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Abstract

2,2'-Disubstituted 1,1'-diphosphino-ferrocenes and 1',2-disubstituted

1-phosphino-ferrocenes, processes for preparing them, their use, and transition

metal complexes comprising them

The present invention relates to optically active and racemic C,-symmetric 2,2'-
disubstituted 1,1'-diphosphino-ferrocenes of the formula la, to optically active
and racemic asymmetric 1',2-disubstituted 1-phosphino-ferrocenes of the
formula |b and to achiral 2,2'-disubstituted 1,1'-diphosphino-ferrocenes of the
formula I, to processes for preparing them, especially in accordance with the
principle of asymmetric ortho-lithiation, to their use as ligands for transition
metal complexes, to transition metal complexes comprising them, and to the

use of the transition metal complexes as catalysts, especially in asymmetric
syntheses.
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Hoechst Aktiengesellschaft HOE 96/F 105K Dr. EK/St

Description

2 2'-Disubstituted 1,1'-diphosphino-ferrocenes and 1',2-disubstituted 1-phosphino-
ferrocenes, processes for preparing them, their use, and transition metal complexes

comprising them

The present invention relates to optically active and racemic C,-symmetric 2,2'-
disubstituted 1,1'-diphosphino-ferrocenes of the formula la, to optically active and

racemic asymmetric 1',2-disubstituted 1-phosphino-ferrocenes of the formula ib and
to achiral 2,2'-disubstituted 1,1'-diphosphino-ferrocenes of the formula i, to
processes for preparing them, especially in accordance with the principle of
asymmetric ortho-lithiation, to their use as ligands for transition metal complexes, to
transition metal complexes comprising them, and to the use of the transition metal

complexes as catalysts, especially in asymmetric syntheses.
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(R%),-NRY),

Fe
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RY,

Transition metal complexes of the homochiral, asymmetric mono- and diphosphino-
ferrocenes PPFA (formula A) and BPPFA (formula B) (in the formulae, Me is a
methyl group and Ph is a phenyl group) bring about high stereoselectivity in
asymmetric catalyses if the substrate has a functional group which is able to enter
into interactions with the dimethylamino group of the phosphine ligand. Substrates
without such functional groups can be reacted with high enantiomer selectivity in
asymmetric catalytic reactions if the homochiral C,-symmetric diphosphino-
ferrocene of the formula C is employed as ligand (T. Hayashi et al., J. Am. Chem.
Soc. 1994, 116, 4221). Despite outstanding results in catalysis, however, the
ligands of the formulae A, B and C have not found any notable industrial application,
since they are only poorly obtainable. To prepare the optically pure ligands it is
necessary in any case to carry out a cleavage of the racemate and also, in the
synthesis of the compounds of the formula C, a complex separation of the chiral C,-
symmetric C from its achiral meso isomer. There is therefore a need for simple

preparation processes and for simple ligands which are easy to obtain.
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A Y=H; "PPFA"

B Y =PPh,; "BPPFA"

In very recent times it has been attempted to obtain homochiral phosphino-
ferrocenes by asymmetric ortho-lithiation of substituted ferrocenes by means of
homochiral lithium bases. For instance, the dimethylaminomethyl ferrocene of the
formula D was diphenylphosphinylated in a yield of 49% and with up to 62% ee
(enantiomeric excess) to form the compound of the formula F, by means of 1.5
equivalents of n-butyllithium (n-BulL.i) in the presence of 2.0 equivalents of the
diamine of the formula E and using from 1.5 to 3.0 equivalents of
chlorodiphenylphosphine (Y. Nishibayashi et al., J. Org. Chem. 1996, 61, 1172).
Also, the N,N-diisopropylferrocenecarboxamide of the formula G was
diphenylphosphinylated in a yield of 82% and with 90% ee to form the compound of
the formula J, by means of 2.2 equivalents of n-Bul.i and 2.2 equivalents of the
diamine of the formula H and using 3.0 equivalents of chlorodiphenylphosphine (M.
Tsukazaki. V. Snieckus et al., J. Am. Chem. Soc. 1996, 118, 685).
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NMe,
1. n-BuLi/ O /0°C

Whereas, therefore, an asymmetric ortho-lithiation on one ring of the ferrocene IS
known. there are no indications that it might be possible to extend this principle to
both rings; no attempt has yet been made to apply the method of asymmetric ortho-

lithiation using an optically active lithium base to both ferrocene rings.

Surprisingly, a very simple process has now been founa for preparing phosphino-
ferrocenes which is based on the principle of asymmetric ortho-lithiation. Such a
lithiation is applied here for the first time to both ferrocene rings, and is used for the
first time for the asymmetric synthesis of chiral C,-symmetric diphosphino-
ferrocenes. Starting, for example, from the commercially available 1,1'-
ferrocenedicarboxylic acid it is thereby possible with great ease, by an extremely
short synthetic route, to obtain novel monophosphino- and diphosphino-ferrocenes
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which are suitable as ligands for catalytically active transition metal complexes. By
varying the novel process there are thus readily obtainable alternatively, inter alia,

optically active 1',2-disubstituted 1-phosphino-ferrocenes of the formula Ib or
optically active 2,2'-disubstituted 1,1'-diphosphino-ferrocenes of the formula la or, In
a highly diastereoselective manner, the achiral meso isomers of the diphosphines
la, i.e. the compounds of the formula Il.

The present invention therefore provides, firstly, compounds of the formuila |

PRY),

R%),-NR?),

E
o

X

in which

the substituents R are cyclohexyl, unsubstituted phenyl CgHg or substituted phenyl
CeHs _nR“n, where n is 1 to 5 and the substituents R* are unbranched or branched
C,- to C4-alkyl, C4- to C4-alkoxy or halogen;

the two geminal substituents R? together are a doubly bonded oxygen atom (i.e.
(R?), is =0) or each substituent R* on its own is hydrogen;

the substituents R3, each on their own, are unbranched or branched C;- to C4-alkyl,
cyclopentyl, cyclohexyl, unsubstituted phenyl CgHs or substituted phenyl CgHsg 4,R“m,
where n and R* are as defined above under R!, or the substituents R® are
connected to one another to form a ring, in which case together they are
tetramethylene -(CH,),-, pentamethylene -(CH,)s-, 3-oxapentamethylene
-(CH,),-O~(CH,),- or N-methyl-3-azapentamethylene ~(CH5)-N(CH3)-(CH3)o-

the substituent X is hydrogen or P(R').;
and salts thereof.
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The conformations represented in the formula | and in other formulae, for example
the formula |, do not necessarily correspond to the conformations in which the novel

compounds are actually present under specific conditions and which are evident, for
example, from the X-ray structural analyses. The formulae serve only to depict the
arrangement of substituents on the ferrocene system and should not be understood
as being restrictive in terms of a particular steric arrangement. Various confor-
mations of the novel compounds are obtained, inter alia, especially by rotating one
of the two ferrocene rings about an axis of rotation which passes through the center
points of both rings. Which conformation with respect to this axis is actually present
depends on the individual circumstances. The invention of course comprises all
compounds of the formulae | and Il (and their complexes) regardless of the

particular configuration or conformation depicted graphically.

The present invention embraces, first, the free compounds of the formula |, i.e. the
compounds which are not salts. However, the invention also embraces, second, the
salts of compounds of the formula I. It is possible, for example, for compounds of the
formula |, especially those which include basic groups, i.e. compounds, for example,
in which the radicals R? are hydrogen, to form acid addition salts with inorganic and
organic acids, especially with nonoxidizing acids. Examples of suitable acids are
hydrochloric acid, hydrobromic acid, hydroiodic acid, sulfuric acid, nitric acid,
phosphoric acid, acetic acid, trifluoroacetic acid, methanesuifonic acid, etc. The
salts can be prepared in the customary manner, for example by combining the
components in a solvent or diluent. Generally, the invention embraces the
compounds of the formula Il even when they are in the form of adducts with other
molecules or ions or atoms, as is the case, for example, in complexes with metal
lons or acid-base adducts.

The invention embraces all stereocisomeric forms of the compounds of the formula |.
..e. all enantiomeric and diastereomeric forms, and in particular it embraces both
one enantiomer as well as the other enantiomer. The compounds of the formula |
may have no further chirality elements besides the chirality resulting from the
arrangement of the substituents on the ferrocene, however, it is also possible, for
example, that additionally asymmetric carbon atoms are present in the radicals R
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and R3. These atoms may then, independently of one another, have the R or the S
configuration. Enantiomers are embraced both in the form of pure enantiomers and
in the form of the racemate or in the form of mixtures of the enantiomers in whatever
proportions, especially in the form of mixtures having a high enantiomeric excess.
Similarly, all diastereomers are embraced, in pure form and in mixtures with

whatever proportions.

The invention similarly embraces mixtures of two or more compounds of the formula
| which differ in the empirical formula, especially mixtures of compounds of the
formula | in which X is hydrogen and the corresponding compounds of the formula |
in which X is P(R1 )», in which case all compounds can, yet again, be present in all

stereoisomeric forms.

Examples of C,- to C,-alkyl are methyl, ethyl, n-propyl, isopropyl, n-butyl, sec-butyl,
isobutyl and tert-butyl; examples of C,-to C,-alkoxy are methoxy, ethoxy, n-
propoxy, isopropoxy, n-butoxy, sec-butoxy, isobutoxy and tert-butoxy. In substituted
pheny! radicals the substituents can be in any positions; in the case of
monosubstitution, in the ortho, meta or para position; in the case of disubstitution, in
the 3,4 or 3,5 position, for example. Where phenyl rings are substituted muitiply by
radicals R* then the radicals R* can be identical or different. The number n of the
substituents in phenyl rings can be 1, 2, 3, 4 or 5. Among the substituted phenyl
radicals, monosubstituted phenyl rings are preferred.

Unless specified otherwise, halogen is fluorine, chlorine, bromine or iodine.

The two radicals R' in the group P(R‘)z in the compounds of the formula | can be
identical or different. In a preferred embodiment of the invention they are identical.
The two radicals R* on the nitrogen atom can also, unless connected to one another
to form a ring, be identical or different. Where the two radicals R are connected to
one another to form a ring, then this means that the two radicals R which are
attached to the same nitrogen atom are connected to one another and, thus, the

radical N(R3)2 therefore is pyrrolidino, piperidino, morpholino or N-methylpiperazino.
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R in the compounds of the formula | is preferably cyclohexyl, phenyl, p-tolyl, p-tert-

butylphenyl or p-halophenyl, in which case halogen here is fluorine, chlorine or
bromine. With particular preference R is phenyl.

The two radicals R? in the compounds of the formula | are preferably, together, a
doubly bonded oxygen atom (i.e. (R?), is =O).

R3 in the compounds of the formula | is preferably isopropyl, cyclohexyl or phenyl or
the two radicals R* together are preferably -(CH.,),-, -(CH5)5-, -(CH5)5,-0-(CH,),- or
~(CH,),-N(CH,) -(CH,),-; with particular preference, R3is iIsopropyl.

X in the compounds of the formula | is preferably hydrogen or is a group P(R')z in
which R' has the preferred definitions stated.

Preferred compounds of the formula | are those in which one or more of the
substituents have preferred definitions. Particular preference is given to compounds

of the formula | in which the substituents R! are cyclohexyl, phenyl, p-tolyl, p-tert-

butylphenyl or p-halophenyl, in which case halogen here is fluorine, chlorine or
bromine;

the two substituents R? together are a doubly bonded oxygen atom (i.e. (R2)2 s =0)
or each substituent R? by itself is hydrogen:

the substituents R® are iIsopropyl, cyclohexyl or phenyl, or the two substituents R3
together are -(CH,)4-, -(CH,)5-, -(CH,),-0-(CH,),- or -(CH,),-N(CH;3)-(CH,),-;

the substituent X is hydrogen or P(R‘)z in which R! is cyclohexyl, phenyl, p-tolyl, p-

tert-butylphenyl or p-halophenyl and halogen in this case is fluorine, chlorine or
bromine.

Very particular preference is given to compounds of the formula | in which R is

phenyl, the two substituents R? together are a doubly bonded oxygen atom (i.e.(Rz)2
is =0), R3is isopropyl and X is hydrogen or P(phenyl),.
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Preference is given, furthermore, on the one hand to the compounds of the formula |
in optically active form and on the other hand to the compounds of the formula | in

racemic form.

The above comments correspondingly apply to the preferred compounds; here too,
where relevant, all stereoisomeric forms and their mixtures in whatever ratios, ana

also the salts of the compounds, are embraced.

