4-Cscycloalkyl-Ci-Cgalkyl, Cs-
Ciiheteracycloalkyl-C4-Cgalkyl, preferably C,4-Cgheterocycloalkyl-C4-Cgalkyl, containing
heteroatoms selected from the group consisting of O, S and N, CgCisaryl, preferably Cg-
Cioaryl, Cs-Cizheteroaryl, preferably Cs-Csheteroaryl, containing heteroatoms selected from
the group consisting of O, S and N, C;-Cisaralkyl, preferably C,-Ciaralkyl, Cg-
Cizheteroaralkyl, preferably Cs-Cygheteroaralkyl, containing heteroatoms selected from the
group consisting of O, S and N.

When Rs and Rg or Rs and Ry, in each case together with the group to which they are bound,
form a hydrocarbon ring or heterohydrocarbon ring, the ring preferably contains from 4 to
8 ring atoms. The heterohydrocarbon ring can, for example, contain from 1 to 3, preferably

one or two, heteroatoms.

Some examples of unsaturated organic compounds are unsaturated carboxylic acids and
dicarboxylic acids, esters, amides and salts, for example a- and possibly B-substituted
acrylic acids or crotonic acids. Preferred carboxylic acids are thase of the formula

R12-CH=C(R13)-C{O)OH

and also their salts, esters and amides, in which Ry; is C;-Cgalkyl, unsubstituted
Cs-Cgeycloalkyl or Ci-Cgeoycloalkyl substituted by from 1 to 4 C;-Cgalkyl, Ci-Cgalkoxy or
C4-Cealkoxy-C4-Csalkoxy groups, or unsubsiituted Cg-Cyoaryl or Cg-Cioaryl substituted by
from 1 to 4 C4-Cealkyl, C4-Cgalkoxy, C4-Cgalkoxy-C4-C,alkoxy groups, preferably phenyl, and
Ris is linear or branched C4-Csalkyl (for example isopropyl), unsubstituted or substituted (in
the manner defined above) cyclopentyl, cyclohexyl, phenyl or protected amino (for example
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acetylamino). Further specific classes of substrates for the hydrogenation are, for example,
prochiral allyl alcohols and a- or B-enamides.

The process of the invention can be carried out at low or elevated temperatures, for example
temperatures in the range from -20 to 150°C, preferably from -10 to 100°C, particularly

preferably from 10 to 80°C. The optical yields are generally better at lower temperatures

than at higher temperatures.

The process of the invention can be carried out at atmospheric pressure or super-

atmospheric pressure. The pressure can be, for example, from 10* to 2 x 10’ Pa (pascal),

preferably from 10° to 2 x 10° Pa and particularly preferably in the range from atmospheric

pressure to 10° Pa.

Catalysts are preferably used in amounts of from 0.00001 to 10 mol%, particularly preferably
from 0.0001 to 10 mol%, and in particular from 0.001 to 5 mol%, based on the compound to
be hydrogenated. The molar ratio of compound to be hydrogenated to homogeneous
catalyst can be, for example, from 10 to 10 000 000 and more preferably from 20 to 100 000.