The present invention additionally provides compounds of the formula |

PR'),

(R%),-NR),

Fe
(R%))N-(R%),C

RY,

in which
the substituents R' are cyclohexyl, unsubstituted phenyl CgHsg or substituted phenyil
CeHs _nR4n, where n is 1 to 5 and the substituents R* are unbranched or branched

C- to C4-alkyl, C4-to C,-alkoxy or halogen;

the two geminal substituents R? together are a doubly bonded oxygen atom (i.e.
(Rz)2 is =0) or each substituent R? on its own is hydrogen;

the substituents R3, each on their own, are unbranched or branched C4- to C4-alkyl,
cyclopentyl, cyclohexyl, unsubstituted phenyl CgHs or substituted phenyl CgHs ,nR“n,
where n and R* are as defined above under R!. or the substituents R* are
connected to one another to form a ring, in which case together they are
tetramethylene -(CH,),-, pentamethylene -(CH,)s-, 3-oxapentamethylene
-(CH,),-0-(CH,),- or N-methyl-3-azapentamethylene ~(CH,),-N(CH5)-(CH,)>-;

and salts thereof.
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As In the case of the compounds of the formula |, the present invention embraces,
first, the free compounds of the formula ||, i.e. the compounds which are not salts.
However, the iInvention also embraces, second, the salts of compounds of the
formula |l. It is possible, for example, for compounds of the formula I, especially
those which include basic groups, i.e. compounds, for example, in which the radicals
R? are hydrogen, to form acid addition salts with inorganic and organic acids,
especially with nonoxidizing acids. Examples of suitable acids are hydrochloric acid,
hydrobromic acid, hydroiodic acid, sulfuric acid, nitric acid, phosphoric acid, acetic
acid, trifluoroacetic acid, methanesulfonic acid, etc. The salts can be prepared in the

customary manner, for example by combining the components in a solvent or
diluent. Generally, the invention embraces the compounds of the formula Il even

when they are in the form of adducts with other molecules or ions or atoms, as iIs the
case, for example, in complexes with metal ions or acid-base adducts.

The achiral compounds of the formula Il constitute the meso isomers of the chiral
compounds of the formula la. The present invention also provides mixtures
comprising compounds of the formula |l and compounds of the formula | in whatever
proportions. The comments regarding stereocisomeric forms and mixtures given
above in relation to the compounds of the formula | apply here correspondingly; the
compounds can, therefore, again be present in all stereocisomeric forms, and the
mixtures may comprise two or more compounds, for instance compounds of the
formulae la, Ib and |l alongside one another.

The above comments regarding the radicals in the compounds of the formula |, for

example alkyl radicals, alkoxy radicals, phenyl radicals or halogen, or the number n,

apply likewise to the radicals in the compounds of the formula Il. Again, the above
comments regarding the preferred definitions of the radicals R!, R and R* and

regarding the preferred compounds of the formula | apply correspondingly to the
compounds of the formula Il.

The present invention also provides processes for preparing compounds of the
formulae | and Il. In particular, the invention provides processes for preparing
compounds of the formula la and Ib in optically active form, especially in high optical
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purity. These processes comprise, in the case of preparing compounds of the

formula la, a twofold asymmetric ortho-lithiation and, in the case of preparing

compounds of the formula Ib, a single asymmetric ortho-lithiation. By means of the

novel processes it is possible, by varying the nature and amount of the lithium base,
S which may be chiral or achiral, and by modifying the precise lithiation procedure, to

prepare - with very high chemoselectivity, diastereoselectivity and

enantioselectivity - specifically, for example, the optically active C,-symmetric

diphosphines of the formula la or the achiral meso isomers of the diphosphines of
the formula la, i.e. the compounds of the formula Il, or the optically active

10 asymmetric monophosphines of the formula Ib. The invention also embraces,

however, the analogous preparation of the corresponding racemic compounds of the
formula |.

As direct starting material for the novel preparation process it is possible to use

15 compounds of the formula I,
@\C(Rz)z-m@)z

Fe

- (R3)2N-(R2)2C\©

in which the substituents R? and R® are as defined above. The compounds of the
25 formula Il can be obtained from commercially available 1,1'-ferrocenedicarboxylic

acid. This can be reacted in one stage with high yields, in a manner known from the
literature, to ferrocenediamides of the formula lll in which the two geminal radicals
R? together are a doubly bonded oxygen atom. In doing so the amide radicals R’
can, in a manner known from the literature, be varied within the overall

30 abovementioned range of definitions of R, which requires only the variation of the
readily commercially available amine HN(R3)2 (P.J. Hammond et al., J. Organomet.

Chem. 1986, 306, 367 : P.D. Beer et al., J. Organomet. Chem. 1988, 350, C15; J.C.
Medina et al., J. Am. Chem. Soc. 1991, 113, 365 : J.T. Yli-Kauhaluoma et al., J. Am.
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Chem. Soc. 1995, 117, 7041 ; W. Zhang et al., Tetrahedron: Asymmetry 1996, 7,
451). The diamides of the formula lll, 1.e. the compounds of the formula 1ll in which

the two radicals R? together are a doubly bonded oxygen atom, can be reduced in
accordance with methods known from the literature using various reducing agents,
preferably with the borane-tetrahydrofuran complex, in high yields to the

corresponding diamines of the formula Ill in which each radical R? on its own is
hydrogen.

It has now been found that the reaction of compounds of the formula |l in which the
substituents R? and R? are as defined above with n-butyllithium in the presence of
tertiary amines, preferably chelating tertiary diamines, takes place with almost
complete mono-ortho-lithiation even when large excesses of the lithium base are
used (> 4 equivalents relative to the substrate lll). If a chiorophosphine of the

formula CIP(R'), in which the radicals R! are as defined above is then added to the
reaction mixture, such chlorophosphines being obtainable by or in analogy to known

methods and also, in the majority of cases, being commercially available, then the
compounds of the formula Ib are obtained in high yields. If the lithium base is
obtained by reacting n-butyllithium with an optically pure (homochiral) tertiary amine,
preferably an optically pure chelating tertiary diamine, then the compounds of the
formula Ib are formed with high enantioselectivity. As evident from the Examples,
this enantioselectivity is under appropriate reaction conditions so high (>80 % ee
(ee = enantiomeric excess)) that the compounds of the formula Ib can be obtained in
good yields in optically pure form (298 % ee) directly or, for example, after only one
recrystallization. If the lithium base is obtained by reacting n-butyllithium with a
racemic or with an achiral tertiary amine, then under otherwise identical reaction

conditions the compounds of the formula 1b are formed in racemic form.

The present invention accordingly provides a process for preparing optically active
monophosphines of the formula | in which the radicals R' R? and R® are as defined

above and X is hydrogen, which comprises subjecting compounds of the formula i
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@\4:(1{2)2-N(R3)2

Fe

R3),N-(R?) 2C\©

in which the radicals R? and R® are as defined above to asymmetric mono-ortho-
lithiation using n-butyllithium in the presence of a homochiral tertiary amine and

reacting the chiral monolithium compound in situ with a chlorophosphine of the
formula CIP(R'), in which the radicals R' are as defined above.

If desired, the optical purity of the product of the formula | is subsequently increased

further by recrystallization. The optical purity of the product of the formula | initially
obtained by the novel process depends on the individual circumstances, for

example on the substituents and on the reaction conditions. In many cases it is
already high enough that no increase is necessary for the intended use. If it is
desired to increase the optical purity, however, this can be done, for example, by
recrystallization under conditions familiar to the skilled worker, in which case just

one recrystallization is sufficient in many cases.

Specifically, the asymmetric reaction can be conducted, for example, as follows. The
optically pure tertiary amine, preferably an optically pure chelatable tertiary diamine,
is introduced as initial charge in an inert, noncoordinating or weakly coordinating
solvent under an inert gas atmosphere (preferably nitrogen or argon), preferably at

a temperature from -78°C to room temperature, particularly preferably from -78°C to
0°C and, with very particular preference, at a temperature from -78 °C to -40 °C.

Particularly preferred amines are diamines such as, for example, sparteine, trans-

N, N,N' N'-tetramethyl-1,2-cyclohexanediamine, N,N,N',N'-tetramethyl-1,2-
diphenylethylenediamine, 1-methyl-2-(piperidinomethyl)pyrrolidine, O-alkyl-
dihydroquinidines or O-alkyl-dihydroquinchonidines. Sparteine is very particularly
preferred. The amines can be employed as (+)-isomer or as (-)-isomer. The amine is

preferably employed in an amount of from 1.2 to 5 equivalents, based on the starting
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material of the formula lll, particularly preferably in an amount of from 1.5 to 4
equivalents, and, with very particular preference, from 1.5 to 2 equivalents.
Preferred solvents are aliphatic and aromatic hydrocarbons and ethers, particular
preference being given to toluene, diethyl ether, methyl tert-butyl ether and diiso-
propyl ether. To the amine there is then added a solution of n-butyllithium in an inert
solvent, preferably a 1 to 10 molar solution in pentane, hexane or cyclohexane,
particularly preferably a 1.6 to 2.5 molar solution in hexane. The amount of n-
butyllithium is preferably from 1.2 to 5 equivalents, based on the starting material of
the formula lll, particularly preferably from 1.5 to 4 equivalents and, with very
particular preference, from 1.5 to 2 equivalents. It is preferred for the molar amount
of n-butyllithium to be equal to or slightly less than that of the chiral amine, so that

all of the n-butyllithium is in association with the chiral amine. Foliowing a brief
period of stirring, the starting material of the formula lll is added, either as pure

substance or, for example, dissolved in one of the abovementioned solvents. The
rate of addition is not critical. The reaction temperature is maintained by cooling.
Following a period of normally from 15 minutes to 2 hours (the optimum time perioa
IS shorter the greater the excess of n-butyllithium and of chiral amine), the
chlorophosphine of the formula CIP(R1 ), is added as pure substance or, for
example, as a solution in one of the abovementioned solvents. The rate of addition
is largely uncritical. It is preferred to add liquid chlorophosphines dropwise, as pure
substance, over the course of from 5 to 15 minutes, so that it is easy to maintain the
reaction temperature by cooling. Stirring is continued generally for 15 to 90 minutes.
The optimum reaction time depends on the solvent and on the substituents R! R?
and R* and can easily be determined by removing a sample and by, for example,
thin-layer chromatographic analysis on the basis of the disappearance of the
compound of the formula Il and the formation of the compound of the formula Ib. To
isolate the product, the reaction mixture is preferably subjected to an aqueous
workup under acidic conditions. For instance, after complete reaction the reaction
mixture can be worked up, for example, by first heating it to a temperature from O to
25°C or to room temperature and then adding to it, for example, an excess of a
saturated aqueous solution of ammonium chloride (NH,Cl). However, it is also
possible, for example, to add an ammonium chloride solution at a lower temperature

and only then to carry out heating. The results of these two procedures differ only
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slightly. The aqueous standard workup, for example with extraction, finally yields the
optically active monophosphine of the formula Ib. The resulting products are of
virtually no sensitivity to air as isolated solids but are moderately so in solution
(formation of phosphine oxides). The extractions are therefore preferably
undertaken in an inert gas atmosphere or with minimization of the time during which
air can act.

As can be seen from the Examples, this procedure results - for example for the
starting material of the formula lll in which the radicals R? together are a doubly
bonded oxygen atom and R3 is isopropyl, even with 4.40 equivalents of n-
butyllithium and 4.45 equivalents of (-)-sparteine in ether at a temperature from -70
to -78°C with a lithiation time of 1 hour and using chlorodiphenylphosphine - in more
than 85% of the monophosphine of the formula Ib and less than 15% of the
diphosphines of the formulae Il and/or la. In this case the crude product had 80% ee
and can be purified further by standard purification techniques. In the example
under consideration, for example, recrystallization from hot n-heptane gives the
analytically pure compound of the formula Ib in a yield of 58% and with 98.5% ee.
The optical purity can be determined reliably by means of HPLC on a chiral phase.
With a reduced excess of n-butyllithium/sparteine and a reduced lithiation time, the
proportion of the monophosphine of the formula Ib in the crude product is increased
further. As can also be seen from the Examples, the same starting material of the
formula Il (with the same definitions of the radicals R and R3) results - with 1.9
equivalents of n-butyllithium and 2.0 equivalents of (-)-sparteine in toluene at -70 to
-78°C, with a lithiation time of 45 minutes and using chlorodiphenylphosphine - in
more than 93% of the monophosphine of the formula Ib, which even as crude
product has 91% ee. Single recrystallization then gives the optically pure (99% ee)
product of the formula Ib in a yield of 75%.