The preparation of the catalysts and hydrogenations and addition reactions can be carried
out in the presence or absence of an inert solvent, with it being possible to use one solvent
or mixtures of solvents. Suitable solvents are, for example, aliphatic, cycloaliphatic and
aromatic hydrocarbons (pentane, hexane, heptane, petroleum ether, cyclohexane,
methylcyclohexane, benzene, toluene, xylene), aliphatic halogenated hydrocarbons
(methylene chloride, chloroform, dichloroethane and tetrachloroethane), nitriles (acetonitrile,
propionitrile, benzonitrile), ethers (diethyl ether, dibutyl ether, t-butyl methyl ether, ethylene
glycol dimethyl ether, ethylene glycol diethyl ether, diethylene glycol dimethyl ether,
tetrahydrofuran, dioxane, diethylene glycol monomethyl or monoethyl ether), ketones
(acetone, methyl isobutyl ketone), carboxylic esters and lactones (ethyl or methyl acetate,
valerolactone), N-substituted lactams (N-methylpyrrolidone), carboxamides (dimethyl-
acetamide, dimethylformamide), acyclic ureas (dimethylimidazoline) and sulphoxides and
sulphones (dimethyl sulphoxide, dimethyl sulphone, tetramethylene sulphoxide,
tetramethylene sulphone) and alcohols (methanol, ethanal, propanol, butanol, ethylene
glycol monomethyl ether, ethylene glycol monoethyl ether, diethylene glycol monomethyi
ether), nitromethane and water.
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The reactions can be carried out in the presence of cocatalysts, for example quaternary
ammonium halides (tetrabutylammonium iodide) and/or in the presence of protic acids, for
example mineral acids (cf., for example, US-A-5,371,256, US-A-5,446,844 and US-A-
9,983,241 and EP-A-0 691 949). The cocatalysts are particularly useful for hydrogenations.

The metal complexes used as catalysts can be added as separately prepared, isolated
compounds or can be formed in situ prior to the reaction and then mixed with the substrate
to be hydrogenated. It can be advantageous to additionally add ligands in the reaction using
isolated metal complexes, or to use an excess of the ligands in the in-situ preparation. The
excess can be, for example, from 1 to 30 mol%, preferably from 1 to 10 mol%, based on the
metal compound used for the preparation. In the in-situ preparation of the catalysts, it is also
possible to use salts of the diphosphine ligands, for example halides or tetrafluoroborates.

The process of the invention is generally carried out by initially placing the catalyst in the
reaction vessel and then adding the substrate or vice versa, if appropriate reaction
auxiliaries and then hydrogen, and then starting the reaction. The hydrogen is preferably
introduced under pressure. The process can be carried out continuously or batchwise in
various types of reactor.

‘The chiral organic compounds which can be prepared according to the invention are active
substances or intermediates for the preparation of such substances, in particular in the field
of preparation of pharmaceuticals and agrochemicals.

The following examples illustrate the invention.

A) Preparation of diphosphines

Example A1: Preparation of (aR, aR)-2,2'-bis(a-N, N-dimethylaminophenyimethyl)-(S,S)-1,1'-
bis[di(3,5-dimethyl-4-methoxyphenyl)phosphino]ferrocene

(R,R)-1,1-Bis(a-N,N-dimethylaminophenylmethyl)ferrocene is prepared as described in the
literature: a) J. J. Aimena Perea, A. Borner, P. Knochel, Tetrahedron Lett. 1998, 39 (44),
8073-8076; b) J. J. Almena Perea, M. Lotz, P. Knochel, Tetfrahedron: Asymmeifry 1999, 10
(2), 375-384; c) L. Schwink, P. Knochel, Tetrahedron Lett. 1996, 37 (1), 25-28. d) L.
Schwink, P. Knochel, Chem.Eur. J., 1998, 4 (5), 950-968.).
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t-ButylLi (4.42 ml, 6.63 mmol, 3.0 equivalents; 1.5 M in pentane) is added dropwise at 0°C
under argon to a solution of (R,R)-1,1-bis(a-N,N-dimethylaminophenylmethyl)ferrocene
(1.00 g, 2.21 mmol) in dry tert-butyl methyl ether (TBME) (20 ml) over a period of 5 minutes.
The solution obtained is stirred for 1 hour at 0°C. Chlorobis(3,5-dimethyl-4-methoxyphenyl)-
phosphine (2.61 g, 7.74 mmol, 3.5 equivalents) is subsequently added over a period of
o minutes and the reaction mixture is stirred at room temperature for 1 hour. The mixture is
poured into saturated NaHCOj3 solution (100 ml), the organic phase is separated off and the
aqueous phase is extracted with TBME (3 x 100 ml). The combined organic phases are
washed with saturated NaCl solution (100 ml), dried over Na,SQ,, filtered and the solvent is
removed on a rotary evaporator. The crude product is dissolved in CH,Cl, and purified by
column chromatography (250 g of silica gel, n-heptane/TBME 2:1); R;( n-heptane/TBME
2:1): 0.11). The resulting yellow solid (1.10 g) is suspended in methanal (5 ml) and refluxed
for 15 minutes. After cooling to room temperature, the suspension is filtered and the solid
obtained in this way is dried. The title compound (0.73 g, 0.69 mmol, 31% of theory) is
obtained in the form of a yellow solid. **P-NMR (CgDs): -22.7 ppm (s); optical rotation [a]p™:
-61.5° (C=1.0, CHCI5).