If the above reaction is carried out in ether as solvent with the achiral diamine
N,N,N' N'-tetramethylethylenediamine (TMEDA) instead of with an optically active
amine such as sparteine, under otherwise identical conditions as described by way

of example above, then the racemic compound of the formula Ib is obtained in a
vield of 79%.
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If the asymmetric lithiation/phosphinylation of substrates of the formula lll is carried
out under conditions identical to those described above but using sec-butyllithium
iInstead of n-butyllithium, then the corresponding meso-diphosphines of the formula
Il are obtained with high chemoselectivity and diastereoselectivity. Chiral C,-
symmetric diphosphines of the formula la and monophosphines of the formula Ib are
formed Iin very small quantities under these conditions even if the excess of the
lithium base is reduced to 3.0 equivalents. The high diastereoselectivity in favor of
the compounds of the formula |l relative to those of the formula la is a complete
surprise. Although the two ortho-lithiations on the upper and the lower ring of the

ferrocene must indeed be brought about by the same homochiral lithium base, with
sec-butyllithium the ortho-lithiation/phosphinylation takes place on the lower
ferrocene ring with an enantioselectivity just opposite to that on the upper ferrocene

ring.

The present invention accordingly provides, furthermore, a process for preparing
compounds of the formula ll in which the radicals R‘, R? and R? are as defined
above, which comprises subjecting compounds of the formula Il

@%(RZ)Z-N(R%Z

Fe

(R%),N-(R?) 2c\©

in which the radicals R? and R? are as defined above to ortho-lithiation with sec-

butyllithium in the presence of a tertiary amine, preferably in the presence of a
chelatable tertiary diamine, particularly preferably in the presence of an achiral or

racemic chelatable tertiary diamine, for example in the presence of N,N,N',N'-
tetramethylethylenediamine (TMEDA), and reacting the dilithium compound in situ
with a chiorophosphine of the formula CIP(R1 ) in which the radicals R are as

defined above.

The comments made above regarding the process for preparing compounds of the
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formula Ib, relating, for example, to the amines, the solvents, the amounts or the
reaction temperatures, apply here correspondingly. When, however, - as here - the
aim Is to achieve twofold lithiation/phosphinylation of the ferrocene in a preparation
process, the minimum amount of lithiating reagent employed is of course greater
and is at least 2 equivalents, based on the starting material of the formula lil. The
majority of diphosphines of the formula Il are virtually insoluble in water and are
sparingly to very moderately soluble in the abovementioned reaction solvents. If the
reaction mixture is, as described by way of example above, worked up by addition of
aqueous ammonium chloride solution, then the compounds of the formuia li

precipitate out and can in many cases be isolated by simple suction filtration.

As can be seen from the Examples, this results - for example for the starting
material of the formula Hl in which the radicals R? together are a doubly bonded

oxygen atom and R® is Isopropyl, using sec-butyllithium and (-)-sparteine in ether at
from -70 to -78°C, with a lithiation time of 2 hours and using

chlorodiphenylphosphine - in a crude product with a ratio of compound I :

compound la of about 95.5. This ratio has been determined unanimously by various
methods. The pure meso-diphosphine is obtained in 75% vyield after

recrystallization. Apart from by means of spectra, the structure of the compound of
the formula 1l is ascertained by a single-crystal X-ray structural analysis. If the
achiral diamine TMEDA is employed instead of sparteine, then the meso-

diphosphine of the formula Il is obtained in 64% yield with the same high
diastereoselectivity.

If, in contrast, the asymmetric dilithiation/diphosphinylation of the starting materials
of the formula Il is carried out not in one go but stepwise, by subjecting the optically
active monophosphines of the formula Ib obtained as described above once again

to the same conditions under which they were formed, then the optically pure chiral,
C,-symmetric diphosphines of the formula la are obtained with very high
diastereoselectivity with virtually quantitative conversion of the monophosphines of
the formula Ib. The two stepwise monolithiations/monophosphinylations, induced by
a chiral lithium base formed from n-butyllithium and a homochiral tertiary amine,

take place accordingly with the same enantioselectivity on the lower and on the
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upper ferrocene ring.

The present invention therefore also provides a process for preparing optically
active C,-symmetric diphosphines of the formula I, in which the radicals R', R and
R® are as defined above and X is P(R"),, which comprises subjecting the optically
active monophosphines of the formula | in which the radicals R, R? and R® are as
defined above and X is hydrogen, to asymmetric mono-ortho-lithiation with n-

butyllithium in the presence of a homochiral tertiary amine, and reacting the chiral
monolithium compound in situ with a chlorophosphine of the formula CIP(R')2 In
which the radicals R! are as defined above.

If desired, here too the optical purity of the product of the formula | is subsequently
raised further by recrystallization. The optical purity of the product of the formula |
initially obtained by the novel process again depends on the individual
circumstances, for example on the substituents and the reaction conditions. Here
again, the optical purity of the product obtained directly by the novel process is in
many cases already so high that no further increase is necessary for the intended
use. If it is desired to increase the optical purity, this can be done by

recrystallization under conditions familiar to the skilled worker, in which case just
one recrystallization is sufficient in many cases.

The comments made above regarding the process for preparing compounds of the
formula Ib, in relation, for example, to the amines, the solvents, the amounts or the
reaction temperatures, apply here correspondingly. Similarly to the meso-
diphosphines of the formula Il, the majority of C,-symmetric diphosphines of the
formula la are also virtually insoluble in water and of only moderate solubility in the
abovementioned reaction solvents. If working up is carried out as described above
by way of example, then they can therefore be isolated not only by conventional
extraction, preferably with methylene chloride, but frequently also by simple suction
filtration, in which case, however, a reduction in yield ranging from small to marked
must be taken into account. In the examples investigated to date the crude
diphosphines of the formula la in solution were more sensitive to air than the meso-
diphosphines of the formula ll, although the purified compounds of the formula la
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showed virtually no sensitivity to air as solids and only moderate air-sensitivity in
solution.

As can be seen from the Examples, this results - for example starting from the
starting material of the formula Ib in which R? is phenyl, the two radicals R?
together are a doubly bonded oxygen atom, R is isopropyl and X is hydrogen and
which has 98.5% ee, with 2.1 equivalents of n-butyllithium and 2.2 equivalents of (-)-
sparteine in ether at -70 to -78°C, with a lithiation time of 30 minutes and using
chiorodiphenyliphosphine, with virtually quantitative conversion of the starting
material of the formula Ib - in a crude product comprising the C,-symmetric
diphosphine of the formula la and the meso-diphosphine of the formula Il in a ratio
of 97:3. This ratio has been determined unanimously by various methods. The crude
product contains >90% of theory of compound of the formula la. If a racemic rather
than an optically pure monophosphine of the formula Ib is employed as starting
material for the second lithiation/phosphinylation step, then, using a homochiral
amine, the optically active C,-symmetric diphosphine of the formula la is obtained in
a mixture with the corresponding meso-diphosphine of the formula Il. If the starting
material in the second lithiation step is racemic monophosphine of the formula Ib,
and an achiral amine is used, then racemic diphosphine of the formula la is

obtained.

To prepare optically active C,-symmetric compounds of the formula | in which X is
P(R‘)z, it is also possible to carry out both ortho-lithiation/phosphinylation steps
without isolating the initially formed monophosphine, for example in a one-pot
process. This process, which is also provided by the present invention, comprises

first of all deprotonating a compound of the formula ll|

Fe

®R3),N-RD) zc\©



10

15

20

25

30

CA 02203749 1997-04-25

20

in which R? and R® are as defined above with n-butyllithium in the presence of a
homochiral tertiary amine, for example sparteine, then phosphinylating the product
by adding a chlorophosphine of the formula CIP(R'), in which R! is as defined
above, and which is preferably employed in as small an excess as possible, then,
without isolating the resulting monophosphine, performing the second deprotonation
step by again adding n-butyllithium, and, finally, effecting the second
phosphinylation by again adding the chlorophosphine of the formula CIP(R‘)Z. This
process too is subject correspondingly to the comments made above regarding the
preparation of the compounds of the formulae Ib and ll, in relation, for example, to

the amines, the solvents, the amounts, the reaction temperatures or, if appropriate,
to recrystallizations to be carried out in order to increase the purity.

Finally, the present invention provides a process for preparing racemic compounds
of the formula | in which the radicals R, R%, R® and X are as defined above, i.e. in
which X is hydrogen in the case of racemic monophosphines and is P(R1 ), in the
case of racemic C,-symmetric diphosphines, which comprises subjecting achiral

@\C(Rz) ,-NR®3),

Fe

(R%),N-(R?) 2C\©

in which the radicals R? and R* are as defined above, or racemic monophosphines

ferrocenes of the formula ili

of the formula | in which X is hydrogen, to symmetric mono-ortho-lithiation using n-
butyllithium in the presence of a racemic or achiral tertiary amine, for example in the
presence of N,N,N',N'-tetramethylethylenediamine (TMEDA), and reacting the
monolithium compound in situ with a chlorophosphine of the formula CIP(R'), in
which the radicals R! are as defined above, or, in the case of the preparation of the
diphosphines from the compounds of the formula lll, carrying out stepwise
symmetric dilithiation/diphosphinylation. To this process, too, the above comments

apply correspondingly.
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The monophosphines and diphosphines of the formulae | and Il in which the radicals
R are hydrogen can be prepared not only by asymmetric ortho-lithiation of, for
example, the N,N-disubstituted 1,1'-bis(aminomethyl)ferrocenes of the formuia Il in
which the radicals R? are hydrogen but also by reduction of the corresponding
bisamides of the formulae | and Il in which the two radicals R? together are a doubly
bonded oxygen atom. The reduction can be carried oUt In accordance with known
techniques using various reducing agents. It is preferably carried out with the
borane-tetrahydrofuran complex. In this case, the initial products are the borane
adducts of the compounds of the formulae | and Il in which the radicals R? are
hydrogen, from which it is then possible to prepare the free phosphines or the
transition metal catalysts in a manner known per se (cf. A.R. Muci, K.R. Campos,
D.A. Evans, J. Am. Chem. Soc. 1995, 117, 9075).

The novel compounds of the formulae | and Il are suitable as ligands for catalytically
active transition metal complexes. The present invention therefore also embraces
the use of compounds of the formulae | and Il as ligands in connection with the
preparation of transition metal complexes, and the use of the compounds as ligands
In such complexes. Preferred transition metal elements are the elements ruthenium,
rhodium, iridium, nickel, palladium, platinum, silver, copper and gold, particular
preference being given to the elements ruthenium, rhodium, iridium, nickel,
palladium, platinum and silver. The invention embraces in particular the use of chiral
and/or optically active compounds of the formula | as ligands in chiral transition
metal complexes. In accordance with customary procedures described in the
literature, which to that extent are included fully herein by reference, the novel
compounds, especially the optically active phosphines of the formula |, can be

reacted in analogy to the Hayashi ligands of the formulae A, B and C to form
Isolated complexes or in situ complexes of the transition metals, particularly

preferably to form complexes of ruthenium, rhodium, iridium, nickel, palladium,
platinum or silver (see T. Hayashi et al., Tetrahedron Lett. 1980, 21, 1871 and J.
Am. Chem. Soc. 1982, 104, 180; W.R. Cullen et al., Organometallics 1985, 4, 346;
Ferrocenes, A. Togni and T. Hayashi (Edit.), VCH, Weinheim, 1995; H.-U. Blaser, F.
Spindler, ChimiaOggi 1995, June, page 11; N. C. Zanetti, F. Spindler, J. Spencer, A.
Togni, G. Rihs, Organometallics 1996, 15, 860). Preference is given to the use of
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optically pure or substantially optically pure compounds of the formula | for the
preparation of optically pure or substantially pure transition metal complexes and to
the use of such compounds as ligands in such complexes. The invention, however,
similarly embraces the corresponding use of racemic compounds of the formula |
and achiral compounds of the formula Il in connection with the preparation of
racemic or achiral transition metal complexes, and the use as ligands in such
complexes, again preferably complexes of ruthenium, rhodium, iridium, nickel,
palladium, platinum, silver, copper or gold, particular preference being given to
complexes of ruthenium, rhodium, iridium, nickel, palladium, platinum or silver.

Finally, the invention also provides the complexes of compounds of the formulae |
and Il in which the substituents R!, R, R® and X have the general or preferred
definitions given above with transition metals, preferably with the transition metals
ruthenium, rhodium, iridium, nickel, palladium, platinum, silver, copper and gold,
particularly preferably with the transition metals ruthenium, rhodium, iridium, nickel,
palladium, platinum and silver, and for the use of such complexes as catalysts in
catalytic reactions. The novel complexes comprise at least one ligand of the
formulae | or Ii (in other words, they comprise one ligand which is a compound of
the formulae | or Il or they comprise more than one ligands which are compounds of
the formulae | or Il). As further ligands they may comprise one or more inorganic
and/or organic ions and/or molecules. The choice of further ligands which can be
present in the complexes depends, for example, on the intended use. The transition
metals can be present in the complexes in their customary valences. The novel
transition metal complexes, both in isolated form and produced in situ, are useful
catalysts for numerous reactions of organic compounds. Preference is given to the
transition metal complexes with optically pure ligands of the formula |, which can be
used as useful catalysts in asymmetric catalytic reactions. Examples of some such

reactions are set out in the following overview:

hydrogenations of prochiral C=0, C=C and C=N groups;

coupling reactions of the Heck type with or without carbon monoxide insertion;
cross-couplings of organometallic compounds (e.g. Grignard compounds) with
organic halides;
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hydrosilylations, hydroborations and hydroformylations of prochiral C=0, C=C and
C=N groups;

nucleophilic substitutions on substrates having a nucleofugic leaving group in the
allylic position;

iIsomerizations of allylamines to the corresponding enamines.

Compilations of recent literature regarding such asymmetric reactions can be found

In 1.Ojima, Catalytic Asymmetric Synthesis, VCH, Weinheim, 1993 and in R. Noyori,
Asymmetric Catalysis in Organic Synthesis, Wiley Interscience, 1994.

The invention, however, just so embraces the corresponding racemic transition
metal complexes and achiral transition metal complexes, preferably of the elements
ruthenium, rhodium, iridium, nickel, palladium, platinum, silver, copper and gold,
particularly preferably of the elements ruthenium, rhodium, iridium, nickel,
palladium, platinum and silver, which comprise racemic or achiral compounds of the
formulae | or |l as ligands, and the use of these complexes as racemic catalysts,

especially for the symmetric variants of the catalytic reactions set out in the above
overview.

Examples

General notes: Diethyl ether was distilled off freshly in a nitrogen atmosphere from
sodium/benzophenone ketyl. (-)-Sparteine was distilled off freshly under vacuum
through a short Vigreux column from calcium hydride. Chlorodiphenylphosphine was
distilled freshly under a high vacuum (HV) through a short Vigreux column. Before
introducing reagents, all solvents used were freed from dissolved oxygen by
bubbling argon through them. In the course of workups, air contact was minimized

by passing argon through all solvents and working rapidly. As crystalline solids, all
of the ferrocene compounds described here have virtually no sensitivity to air. In

solution they are all more or less sensitive, especially the crude C,-symmetric
diphosphines of the formula la. NMR-spectroscopic shifts are given in ppm. Me
denotes methyl, Et ethyl, iPr isopropyl, Ph phenyl, Bu butyl and BuLi butyilithium.
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Preparation of the starting compound 1,1'-bis(N,N-diisopropylamido)-ferrocene
(formula llI, (R%),: =0, R>: iPr); synthesis method 1

12.0 g (43.8 mmol) of 1,1'-ferrocenedicarboxylic acid (Aldrich) were suspended in 63
mi of toluene which had been degassed beforehand by means of a stream of argon
bubbling through it. Under an argon atmosphere, 15.2 ml (22.2 g, 174.9 mmol) of
oxalyl chloride were added over the course of 5 minutes using a syringe, followed by
1.2 ml of dimethylformamide. A vigorous reaction ensued, accompanied by foaming
and gas evolution, but without any notable discernible exothermy. The mixture was
stirred at room temperature for 10 minutes. The excess oxalyl chloride was removed
in vacuo on a rotary evaporator (bath temperature 30°C) by concentrating the
reaction mixture to a total volume of from 20 to 30 ml. The suspension, which was
still readily stirrable, was diluted with 250 ml of diethyl ether and then cooled to 0°C
under argon. 32.2 mi (24.9 g, 245.9 mmol) of diisopropylamine were added
dropwise over the course of 10 minutes. Because of the exothermic reaction, the
internal temperature rose temporarily to +5°C. The color of the suspension changed
from dark orange to pale yellow. After stirring at 0°C for 1 hour a 0.5 mi sample was
removed, 0.5 ml of saturated aqueous ammonium chloride solution and 0.5 ml of
diethyl ether were added to it, and it was analyzed by thin-layer chromatography
(TLC) using the eluent cyclohexane/ethyl acetate (1:1), where complete reaction of
the dicarboxylic acid (R = 0.00) to the title compound (R = 0.37) and small amounts
of a somewhat more polar byproduct (R = 0.25) was found. After further stirring for
one hour, 200 ml of saturated ammonium chloride solution and 50 ml of water (both
argon-degassed) were added with ice cooling. The mixture was subjected to
extraction with twice 200 ml! of dichloromethane, during which argon was bubbled
through. At the phase boundary there was deposited a black stuff which was
separated off with the aqueous phase. The combined extracts were washed with
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twice 250 ml of water and then with 250 ml of saturated sodium chloride solution.
The organic phase was dried over MgSO, for 5 minutes and filtered, the filtrate was
concentrated in vacuo, and the solid was dried in vacuo. 17.2 g (39.0 mmol, 89%
yield) were obtained of an orange-yellow solid which according to TLC contained a
slight amount of more polar impurities. Filtration through silica gel with
cyclohexane/ethyl acetate (3:1) gave 15.0 g (34.1 mmol, 78% yield) of a yellow, very
bulky solid, m.p. 136-137°C (Lit.: P.J. Hammond et al., J. Organomet. Chem. 1986,
306, 367; m.p. 127-128°C).

TH-NMR (200 MHz, CDCl,): 5 = 4.59 (t, J = 2 Hz, 4H, 2-,2'-5-,5'-H), 4.43 (br s, 2H,
CHMe,), 4.38 (t, J = 2 Hz, 4H, 3-,3'-,4-,4'-H), 3.43 (br s, 2H, CHMe,), 1.47 (br s,
12H, CH(CH,),), 1.20 (br s, 12 H, CH(CH,),).

13C-NMR (75.43 MHz, CDCl,, proton broadband-decoupled; multiplicity determinead
using DEPT 135°): & = 168.80 (2C, C=0), 83.23 (2C, 4°-C, C-1,-1"), 71.36 (4C, CH,
C-2,-2',-5,-5'), 70.95 (4C, CH, C-3,-3',4,4"), 49.85 (2C, br, CH, CHMe,), 46.19 (2C,
br, CH, CHMe,), 21.09 (8C, CH,).

IR (KBr): v =2968, 1633 (C=0), 1619 (C=C of aryl), 1465, 1317 cm™!

MS (FAB, NBA): m/z (%) = 441 (55) [M+H"], 440 (100) [M"], 340 (22) [M+H" -
HN(iPr),], 248 (15) [C4,HgFENO"]

Preparation of the starting compound 1,1'-bis(N,N-diisopropylamido)-ferrocene
(formula 1ll, (R?),: =0, R>: iPr); synthesis method 2

To a solution of 10.0 g (36.5 mmol) of 1,1'-ferrocenedicarboxylic acid in 200 mi of
degassed toluene there were added at room temperature and under argon 10.0 ml
(14.55 g, 114.6 mmol) of oxalyl chloride followed immediately by 1.0 ml (944 mg,
12.9 mmol) of dimethylformamide. The reaction ensued with foaming and vigorous
gas evolution but without notable exothermy. Without cooling, the internal
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temperature rose to a maximum of 24°C. The mixture was stirred at room
temperature for 10 minutes and then the excess oxalyl chioride was removed by
concentrating the mixture to a quarter of its original volume in vacuo. The
concentrated solution was diluted with 250 ml of toluene and cooled in an ice bath
to 0°C, while bubbling argon through it. Then 11.2 mil (8.13 g, 80.3 mmol) of
degassed triethylamine and 9.6 ml (7.41 g, 73.2 mmol) of degassed
diisopropylamine were added dropwise in succession. The dark red-brown, clear
solution was stirred at 0°C for 1 hour and then at room temperature for 16 hours. A
further 4.8 ml (3.70 g, 36.6 mmol) of degassed diisopropylamine were added

dropwise and the mixture was stirred at room temperature for 18 hours more.
Working up as described for synthesis method 1 gave 14.3 g (32.5 mmol, crude
yield 89% of theory) of orange-brown solid which contained the same more polar
byproduct as the product obtained by synthesis method 1. Filtration through 300 g of
silica gel with cyclohexane/ethyl acetate (3:1) gave 9.9 g (22.5 mmol, 62% yield) of
the title compound as a yellow solid, m.p.134-135°C, decomposition at 258-262°C

with black coloration and clouding of the melt.

Example 1

1-(Diphenylphosphino)-1',2-bis(N,N-diisopropylamido)ferrocene (formula Ib, R': Ph,
(R2)2: =0, R*: IPr); preparation using 4.40 equivalents of n-BulLi and 4.45
equivalents of (-)-sparteine in diethyl ether

5 1_PPh,
4 2 O
Pr),N I ‘

N(1Pr),

19.25 ml (30.8 mmol) of a 1.6 molar solution of n-butyllithium in hexane were added
dropwise over the course of 5 minutes at -78°C, under argon, to a solution of 7.30 g
(7.16 ml, 31.15 mmol) of (-)-sparteine in 130 ml of diethyl ether. The initially clear,
yellowish solution turned into a white suspension after about 5 minutes. Stirring was
continued at -78°C for 15 minutes and then a solution of 3.08 g (7.0 mmol) of 1,1'-
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bis(N,N-diisopropylamido)ferrocene in 35 mi of diethyl ether was added dropwise
over the course of 10 minutes. The deep yellow suspension was stirred at -78°C
under argon for 1 hour, and then 7.5 mil (9.27 g, 42.0 mmol) of chiorodipheny!l-
phosphine were added dropwise over the course of 5 minutes using a syringe. Over
the course of a further 5 minutes the yellow suspension turned into a clear, brown
solution which was stirred at -78°C for 30 minutes. A sample (0.5 ml) was taken, to
which saturated ammonium chloride solution (0.5 mi) and Et,0 (0.5 ml) were added,
and the resulting sample was investigated by TLC using the eluent
cyclohexane/ethyl acetate (3:1). It was found that the starting material of the formula

Il (R¢ = 0.20) had reacted compiletely to form a product (title compound; Rf = 0.34).
The corresponding diphosphines of the formulae Il and/or la (Ry = 0.52, not

separated from one another) were detectable only in traces. 30 minutes after the
sample had been taken (1 hour after the chlorophosphine had been added) the
mixture was heated to +20°C and then 160 ml of saturated aqueous ammonium
chloride were added dropwise over the course of 5 minutes. The mixture was stirred

for 15 minutes and then the phases were separated. The aqueous phase was
extracted with 2 x 100 mi of ether, the combined ether phases were washed with

200 mi of water, then with 200 ml of saturated sodium chloride solution, dried over
MgSO, and filtered, and the filtrate was concentrated in vacuo. A 3'P-NMR

spectrum of the crude product (CDCI,) showed the resonance of the title compound
of the formula Ib (5 = -22.92) and the resonance of the corresponding C,-symmetric
diphosphine of the formula la (5 = -22.00) in a ratio of 95.5. The corresponding
meso-diphosphine of the formula Il (5 = -22.38) could not be seen (< 0.5%). The
residue (10.4 g) was purified by flash chromatography (200 g of silica gel 60 A, 35-
70 pm, eluent cyclohexane/ethyl acetate (3:1), 1.25 bar of nitrogen) and gave 3.95 g
(6.32 mmol, 90% of theory) of a yellow solid which had 80.0% ee according to chiral
phase HPLC analysis (250 x 4.6 mm CSP ChiralpaleAD; eluent. n-hexane/EtOH
(20:1) plus 0.1% of diethylamine, flowrate 1.0 mi/min., 40°C, det. 248 nm; t_, (%):
(+)-title compound of the formula Ib 6.21 min (90.0%), (-)-title compound of the
formula Ib 4.60 min. (10.0%)). Recrystallization from 30 mi of hot, argon-degassed
n-heptane gave 2.52 g (4.03 mmol, 58% of theory) of yellow crystals, m.p. 146-
148°C (decomp.), [a]p*” = +235.8° (c = 1.013 in CH,Cl,), which according to chiral
phase HPLC analysis had 98.5% ee of the (+)-enantiomers of the title compound.
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'"H-NMR (300 MHz, CDCl,): & = 7.53 (m, 2H, p-H of CgHs), 7.16-7.40 (m, 8H, o- and
m-H of CgHs), 4.80 (dt, J4 = 2.5 Hz, J; = 1.3 Hz, 1H, 2'-H), 4.65 (1d, J; = 2.5 Hz, J 4 =
1.4 Hz, 1H, 3'-H), 4.52 (dt, J4 = 2.5 Hz, J; = 1.3 Hz, 1H, 5'-H), 4.45 (t, J = 2.5 Hz, 1H,
4-H), 4.38 (br s, 1H, CHMe,), 4.36 (dt, J4 = 2.5 Hz, J, = 1.2 Hz, 1H, 3-H), 4.25 (td, J;
=2.5Hz, J4=1.2Hz, 1H, 4'-H), 3.91 (m, 1H, 5-H), 3.87 (br s, 1H, CHMe,), 3.38 (br
s, 1H, CHMe,), 3.18 (br s, 1H, CHMe,), 0.90-1.57 (m, 21H, 7 x CH,), 0.50 (m, 3H,
CH,). The assignment of the 'H resonances to the seven protons of the two
ferrocene rings is based on the assumption that the compound is predominantly
present in the conformation set out in the formula in Example 1, on considerations
regarding the relative influencing of the protons in this molecule conformation by
anisotropies of the two carbonyl groups and the phenyl rings, and on an
interpretation of the size of the coupling constants. It cannot be completely ruled out
that the assignments of the following proton pairs should be swapped: 2'-H with 5'-
H; 3'-H with 4'-H; 3-H with 4-H.