Example A2: Preparation of (aR, oR)-2,2"-bis(o-N,N-dimethylaminophenylmethy!)-(S, S)-1,1'-
bis[di(3,5-dimethylphenyl)phosphino]ferrocene

20g (44.2 mmol) of (R,R)-1,1-bis(a-N,N-dimethylaminophenylmethyl)ferrocene together
with 160 ml of TBME are placed in a reaction vessel at 0°C under argon. 88.4 ml of t-butylLi
(1.5M in pentane, 132.6 mmol) are then added dropwise at 0 — 3°C over a period of
40 minutes. The reaction solution is stirred for another 2 hours at 0°C. 42.82 g (154.7 mmol)
of bis(3,5-dimethylphenyl)chiorophosphine suspended in 100 ml of TBME are subsequently
added dropwise at 3 - 7°C. The reaction solution is firstly stirred for 2 hours at 0°C and then
overnight at room temperature.

The solution is then hydrolyzed at 0°C by means of 250 ml of saturated, aqueous sodium

hydrogencarbonate solution and the mixture is extracted with TBME. The organic phases
are washed with saturated sodium chloride solution, combined, dried over sodium sulphate,
filtered and then evaporated to dryness.

This gives 62 g of crude product. Chromatography two times over silica gel 60 using
hexane/ethyl acetate 19:1 (then changed to hexane/ethyl acetate 9:1) gives 12.9 g
(44.2 mmol; 31%) of the title compound. Recrystallization from diethyl ether/pentane gives
6.56 g (7.03 mmol; 15.9%) of analytically pure (oR, aR)-2,2"-bis(a-N,N-dimethylamino-
phenylmethyl)-(S,S)-1,1’-bis[di(3,5-dimethylphenyl)phosphino]ferracene.
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B) Use examples

Example B1: Preparation of methyl N-acetylphenylialanine

4.7 mg (0.0126 mmol) of [Rh{(norbornadiene);]BFs; and 13.9 mg (0.0132 mmol) of the
compound from Example A1 are placed under argon in a flask provided with a magnetic
stirrer by repeated evacuation and flushing. After addition of 5 ml of degassed methanol, the
solution is stirred for 15 minutes. 2.77 g (0.01265 mol) of cis-methyl acetamidocinnamate
and 5 ml of degassed methanol are subsequently introduced into a 10 m! Schienk flask in
which an argon atmosphere prevails and stired for 15 minutes. The ratio of
substrate/catalyst is 1000. The catalyst solution and the substrate solution are injected in
succession by means of a steel capillary into a 100 ml glass reactor filled with argon. Finaily,
1.05 bar of hydrogen are introduced in 4 flushing cycles (argon/hydrogen). The glass reactor
is heated to 25°C and |he hydrogenation is started by switching on the stirer. The course of
the reaction can be followed via the hydrogen consumption (pressure drop in the hydrogen
reservoir). After a reaction time of 2 hours, conversion and enantiomeric purity of the product

™
are measured (by means of GC: column Chirasii-L.-Val 50 m). The conversion is 100%, and

the enantioselectivity (ee) is 98.7% (R).

Comparison for Example B1

The procedure of Example B1 is repeated, but the ligand (aR, aR)-2,2'-bis(a-N,N-dimethyl-
aminophenylmethy! -(S,5)-1,1'-bis(diphenylphosphino)ferrocene (10.8 mg, 0.0132 mmol) is
used. The reaction is compiete only after 4 hours. The conversion is 100%, and the
enantiomeric purity of methyl N-acetylphenylalanine (ee) is 97.6% (R).

Example B2: Preparation of methyl N-acetylphenylalanine

This is carried out by @ method analogous to Example B1. 6.9 g (31.48 mmol) of cis-methyl
acetamidocinnamate, 1.2mg (0.0032 mmol} of [Rh(norbornadiene),]BF;, 3.7 mg
(0.0035 mmot) of the compound from Example A1 and a total of 40 ml of methanol are used.
The ratio of substrate/catalyst is 10 000. The reaction temperature is 35°C, and the
hydrogen pressure is 1.05 bar. After 1.3 hours, the reaction is stopped. The conversion is
100%, and the enantiomeric purity (ee) of methy! N-acetylphenylalanine is 88.6% (R).
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Example B3: Preparation of methyl N-acetyiphenylalanine

This is carried out by a method analogous to Example B1. 13.8 g (63.01 mmol) of cis-methyl
acetamidocinnamate, 1.2mg (0.0032 mmol) of [Rh(norbormadiene),;]BF:, 3.7 mg
(0.0035 mmol) of the compound from Example A1 and a total of 80 ml of methanol are used.
The ratio of substrate/catalyst is 19 640. The reaction temperature is 25°C, and the
hydrogen pressure is 1.05 bar. After 7 hours, the reaction is stopped. The conversion is
100%, and the enantiorneric purity of methyl N-acetylphenylalanine (ee) is 98.6% (R).

Example B4: Preparation of 2-methy!butyric acid

6.2 mg (0.0063 mmoal) of [Rulx(cumene)], and 14.0 mg (0.0133 mmol) of (R, aR)-2,2-bis(o-
N,N-dimethylaminophenylmethyl)-(S,S)}1,1'-bis{di(3,5-dimethyl-<4-methoxylphenyl)phosphino]-
ferrocene from Exampie A1 are placed under argon in a flask provided with a magnetic
stirrer by repeated evacuation and flushing. After addition of § mi of degassed methanol, the
solution is stirred for 15 minutes. 0.253 g (2.53 mal) of tiglic acid and 5 ml of degassed
methano! are subsequently introduced into a 10 ml Schlenk flask in which an argon
atmosphere prevails and stirred for 15 minutes. The ratio of substrate/catalyst is 200. The
catalyst solution and the substrate solution are injected in succession by means of a steel
capillary into a 50 ml autoclave filled with argon. Finally, 1.05 bar of hydrogen are introduced
in 4 flushing cycles (argon/hydrogen). The autoclave is heated to 25°C and the
hydrogenation is started by switching on the stirrer. The course of the reaction can be

followed via the hydrogen consumption (pressure drop in the hydrogen reservoir). After a

reaction time of 18 hours, conversion and enantiomeric purity of the product are measured
T™

(by means of GC: column Betadex 110, 30 m). The conversion is 100%, and the
enantioselectivity (ee) is 97.2%.

Exampie BS: Preparation of methyl N-acetylphenylalanine
The procedure of Example B1 is repeated using §55 mg (2.53 mmol) of methyl acetamido-
cinnamate. The ratio of substrate/catalyst is 100. (R, aR)-2,2'-Bis{u-N,N-dimethylamino-

phenyimethyi)-(S,S)-1,1'-bis{di(3,5-dimethylphenyl)phosphino]ferrocene from Example A2 is
used as ligand. 100% conversion after 1 hour; ee = 88.7%.
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CLAIMS:
1. A compound of the formula | in the form of substantially pure
enantiomers,

R

ﬁ ! 2
{R),P i R.'

R1
H 7 PE(R);,

R,

(),

in which
R4 is C1-C4a|kyl, Ce-Cmafyl Of C7-C11aralkyl,
R2 is an open-chain or cyclic secondary amino group,

and R is a radical of the formula

in which

Rj is C1-Csalkyl or C4-Cjalkoxy, and

R4 I1s H, C4-Csalkyl or C4-Csalkoxy.