3C-NMR (75.43 MHz, CDCl,, proton broadband-decoupled): & = 168.84 (1C, C=0),
166.77 (1C, C=0), 139.37 (d, 1Jc’p = 13.8 Hz, 1C, directly phosphorus-attached C
atom of CgHs), 138.05 (d, 1Jc’p = 13.8 Hz, 1C, directly phosphorus-attached C atom
of CgHs), 134.40 (d, “J¢ p = 21.2 Hz, 1C, ortho-C of CgHs), 133.24 (d, 2Jg p = 21.2
Hz, 1C, ortho'-C of CgHg), 128.76 (1C, para-C of CgHs), 128.24 (1C, para'-C of
CeHs), 128.14 (d, J¢ p = 7.5 Hz, 2C, meta- and meta'-C of C¢Hg), 91.76 (d, %Jc p =
21.7 Hz, 1C, C-2), 82.90 (1C, C-1'), 80.48 (d, 1Jc,p =143 Hz, 1C, C-1), 74.71 (1C,
C-6), 73.41 (1C, C4'), 73.34 (d, *Jc p = 3.2 Hz, 1C, C4), 72.15(d, *Jc p = 4.2 Hz,
1C, C-3), 71.85, 71.75 and 71.36 (respectively 1C, C-3',-2' and -5'), 50.01 (br, 2C,
NCH), 45.88 (br, 2C, NCH), 21.15 and 20.34 (together 8C, CH,).

S1P.NMR (121.43 MHz, CDCl,): 8 = -22.92.

IR (KBr): v = 2966, 1623 (C=0), 1320, 701 cm™".

MS (FAB, NBA): m/z (%) = 625 (100) [M + H*], 624 (78) [M"], 581 (33) [M" -
CHMe,], 539 (48) ["581" - CH,=CHMel].

UV (c = 13.52 ug/ml in cyclohexane): A, (€) = 220 nm (38480 |/mol-cm), 250 nm
(12330), 440 nm (323).

Calculated for C,gH,sFeN,0O,P (624.59): C 69.23, H 7.26, Fe 8.94, N 4.49, P 4.96;
found: C69.4, H7.0,Fe8.7, N43, P52

The absolute configuration of the title compound of the formula Ib corresponds to
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the configuration set out in the formula in Example 1. It is evident unambiguously

from the single-crystal X-ray structural analysis of the corresponding compound of
the formula la, which was carried out with the product of Example 4.

Example 2

1-(Diphenylphosphino)-1',2-bis(N,N-diisopropylamido)ferrocene (formula Ib, R': Ph,
(R2)2: =0, R*: IPr); preparation using 1.9 equivalents of n-BuLi and 2.0 equivalents
of (-)-sparteine in diethyl ether

21.6 ml (34.5 mmol) of a 1.6 molar solution of n-butyllithium in hexane were
added dropwise over the course of b minutes at -78°C, under argon and using
a syringe, to a solution of 8.52 g (8.35 ml, 36.35 mmol) of (-)-sparteine in 100
ml of diethyl ether. The milky suspension was stirred at -78°C for 20 minutes
and then a solution of 8.00 g (18.16 mmol) of 1,1'-bis{N,N-diisopropylamido)-
ferrocene in 250 ml of diethyl ether was added dropwise over the course of 15
minutes using a flex-needle, at a rate such that the internal temperature did not
rise above -74°C. The solution, dark orange in color, was stirred under argon at
-78°C for 1 hour and then 9.80 ml (12.03 g, 54.5 mmol) of
chlorodiphenyliphosphine were added dropwise over the course of 10 minutes
by syringe. After a reaction period of 10 minutes, a TLC sample was removed
to which 0.5 ml of ether and 0.4 ml of saturated ammonium chloride solution
were added, which sample, when analyzed with the eluent cyclohexane/ethy!
acetate (3:1), showed virtually complete conversion. After a total reaction
period of 30 minutes, the batch was heated to +4°C, and 200 ml of saturated

ammonium chloride solution were added dropwise. The mixture was stirred for
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15 minutes and then the phases were separated. In the separating funnel as
well, argon was bubbled continuously through the liquid. In the case of the
following extractions, phase mixing was regulated by the strength of the stream
of argon that was passed through. The aqueous phase was extracted in this
way with 2 x 100 mi of ether. The combined ethereal extracts were washed in
the same way with 200 ml of saturated sodium chloride solution and then with
200 ml of water. The washed extracts were then evaporated to dryness in
vacuo and the residue was dried in an HV. 16.5 g of an orange-brown, tough
solid were obtained which, according to chiral phase HPLC analysis, contained
product of 80% ee. The crude product was suspended in 200 ml of degassed
diethyl ether and applied by flex-needle to a silica gel column (100 g of silica
gel 60 A, 35-70 ym). The suspension was pressed into the column with argon.
It was then eluted with 500 ml of degassed diethyl ether. The product ran with
the front and was collected together with less polar impurities. The solvent was
immediately evaporated in vacuo and the residue dried in an HV. 14.8 g of
orange-brown solid were obtained. This solid was dissolved in 300 ml of n-
heptane by rapid heating to reflux while passing argon through it. The solution
was cooled to room temperature, still with the passage of argon, to give 6.56 g
(10.5 mmol, 58% of theory) of an orange-yellow powder which, according to
chiral phase HPLC analysis, had 98% ee.

Example 3
1-(Diphenylphosphino)-1',2-bis(N,N-diisopropylamido)ferrocene (formula Ib, R':
Ph, (R2)2: =0, R3: iPr); preparation using 1.9 equivalents of n-BuLi and 2.0

equivalents of (-)-sparteine in toluene

5 1 PPh,
2 0O
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54 ml (86.3 mmol) of a 1.6 molar solution of n-butyllithium in hexane were
added dropwise at from -73 to -78°C under argon to a solution of 21.3 g (90.9
mmol) of (-)-sparteine in 40 ml of toluene (dried over 4 A molecular sieve). The
suspension was stirred at -78°C for 20 minutes. Then a solution of 20.0 g
(45.4 mmol) of 1,1'-bis(N,N-diisopropylamido)ferrocene in 140 ml of toluene
were added dropwise at a rate such that the reaction temperature did not rise
above -73°C. The mixture was stirred at -78°C for 45 minutes and then 24 ml
(133.7 mmol) of chlorodiphenylphosphine were added dropwise at a rate such
that the internal temperature did not rise above -75°C. A TLC after a reaction
period of 10 minutes showed virtually complete conversion to the
monophosphine. After a reaction period of 30 minutes the solution was heated
to +4°C, and 350 ml of saturated aqueous ammonium chloride solution were
added dropwise. The phases were stirred together for 10 minutes and then the
organic phase was separated off. The aqueous phase was subjected to
extraction with 2 x 250 ml of toluene, during which argon was passed through.
The combined toluene phases were washed with 400 ml of water and
concentrated to dryness in vacuo. The resulting crude product had 91% ee
according to chiral phase HPLC. It was suspended in 450 ml of Et,0/toluene
(1:1), pressed with argon into a column of 270 g of silica gel (35-70 ym), and
eluted with 2 | of Et,0. The eluate was concentrated to dryness and the residue
was dried in a high vacuum. The orange-brown solid was recrystallized from
1.2 | of hot n-heptane while passing argon through it. 21.3 g (34.1 mmol, 75%

of theory) were obtained of orange-yellow powder of 99% ee.

Example 4
C,-symmetric 1,1 '_bis(diphenylphosphino)-2,2'-bis(N,N-diisopropylamido)-
ferrocene (formula la, R': Ph, (R2)2: =0, R3: iPr ); preparation from the

corresponding monophosphine of the formula Ib using 2.1 equivalents of n-BuL.i

and 2.2 equivalents of (-)-sparteine
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O N(1Pr),

5.25 ml (8.4 mmol) of a 1.6 molar solution of n-butyllithium in hexane were
added dropwise over the course of 5 minutes at -78°C under argon to a
degassed solution of 2.06 g (8.8 mmol) of (-)-sparteine in 70 ml of diethyl
ether. During this addition, the internal temperature rose to not more than -/74
°C. The clear, pale yellow solution was stirred at -78°C for 15 minutes, and
then a solution of 2.50 g (4.0 mmol) of (+)-1-(diphenylphosphino)-1',2-bis(N,N-
diisopropylamido)ferrocene (Example 1; 98.5% ee) in 30 ml of degassed diethyl
ether was added dropwise over the course of b minutes at -78°C. In the
weakly exothermic reaction, the internal temperature rose to not more than -
74°C. The orange-colored suspension was stirred at -78°C for 30 minutes and
then 2.15 ml (2.65 g, 12.0 mmol) of chlorodiphenylphosphine were added over
the course of 5 minutes using a syringe. As a result of the exothermic reaction
the internal temperature rose to not more than -71°C. The mixture was
subsequently stirred at -78°C. 15 and 30 minutes after the addition of
chlorophosphine, samples (each 0.2 ml) were removed to which saturated
ammonium chloride solution (each 0.2 ml) and CH,Cl, (each 0.2 ml) were
added. TLC analysis using the eluent toluene/ethyl acetate (15:1) showed
substantial conversion, in the case of the first sample, and complete
conversion, in the case of the second sample, of the starting material of the
formula Ib (R; = 0.06) to the title compound of the formula la (R; = 0.20) and
only traces of the meso-diphosphine of the formula Il (R, = 0.24). 50 minutes
after the addition of chlorophosphine the mixture was heated to room

temperature, 100 ml of saturated aqueous ammonium chloride solution were
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added, and the mixture was subjected to extraction with 2 x 100 ml of
dichloromethane. The extracts were immediately concentrated in vacuo. A 100
mg sample was taken from the residue for immediate analysis of the crude
product by HPLC, "H-NMR and 31P.NMR, while the remainder was flash-
chromatographed immediately through a prepared column (100 g of silica gel)
with the eluent toluene/ethyl acetate under 1.3 bar of nitrogen. This gave 1.79
g (2.21 mmol, 55% of theory) of yellow powder, m.p. (under argon in a fused
capillary) 228-230°C (decomp.), [@]5%° = +277.6° (c = 0.76 in CH,Cl,),
which had 299% ee according to chiral phase HPLC analysis (250 x 4.6 mm
CSP Chiralpak“;\D; eluent: n-hexane/iPrOH (87:13), flowrate 1.0 mi/min., 40°C,
det. 233 nm; t ., (+)-title compound of the formula la 5.47 min.).

'H-NMR (300 MHz, CDCl,): 8 = 7.15-7.37 (m, 20H, 4 x CgHg), 4.80 (dt, J, =
25Hz,J, = 1.2 Hz, 2H, 3-,3'-H), 4.71 (t, J = 2.5 Hz, 2H, 4-,4'-H), 4.02 (br
sept, J about 6 Hz, 2H, CHMe,), 3.55 (m, 2H, 5-,5'-H), 3.18 (br sept, J about
6 Hz, 2H, CHMe,), 1.41 (br d, J about 6 Hz, 6H, 2 x CH3), 1.08 (m, 12H, 4 x
CH,), 0.57 (br d, J about 6 Hz, 6H, 2 x CH3,).

13C-NMR (75.43 MHz, CDCl,, proton broadband-decoupled): 8 = 167.09 (2C,
C=0), 139.17 (d, 'Jc p = 14.3 Hz, 2C, directly phosphorus-attached C atom
of CgHg), 138.06 (d, 1JC”,;, = 14.8 Hz, 2C, directly phosphorus-attached C
atom of CgHg), 133.80 (d, 2Jc p = 20.7 Hz, 4C, o-C of CgHg), 133.37 (d,
2Jcp = 21.2 Hz, 4C, 0'-C of CgHg), 128.44 (2C, p-C of C4Hg), 128.26 (2C,
p'-C of CgHg), 128.10 (d, >Jcp = 6.9 Hz, 4C, m-C of CgH;), 128.04 (d,
3Jcp = 6.3 Hz, 4C, m'-C of CgHg), 90.48 (d, *Jc p = 18.0 Hz, 2C, C-2,2),
81.32 (d, 'Jcp = 14.3 Hz, 2C, C-1,1"), 76.77 (2C, C-3,3"), 74.93 (d,

*Jcp = 6.4 Hz, 2C, C-4,4'), 72.70 (d, )¢ p = 3.7 Hz, 2C, C-5,5'), 50.11
(2C, NCH), 45.88 (2C, NCH), 20.42 (8C, CH,).