2. A compound according to claim 1, wherein Ry is phenyil.

3. A compound according to claim 1 or 2, wherein the open-chain or cyclic
secondary amino group R; corresponds to the formula RsRgN-, where Rs and Rg are
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each, independently of one another, C1-Cgalkyl, C3-Cgcycloalkyl, Cs-C1oaryl, or
C7-Cqqaralkyl, wherein the cycloalkyl groups and aryl groups are unsubstituted or

substituted by C-Caalkyl or C4-Csalkoxy, or Rs and Rg together form tetramethylene,
pentamethylene or 3-oxapentylene.

4. A compound according to claim 3, wherein Rs and Rg are each methyl.

S. A compound according to any one of claims 1 to 4, wherein both
radicals R3 are methyl, t-butyl or methoxy.

6. A compound according to any one of claims 1 to 5, wherein R4 is H or
methoxy.
7. A compound according to claim 1, wherein Ry is phenyl, Ra is

di-C4-Csalkylamino, Rj3 is methyl, t-butyl or methoxy and R4 is H, methyl or methoxy.

8. A compound according to claim 7, wherein the di-C4-Cjalkylamino of R>
Is dimethylamino.

0. A complex of a metal selected from the group consisting of metals of
transition metal group 8 of the periodic table of elements with a compound of the
formula | according to any one of claims 1 to 8 as a ligand.

10. A metal complex according to claim 9, wherein the metal is rhodium,
iridium or ruthenium.

11. A metal complex according to claim 9, which corresponds to the

formula IV or V,
AMeL, (IV), (AtMeL)“(E),  (V),
in which A1 is the compound of the formula | according to any one of claims 1 to 8,

the radicals L are identical or different monodentate, anionic or nonionic ligainds, or
the radicals L are identical or different bidentate, anionic or nonionic ligands;



10

15

20

CA 02524902 2012-01-27

30328-39
- 18 -

nis 2, 3 or 4 when L is a monodentate ligand, or nis 1 or 2 when L is a bidentate
ligand;

zI1s1 2o0r3;

Me is a metal selected from the group consisting of Rh and Ir; with the metal having
the oxidation state 0, 1, 2, 3 or 4;

E" is an anion of an oxo acid or a complex acid; and

the anionic ligands balance the charge of the oxidation state 1, 2, 3 or 4 of the metal.

12. A metal complex according to claim \9, which is a ruthenium complex of
the formula VI,

[RuHoZo(A1)aLeJHE )o(S)h (VilD),
where

Z is Cl, Bror l; A, is the compound of the formula | according to any one of claims 1
to 8: the radicals L are identical or different ligands; E” is an anion of an oxo acid,
mineral acid or complex acid; S is a solvent capable of coordination as ligand; and a
isfrom1to3,bisfrom0to4, cisfromQto6,disfrom1to3,eisfromOto4, fis
from 1 to 3, g is from 1to 4, his from 0 to 6 and k is from 1 to 4, with the net charge

on the complex being zero.

13. A process for preparing a chiral organic compound by asymmetric
hydrogenation of a prochiral, organic compound containing at least one carbon
double bond by means of hydrogen in the presence of a homogeneous catalyst,
wherein the hydrogenation is carried out in the presence of a catalytic amount of at
least one complex of a metal selected from the group consisting of metals of
transition metal group 8 of the periodic table of elements with a compound of the

formula | according to any one of claims 1 to 8 as a ligand.



CA 02524902 2012-01-27

30328-39
-19 -

14, A use of a complex of a metal selected from the group consisting of
metals of transition metal group 8 of the periodic table of elements with a ligand of a

compound of the formula | according to any one of claims 1 to 8 as a homogenous
catalyst for the asymmetric hydrogenation of a prochiral, ethylenically unsaturated,

5 organic compound by means of hydrogen.
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