3TP.NMR (121.43 MHz, CDCl,): 8 = -22.00.

IR (KBr): v = 2964, 1630 (C=0), 1444, 1328, 697 cm’".

MS (FAB, NBA): m/z (%) = 809 (100) [M + H™}], 808 (97) (M*], 765 (41)
[M™ -iPr], 731 (14), 723 (12) ["765" - CH, =CHMel].

UV (c = 12.00 yg/ml in cyclohexane): A (€) = 223 nm (562760 I/mol'cm},
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Calculated for C,gHe,FEP,N,0O, (808.77): C 71.29, H 6.73, N 3.46, P 7.66, Fe
6.91; found: C 70.8, H 6.5, N 3.2, P 7.4, Fe 6.5.

Single crystals of the title compound for X-ray structural analysis were obtained
in @a manner similar to that of Example 7 by the evaporation method
(CH,Cl,/methyl tert-butyl ether). The crystallographic data were deposited at
the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ. X-ray structural analysis confirms the structure. The absolute
configuration determined for the title compound of the formula la corresponds
to the configuration set out in the formula in Example 4. It is evident
unambiguously from applying the Bijvoet method (J.M. Bijvoet, A.F.
Peerdeman, A.J. van Bommel, Nature (London) 1951, 168, 271) to the single-
crystal X-ray structural analysis data. From the X-ray structure it is inferred that
the two ferrocene rings in the C,-symmetric title compound of the formula la
are virtually ecliptic in their configuration relative to one another. In contrast,
the }errocene rings in crystals of the corresponding meso compound (Example

/) are ideally staggered in their arrangement relative to one another.

HPLC analysis (250 x 4.6 mm CSP ChiralpaI;mAD; eluent: n-hexane/iPrOH
(87:13), flowrate 1.0 mi/min., 40°C, det. 233 nm; t,, (+)-title compound of
the formula la 5.47 min, corresponding meso compound of the formula li
(Example 7) 8.70 min) of the sample taken prior to flash chromatography of the
crude product showed that the ratio of the compounds la to Il was 97:3. The
31p resonance of the compound of the formula la was shifted downfield by Ad
= 0.38 ppm relative to that of the compound of the formula ll. In the crude
product, the ratio of intensity of the 31p resonances of the compounds la and i
was 97.2:2.8. In addition, it was estimated from the 'H-NMR of the crude
product that the contents of meso compound of the formula Il is below 5%.
Since the compound of the formula la is oxidized to the monophosphine oxide
much faster than is the compound of the formula ll, these analyses must be

carried out immediately after sampling and using degassed solvents. 31p_NMR
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spectra of partially oxidized samples of the title compound of the formula la
show two diastereomeric monophosphine oxides in a ratio of exactly 1:1,
whose Ph,P resonances appear at 5 = -20.81 and -22.68 and whose Ph,PO
resonances appear at d = +37.50 and +35.62, respectively.

Example 5

C,-symmetric 1,1 '_bis(diphenylphosphino)-2,2'-bis(N,N-diisopropylamido)-
ferrocene (formula la, R': Ph, (R2)2: =0, R3: iPr): preparation from the
corresponding monophosphine of the formula Ib using 2.0 equivalents of n-Bulli
and 2.1 equivalents of (-)-sparteine, with improved workup and purification of

the product without chromatography

5 1 PPh,
V4 E ; ;.2 ?0
4
: N(iPr),

Fe

O N(iPr),

15.00 ml {(24.0 mmol) of a 1.6 molar solution of n-butyllithium in hexane were
added dropwise at -78°C by syringe to a solution of 5.92 g (5.80 ml, 25.2
mmol) of (-)-sparteine in 30 ml of diethyl ether, and the mixture was stirred at
-78°C for 20 minutes. A solution of 7.46 g (11.94 mmol) of
(+)-1-(diphenylphosphino)-1',2-bis(N,N-diisopropylamido)ferrocene (98% ee) in
190 mi of diethy! ether was then added dropwise by flex-needle at a rate such
that the internal temperature did not rise above -77°C. Stirring was continued
at -78°C for 1 hour and then 4.00 m! of chlorodiphenylphosphine were added
dropwise by syringe over the course of 5 minutes. TLC after a reaction period
of 10 minutes showed virtually complete conversion to the diphosphine. After
30 minutes, the cooling bath was removed and the orange-colored suspension

was warmed to +3°C. Subsequently, 150 ml of half-concentrated aqueous
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ammonium chloride solution were added dropwise, and the two-phase mixture
was stirred intensely for 10 minutes. Even at this stage a yellow precipitate
was formed. For more complete precipitation of the product, 200 mi of
n-pentane were added. The precipitate was filtered off with suction, washed
with n-pentane and dried in an HV. This gave 6.23 g (7.70 mmol, 65% of
theory) of yellow crystals of 100% ee and >99% chemical purity (chiral phase
HPLC). Immediate concentration of the mother liquor in vacuo and trituration of
the residue with n-pentane gave a further 0.82 g, which consisted of 75% of
the title compound of the formula la and 25% of the corresponding meso-

diphosphine of the formuia Il.

Example 6

C,-symmetric 1,1'-bis(diphenylphosphino)-2,2'-bis(N,N-diisopropylamido)-
ferrocene (formula la, R': Ph, (R%),: =0, R>: iPr); preparation from the
racemate of the corresponding monophosphine of the formula rac-Ib using 2.1
equivalents of n-BuLi and 2.2 equivalents of (-)-sparteine and with separation of

the corresponding meso-diphosphine of the formula i
5 1_PPh,
V4 E ; §2 ?0
4
3 N(iPr),

O N(@P f)z

Racemic 1-(diphenylphosphino)-1',2-bis(N,N-diisopropylamido)ferrocene was
prepared by lithiating 1,1'-bis(N,N-diisopropylamido)ferrocene with 4.45
equivalents of N,N,N',N'-tetramethylethylenediamine (TMEDA) and 4.40
equivalents of n-BulLi in Et,0 at -78°C, followed by the addition of

6.0 equivalents of chlorodiphenyiphosphine and workup as in Example 1, in a

yield of 50%.
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7.6 ml (12.1 mmol) of a 1.6 molar solution of n-butyllithium in hexane were
added dropwise at -78°C to a solution of 3.0 g (12.8 mmol) of (-)-sparteine in
84 ml of diethyl ether. After 15 minutes, a solution of 3.6 g (5.76 mmol) of
racemic 1-(diphenylphosphino)-1',2-bis{N,N-diisopropylamido)ferrocene in 60 ml
of diethyl ether was added dropwise at -78°C over the course of 5 minutes.
The clear, red-brown solution was stirred at -78°C for 1 hour and then 3.1 mi
(3.82 g, 17.3 mmol) of chlorodiphenylphosphine were added dropwise over 5
minutes. A TLC sample after 30 minutes showed complete conversion of the
starting material. After a total reaction period of 1 hour the mixture was heated
to 20°C, 150 ml of saturated ammonium chloride solution were added
dropwise, and the mixture was stirred vigorously for 5 minutes. Workup was as
described in Example 5. The crude product (8.0 g of brown, amorphous solid)
contained the C,-symmetric diphosphine of the formula la and the
corresponding meso-diphosphine of the formula Il in a ratio of about 1:1 (TLC).
Flash chromatography was carried out with the eluent toluene/ethyl acetate
(15:1) through 200 g of silica gel (35-70 ym), in the course of which the
relatively apolar meso-diphosphine of the formula |l was separated and the pure
title compound of the formula la was collected. 1.95 g (2.41 mmol, 40% of
theory) of yellow solid of the title compound la of >99%ee and 2.20 g (2.72
mmol, 46% of theory) of a light brown solid were obtained, the solid consisting
in accordance with chiral phase HPLC predominantly of the corresponding

meso-diphosphine of the formula Il and 30% of the C,-symmetric diphosphine

of the formula la of 99% ee.

Example 7
meso-1,1'-Bis(diphenylphosphino)-2,2'-bis(N,N-diisopropylamido)ferrocene
(formula Il, R': Ph, (R?),: =0, R3: iPr); preparation using 4.40 equivalents of

sec-BuLi and 4.45 equivalents of (-)-sparteine
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5 1_PPh,
4 : O

K
o;‘é
/

"
Ph,P

11.5 ml (15.0 mmol) of a 1.3 molar solution of sec-butyllithium in cyclohexane
were added dropwise over the course of 10 minutes at -78°C and under argon
to a solution of 3.56 g (3.5 mi, 15.17 mmol) of (-)-sparteine and 65 ml of
diethyl ether. The mixture was stirred at -78°C for 15 minutes and then a
solution of 1.50 g of 1,1'-bis(N,N-diisopropylamido)ferrocene (3.41 mmol) in
27 mi of diethyl ether was added dropwise over the course of 10 minutes. The
mixture was stirred at -78°C under argon for 2 hours. Using a syringe, 3.7 ml
(4.51 g, 20.4 mmol) of chlorodiphenylphosphine were added dropwise over the
course of 10 minutes. During this addition, the previously brown, clear solution
underwent a color change first of all to deep brown and then to virtually black.
After the end of the addition, this dark solution turned into an orange-colored
suspension. After stirring at -78°C for 30 minutes, a TLC sample (0.5 ml) was
taken, saturated ammonium chloride solution (0.5 ml) and Et,0 (0.5 ml) were
added, and TLC analysis was carried out with the eluent cyclohexane/ethyl
acetate (3:1). Reaction was virtually complete (product: R; = 0.45). The
corresponding monophosphine of the formula Ib (cf. Example 1; R = 0.27) and
the starting material of the formula il (R; = 0.13) were detectable only in slight
traces. The mixture was stirred for a further 30 minutes and warmed to room
temperature. Then 80 ml of saturated ammonium chloride solution were added
dropwise over the course of 5 minutes and the mixture was stirred for a further
15 minutes. The yellow solid was filtered off with suction from the two-phase
suspension, stirred with 10 ml of water and again subjected to suction

filtration, before being washed with 10 ml of ether and dried in an HV (1.9 g of
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vellow solid, homogeneous in the above TLC eluent; in toluene/ethyl acetate
(10:1) it is evident that there is, in addition to the product (R, = 0.33), about
4-5% of the isomer of the formula la (R; = 0.29)). Immediate subjection of the
filtrate to extraction with 2 x 50 ml of methylene chloride, washing of the
combined extracts with water (50 ml) and sodium chloride solution (50 ml)
followed by concentration in vacuo and trituration of the residue with ether
gave a further 0.45 g of yellow solid which had a purity of about 90%
according to TLC and NMR, still with a content of diphosphine of the formula la
of 4-5%. Overall yield: 2.35 g (2.91 mmol, 85% of theory), m.p. 223-224°C
(decomp.), [@15%0 = +4.3° (c = 0.74 in CH,Cl,).

"H-NMR (300 MHz, CDCl,): & = 7.57 (m, 4H, pH of CgHg), 7.10-7.37 (m,
16H, o- and m-H of CgHg), 4.74 (s, 2H, 3-,3'-H), 4.20 and 4.19 (2 x s, 4H, 4-
,4'-,5-,5'-H), 3.79 (br s, 2H, CHMe,), 3.11 (br s, 2H, CHMe,), 1.25-0.70 (m,
18H, CH,), 0.50 (br s, 6H, CHj).

13C-NMR (75.43 MHz, CDClI,, proton broadband-decoupled): 8 = 166.36 (2C,
C=0), 139.78 (d, 1JC,P = 13.3 Hz, 2C, directly phosphorus-attached C atoms
of CgHg), 138.25 (d, 1JC'P = 13.7 Hz, 2C, directly phosphorus-attached C
atoms of CgHg), 134.75 (d, 2J. p = 22.8 Hz, 2C, ortho-C of CgHg), 132.98 (d,
2Jcp = 20.6 Hz, 2C, ortho-C of CgHg), 128.89 (2C, para-C of CgHg), 128.14
(d, °Jc p = 7.8 Hz, 4C, meta-C of CgHg), 128.05 (2C, para-C of CgHg), 91.07
(d, 2Jcp = 21.2 Hz, 2C, C-2,2'), 81.30 (d, 'Jcp = 13.7 Hz, 2C, C-1,1'),
75.41 (2C, C-5,5" or C-4,4'), 74.77 (d, Jc p = 4 Hz, 2C, C-4,4' or C-5,5'),
72.86 (d, °Jc p = 4 Hz, 2C, C-3,3"), 49.94 (br, 2C, NCH), 45.78 (br, 2C,
NCH), 20.36 (8C, CH,).

3TP_.NMR (121.43 MHz, CDCl,): 8 = -22.38 (2 isochronic P atoms).

IR (KBr): v = 3068 (aryl-H), 2964, 1632 (C=0), 1455, 1335, 1283, 823, 740,
696 cm™'.

MS (FAB, NBA/LIiCl): m/z (%) = 815 (100) [M + Li*], 809 (70) [M + H™],
765 (40) (M™ - iPr], 723 (15) ["765" - CH, = CHMel].

UV (c = 14.84 ug/ml in cyclohexane): A = 223 nm (47960 |/mol-cm),
250 nm (16350), 445 nm (327).

max (€]
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HPLC analysis (CSP ChiralpakmAD) showed a ratio of the compounds of the
formulae Il and la of 96.4:3.6. X-ray powder diffraction of this solid likewise
showed traces of the compound of the formula la as an impurity. Isomer-free,
analytically pure crystals for single-crystal X-ray structural analysis and
elemental analysis of the meso-diphosphine of the formula Il were obtained by
recrystallization from methyl tert-butyl ether/ dichloromethane by the
evaporation method. For this purpose, 100 mg of the above product were
suspended in 7 ml of degassed methyl tert-butyl ether, and degassed
dichloromethane was added dropwise until a clear solution was present. This
solution was left to stand in the dark for 2 days in an open flask in a large,
argon-filled, sealed desiccator. Evaporation of the dichloromethane caused the
solution to become supersaturated, and large crystals formed. The mother
liquor was decanted off and the crystals were washed with freshly distilled
Et,0. The sample fractions for elemental analysis, optical rotation and melting
point were dried intensely in an HV. The crystals for X-ray structural analysis
and repetition of the X-ray powder diffraction were not dried. m.p. 229-231°C
(decomp.), [@]5?° = 0° (c = 1 in CH,Cl,); calculated for C4gHs,FeP,N,0,
(808.77): C 71.29, H 6.73, N 3.46, P 7.66, Fe 6.91; found: C 70.9, H 6.6, N
3.3, P 7.4, Fe 6.3. In the X-ray powder diffractogram and in TLC, the isomeric

compound of the formula la could now no longer be detected. Single-crystal X-
ray structural analysis confirms the structure of the title compound. The
crystallographic data were deposited at the Cambridge Crystallographic Data
Centre, 2 Union Road, Cambridge CB2 1EZ. The two ferrocene rings are ideally
staggered in their arrangement with respect to one another. The compound is in

the conformation indicated in the formula in Example 7.

Example 8
meso-1,1'-Bis(diphenylphosphino)-2,2'-bis(N,N-diisopropylamido)ferrocene
(formula I, R': Ph, (R2)2: =0, R3: iPr); preparation using 3.00 equivalents of

sec-BulLi and 3.05 equivalents of (-)-sparteine
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5 1_-PPh,
4@0
: 3 _
(1Pr),N Fe N(1Pr),
4

o
Ph,P

2l

1' 5!

A batch analogous to Example 7 in Et,0 (65 mi/g 1,1'-bis(N,N-diisopropyl-
amido)ferrocene), but with a reduced amount of the chiral lithium base (3.00
equivalents of sec-BuLi, 3.05 equivalents of (-)-sparteine), gave, with an
unchanged lithiation period (2.0 hours at -74 to -78°C) and with a reduced
amount of chlorodiphenylphosphine (4.00 equivalents), the title product in a
vield of 76% of theory. The diastereoselectivity was unchanged relative to

Example 7.

Example 9
meso-1,1'-Bis(diphenylphosphino)-2,2'-bis(N,N-diisopropylamido)ferrocene
(formula Il, R': Ph, (R2)2: =0, R3: iPr); preparation using 3.00 equivalents of

sec-BulLi and 3.05 equivalents of N,N,N',N’-tetramethylethylenediamine

(TMEDA)
5 1 -PPh,
@2\(0
4
, 3
(1iPr),N

F N(1Pr),

4'

O° 2
Ph,P~ !

A batch analogous to Example 8 but with TMEDA instead of (-)-sparteine, gave

the title product in a yield of 64% of theory. The diastereoselectivity was
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unchanged relative to Examples 7 and 8.

Example 10

Palladium dichloride complex of the C,-symmetric 1,1"-bis{(diphenylphosphino)-
2,2’'-bis(N,N-diisopropylamido)ferrocene (formula la - PdCl,, R': Ph, (Rz)zz =0,
R3: iPr); preparation from the corresponding homochiral diphosphine of the

formula la and bis(acetonitrile)pailadium(ll) chloride ({(CH,CN),PdCl,)

s 1
4@% PdCl,
Q 3Fe )‘uﬁ)Z/
: ' | 1~PPh,
(Pr),N J@

4'

To a suspension of 195 mg (0.75 mmol) of bis(acetonitrile)palladium(ll) chloride
(Fluka) in 8 ml of degassed dry toluene and 6 ml of degassed dry
dichloromethane there were added, at room temperature (22°C) and in one
portion, 606 mg (0.75 mmol) of crystalline, homochiral C,-symmetric 1,1'-
bis(diphenylphosphino)-2,2'-bis(N,N-diisopropylamido)ferrocene (from Example
9). Further dichloromethane (7 ml) was added to the suspension until a clear
solution was obtained. TLC (eluent toluene/ethyl acetate (10:1)) after 30
minutes indicated complete reaction of the diphosphine of the formula la. 40 ml
of degassed n-pentane were added to the solution, and the precipitate was
filtered off with suction and washed with n-pentane. Drying in HV gave 660 mg
(0.67 mmol, 89% of theory) of an orange-brown powder, m.p. (under argon in
a fused capillary) 265°C (decomp.; black coloration from 230°C), [a],%° =
-484.0° (c = 0.505 in CH,Cl,). According to 'H-NMR, '3C-NMR and 3'P-NMR
this powder contained, other than traces of toluene, no impurities and was
99.2% pure according to HPLC analysis (125 x 4 mm SP PurospheT?'S um;
eluent CH,CN/water (40:30) plus 0.3% KH,PO, plus 0.1% camphorsulfonic
acid; flowrate 1.0 mi/min; 40°C; det. 216 nm; t,_, of the title compound 8.95
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min).

"H-NMR (300 MHz, CD,Cl,): 8 = 8.61 (br s, 4H, arom. H), 8.15 (m, 4H, arom.
H), 7.30-7.50 (m, 12H, arom. H), 4.35 (s, 2H, ferrocenyl-H), 4.30 (s, 4H,
ferrocenyl-H), 3.92 (sept, J = 6.5 Hz, 2H, CHMe,), 3.08 (sept, J = 6.5 Hz,
2H, CHMe,), 1.07 (d, J ca. 6.5 Hz, 6H, 2 x CH3), 1.03 (d, J ca. 6.5 Hz, 12H,
4 x CH,), 0.76 (d, J = 6.5 Hz, 6H, 2 x CHj).

13C.NMR (75.43 MHz, CD,Cl,, proton broadband-decoupled; multiplicity
confirmed with DEPT 135°): 6 = 166.99 (2C, C=0), 136.76 (d, *Jc p = 4.7
Hz, 2C, p-C of CgHg), 136.69 (d, *Jcp = 5.3 Hz, 2C, p'-C of CgHg), 135.49
(d, 1Jclp = 26.0 Hz, 2C, directly phosphorus-attached C atoms of CgHg),
134.81 (d, 1JC,P = 26.0 Hz, 2C, directly phosphorus-attached C atoms of
CgHs). 130.15 (d, 2Jcp = 19.1 Hz, 2C, o- and 0'-C of CgHg), 127.52 (d, J¢ p
= 5.8 Hz, 2C, m'-C of CgHg), 127.44 (d, °Jc p = 5.8 Hz, 4C, m-C of CgHg),
127.37 (d, 3Jcp = 5.9 Hz, 2C, m'-C of CgHg), 98.92 (d, 'Jcp = 29.1 Hz, 2C,
C-1,1'), 98.53 (d, ?Jc p = 29.7 Hz, 2C, C-2,2'), 86.46 (2C, C-3,3"), 70.01
(2C, C-4,4'), 68.29 (2C, C-5,5"), 560.18 (2C, NCH), 46.76 (2C, NCH), 21.74
(4C, CH3), 20.40 (2C, CH3), 20.22 (2C, CHg).

3TP-NMR (121.43 MHz, CD,Cl,): 8 = +50.03.

IR (KBr): v = 3054, 2967, 1612 (C=0), 1436, 1332, 693 cm"".

MS (FAB, NBA): m/z (%) = 990 (1), 989 (2), 988 (4), 987 (4), 986 (6), 985
(4), 984 (5), 983 (4), 982 (2) (peak series for [M+H™]); 956 (7), 955 (15),
954 (27), 953 (55), 952 (48), 951 (96), 950 (62), 949 (100), 948 (63), 947
(30), 946 (b) (peak series for M-Cl; Intensity ratio agrees with isotope
simulation for C,gHg,FeP,N,0,PdCl); 919 (4), 918 (7), 917 (8), 916 (14}, 915
(10), 914 (19), 913 (13), 912 (6) (peak series for M-2Cl); 376 (66) (c-
CeH4(PPh,)(CONIPr,) *); 292 (42).

To prepare single crystals for X-ray structural analysis, a crystallizing dish was
rinsed out twice with 5 ml of hexamethyldisilazane each time, rinsed once with
methanol and dried in air. 40 mg of the complex were dissolved in 20 mi of
degassed dichloromethane in the crystallizing dish and were placed together

with a crystallizing dish containing 10 ml of degassed n-heptane in an argon-
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filled desiccator. Crystals formed over the course of 2 days. The solvent was
decanted off, the crystals were washed with n-heptane and dried in a stream of
argon, and one good crystal was fused into a Mark tube and measured. The
crystallographic data were deposited at the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ. The resuit of the X-ray structural
analysis confirms the structure of the title complex. It is noted that the
coordination sphere around the palladium atom is substantially square-planar.
The two ferrocenyl rings are arranged almost ecliptically and the two phosphino
groups are almost directly behind one another in plan view. In the crystal
lattice, the C, symmetry is also retained conformatively. A soivate IS present,

with dichloromethane incorporated into the crystal lattice.

Example 11

1,6-Cyclooctadiene-rhodium(l) tetrafluoroborate complex of the C,-symmetric
1,1'-bis(diphenylphosphino)-2,2'-bis(N,N-diisopropylamido)ferrocene (formula
[la - (COD)Rh(I)]*BF,’, R': Ph, (R2)2: =0, R3: iPr); preparation from the
corresponding homochiral diphosphine of the formula la and bis(1,5-

cyclooctadiene)rhodium(l) tetrafluoroborate ([Rh(I)(COD),]1 " BF")

+
4 % Rh(COD)
3 .
o Fe 5p 2
(iPr)zN) @2 - PPh,
3 5"

4"

BF,

To a clear brown solution of 100 mg (0.246 mmol) of bis(1,5-cyclo-
octadiene)rhodium(l) tetrafluoroborate in 10 ml of degassed dichloromethane
there were added, at room temperature and in one portion, 197 mg (0.246
mmol) of crystalline homochiral C,-symmetric 1,1'-bis(diphenylphosphino)-2,2'-

bis(N,N-diisopropylamido)ferrocene (from Example 5), during which a color
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change to orange took place. TLC (silica gel; eluent dichloromethane/methanol
(5:1)) of the reaction mixture after 10 minutes showed complete conversion of
the compound of the formula la (R; = 0.94) and of [Rh(COD),1BF, (R; = 0.00)
to the product (R, = 0.70). After 30 minutes the mixture was concentrated to
dryness in vacuo. The residue is dissolved in 3 ml of methanol and the product
was precipitated by adding 30 mi of ether, filtered off with suction, washed
with 10 ml of ether and dried in vacuo. Yield was 186 mg (68% of theory) of
vellow powder, m.p. (under argon in a fused capillary) 225°C (decomp.; black
coloration at 150-190°C), [a]p%® = +156° (c = 0.125 in CH,Cl,).

TH-NMR (500 MHz, CDCl,): & = 7.80-6.70 (m, 20H, 4 x CgHg, 5.49 (br s, 2H,
=CH of COD), 4.86 (br s, 2H, =CH of COD), 3.85-4.70 (m, 2H, 3-, 3'-H),
3.40 (br s, 2H, 2 x CHMe,), 3.30 (br s, 1H, 4-H), 3.00 (br s, 1H, 4'-H), 2.70
(br s, 1H, 5-H), 2.53 (br s, 1H, 5'-H), 2.20-2.42 (m, 6H, 2 x CH, of COD and 2
x CHMe,), 1.98 (br s, 2H, CH, of COD), 1.75 (br s, 2H, CH, of COD), 1.25 (m,
6H, CH,), 0.95-1.22 (m, 12H, CH3), 0.30-0.80 (m, 6H, CHj;).

13C.NMR (125.77 MHz, CDCl,, proton broadband-decoupled): O = 170.74 (2C,
C=0), 134.16 and 134.056 (2 xs or 1 x d, 4C, arom. C), 131.36 (s, 4C, arom.
C), 131.12 (s, 4C, arom. C), 131.02 and 130.94 (2 x s or 1 x d, 4C, arom. C),
128.84 and 128.76 (2 x s or 1 x d, 4C, arom. C), 128.52 and 128.44 (2 x s or
1 x d, 4C, arom. C), 108.70 (br s, 2C, =C of COD), 107.83 (br s, 2C, =C of
COD), 81.86 (s, 2C, C-2,2'), 78.07 (s, 2C, C-1,1"), 74.69 (s, 2C, C-3,3'),
69.48 (s, 2C, C-4,4'), 66.23 (s, 2C, C-5,5'), 52.73 (s, 1C, NCH), 47.38 (s, 1C,
NCH), 34.22 (s, 1C, CH, of COD), 29.87 (s, 1C, CH, of COD), 28.06 (s, 1C,
CH, of COD), 25.84 (s, 1C, CH, of COD), 19.35 (s, 2C, CHy), 19.23 (s, 4C,
CH,), 18.96 (s, 2C, CH3).

31p_NMR (161.98 MHz, CDCl,): 8 = +24.20 (d, 'Jp g, = 149.6 Hz; two
isochronic P atoms, i.e. C,-symmetry retained).

IR (KBr): v = 2971, 1628 (C=C or C=0), 1548 (N-C=0), 1437, 1370, 1055,
697, 520 cm’".

MS (FAB, NBA): m/z (%) = 1022 (6), 1021 (22), 1020 (66), 1019 (100), 1018
(4), 1017 (7) (peak series for M™ of the cation (M-BF,’); intensity ratio identical
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with isotope simulation for CggHgFeP,N,0,Rh); 913 (16), 912 (51), 911 (83),
910 (7), 909 (7) (peak series for M-BF ,-COD).

Example 12

Ruthenium(ll) iodide-cumene complex of the C,-symmetric 1,1'-bis(diphenyl-
phosphino)-2,2'-bis(N,N-diisopropylamido)ferrocene (formUla

la - Rul, - p-Me,CH-C¢H,-Me, R':Ph, (R%),: =0, R3:iPr); preparation from the
corresponding homochiral diphosphine of the formula la and [p-cumene-

ruthenium diiodide] dimer

[p-Cumene-ruthenium diiodide] dimer was prepared by the method of

K. Mashima et al., J. Chem. Soc., Chem. Commun. 1989, 1208 as a purple-
brown solid from ruthenium(lll) chloride trihydrate, (R)-(-)-a-phellandrene and
potassium iodide in aqueous ethanol. 91 mg (0.0927 mmol) of this complex
and 150 mg (0.185 mmol) of crystalline homochiral 1,1"-
bis(diphenylphosphino)-2,2'-bis(N,N-diisopropylamido)ferrocene (from Example
5) were dissolved in 8 ml of dichloromethane and the dark solution was stirred
at room temperature. TLC (dichloromethane/methanol (15:1)) after 10 minutes
indicated complete conversion of the ruthenium complex and substantial
conversion of the diphosphine of the formula la. After 1 hour the solvent was
removed in vacuo, the residue was taken up in 3 ml of dichloromethane and the
product was precipitated by adding 20 ml of diethyl ether. It was filtered off
with suction, washed with ether and dried in a high vacuum. Yield was 174 mg
of light brown powder (0.134 mmol, 73% of theory), m.p. ~190°C (decomp.;
black coloration from 145°C), [a]5%° = +280° (c = 0.1 in CH,Cl,). The
precipitated product is homogeneous according to TLC (R; = 0.30) and free
diphosphine of the formula la (R; = 0.94) can no longer be detected. "H-NMR
and °>1P-NMR spectra of this product in CDCI, are highly complex and do not
alter when the NMR solution is left to stand. NMR spectra in toluene-dg or
benzene-dg are likewise highly complex straight after the sample has been

dissolved, but simplify increasingly when the NMR solution is left to stand at
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room temperature, and give an interpretable spectrum after 4 days:

3TP_.NMR (161.98 MHz, toluene-dg): only one remaining singlet at 0 = +22.43;
two isochronic P atoms, i.e. C, symmetry retained and no tetrahedral ligand
arrangement around the ruthenium.

The TH-NMR shows two sets of signals for the isopropyl group and the methyl
group of the cumene ligand, which points to the presence of two conformers
(ratio 1.6:1) of the cumene ligand. 'H-NMR (400 MHz, toluene-dg): 8 = 7.75
(m, 4H, CgHg), 7.10 (t, 8H, CgHg), 7.02 (t, 4H, CgHs), 6.98 (t, 3H, CgHg),
5.61 (br s, 2H, arom. H of cumene), 5.36 (br s, 2H, arom. H of cumene), 5.00
(d, 3J, p = 5.8 Hz, TH, 5-H), 4.83 (d, °J,;p = 5.8 Hz, 1H, 5'-H), 3.92 (br s,
2H. 3,3'-H), 3.84 (br s, 2H, NCH), 2.95 (br s, 2H, NCH), 2.86 and 2.72 (2 x
sept, 3JH'H = 7 Hz, together 1H, Me,CH-Aryl, 2 conformers), 2.16 (s, 2H,
4,4'-H), 2.08 and 1.95 (2 x s, together 3H, CH4-Aryl, 2 conformers), 1.47 (br
d, 6H, CHg), 1.27 (br d, 6H, CHg), 1.17 and 1.00 (2 x d, *Jyy = 7 Hz,
together 6H, (CH3),CH-Aryl, 2 conformers), 0.85 (br d, 6H, CH3), 0.48 (br d,
6H, CH,).

IR (KBr): v = 1625, 1539, 1438, 1370, 1328, 699 cm™".

MS (FBA, CH,Cl,, NBA): m/z (%) = 1175 (10), 1174 (30), 1173 (58), 1172
(56), 1171 (100), 1170 (62), 1169 (53), 1168 (32), 1167 (9), 1166 (9) (peak

series for M™ of the cation [iPrCgH,Me - Rul - la]* ; intensity ratio identical with

isotope simulation for CggHggFeP,N,0,1Ru).

Example 13

1,5-Cyclooctadiene-iridium(l) chloride complex of the C,-symmetric

1,1 '-bis(diphenylphosphino)-z,2'-bis(N,N-diisopropylamido)ferrocene (formula
[la - Ir(1)(COD)CI]; R':Ph, (R2)2: =0, R>; iPr); preparation from the
corresponding homochiral diphosphine of the formula la and [chloro-

(1,5-cyclooctadiene)iridium(l)] dimer ([Ir(1}(COD)Cl]5)

297 mg (0.44 mmol) of [chloro{1,5-cyclooctadiene)iridium(l)] dimer (Strem

Chemicals) and 716 mg (0.89 mmol) of crystalline homochiral 1,1'-bis{dipheny!-
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phosphino)-2,2'-bis(N,N-diisopropylamido)ferrocene (from Example 5) were
dissolved in 40 ml of dichloromethane which had been freed beforehand from
dissolved oxygen by bubbling argon through it. The clear solution was stirred at
20°C under argon for 15 minutes. The solvent was removed in vacuo and the
residue was dried in a high vacuum. This gave 1.01 g (100% of theory) of
orange-colored powder.

"H-NMR (250 MHz, CDCl,): 8 = 7.91 (br s, 4H, arom. H), 7.70 (br s, 4H,
arom. H), 7.28-7.52 (m, 12H, arom. H), 4.40-4.87 (m, 6H, 2 = CH of COD, 4
ferrocenyl-H), 4.14 (br s, 4H, 2 =CH of COD, 2 ferrocenyl-H}, 3.30 (br s, 2H,
NCH), 3.15 (br s, 2H, NCH), 2.47 (m, 2H, CH, of COD), 2.01 (m, 2H, CH, of
COD), 1.568-1.79 (m, 4H, CH, of COD), 1.36 (d, 6H, CH3), 1.25 (br s, 6H,
CH3), 1.15 (d, 6H, CHj3), 0.96 (br s, 6H, CHj;).

STP_.NMR (161.98 MHz, CDClj3): 6 = +21.60 (singlet, mid-peak width 106 Hz).
MS (FAB, NBA): m/z (%) = 1112 (5), 1111 (19), 1110 (60), 1109 (100), 1108
(38), 1107 (58), 1106 (2), 1105 (3) (peak series for M-Cl; intensity ratio in
agreement with isotope simulation for C¢gHggFeP,N,0,Ir); 1003 (5), 1002
(12), 1001 (14), 1000 (12), 999 (13), 998 (4), 997 (4) (peak series for
M-CI-COD).
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE D ED AS FOLLOWS:
1. A compound of the formula |
1
PR,

%),-N®R>),

&C(Rz)z'N(Rs)z

X

in which
the substituents R' are cyclohexyl, unsubstituted phenyl CgHg or substituted

phenyl| CGH5_nR4n, where n is 1 to 5 and the substituents R* are unbranched or
branched C4- to C,-alkyl, C,4- to C4-alkoxy or halogen;

the two geminal substituents R2 together are a doubly bonded oxygen atom

(i.e. (Rz)z is =0) or each substituent R% on its own is hydrogen;

the substituents R>, each on their own, are unbranched or branched C,- to C,-
alkyl, cyclopentyl, cyclohexyl, unsubstituted phenyl CgHg or substituted phenyi
CgHs..R*, where n and R* are as defined above under R, or the substituents

R3 are connected to one another to form a ring, in which case together they are
-(CHy)e-, -(CH2)s-, <(CH2)2-O-(CH2)2- or -(CH2)2-N(CH3)-(CHz2)2-;

the substituent X is hydrogen or P(R1)2:

or a salt thereof.

2. A compound of the formula | as claimed in claim 1, in which
the substituents R’ are cyclohexyl, phenyl, p-tolyl, p-tert-butylphenyl or p-

halophenyl, in which case halogen here is fluorine, chlorine or bromine;
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the two substituents R? together are a doubly bonded oxygen atom (i.e. (R2)2 S

=0) or each substituent R? by itself is hydrogen;

the substituents R are isopropyl, cyclohexyl or phenyl, or the two substituents
R> together are -(CH,),-, -(CH,)5-, -(CH,),-0-(CH,),- or -(CH,),-N(CH,)-(CH,),-;

the substituent X is hydrogen or P(R‘)z in which R! is cyclohexyl, phenyl, p-
tolyl, p-tert-butylphenyl or p-halophenyl and halogen in this case is fluorine,

chlorine or bromine.

3. A compound of the formula | as claimed in claim 1 or 2, in which R! is
phenyl, the two substituents R? together are a doubly bonded oxygen atom, R3

is isopropyl and X is hydrogen or P(phenyl),.

4. A compound of the formula | as claimed in anyone of claims 1 to 3 in

optically active form.

5. A compound of the formula | as claimed in  anyone of claims 1 to 3 in

racemic form.

6. A process for preparing an optically active monophosphine of the formula |
as claimed in anyone of claims 1 to 4, in which the radicals R?, R? and R®

are as defined in claims 1 to 4 and X is hydrogen, which comprises subjecting a

@\cmz)z-mﬁ)z
e
(R3)2N'(R2)2C\é

compound of the formula I,
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in which the radicals R2 and R® are as defined in claims 1 to 4, to asymmetric
mono-ortho-lithiation using n-butyllithium in the presence of a homochiral
tertiary amine, and reacting - the resuitant chiral monolithium compound in situ with a

chiorophosphine of the formula CIP(R')z in which the radicals R! are as defined

in claims 1 to 4.

7. A process for preparing an optically active C,-symmetric diphosphine of the
formula | as claimed in anyoneof claims 1 to 4, in which the radicals R,

R? and R are as defined in claims 1 to 4 and X is P(R'),, which comprises
subjecting an optically active monophosphine of the formula | in which the
radicals R, R%2 and R? are as defined in claims 1 to 4 and X is hydrogen to
asymmetric mono-ortho-lithiation with n-butyllithium in the presence of a
homochiral tertiary amine, and reacting the resultant chiral monolithium compound in situ
with a chlorophosphine of the formuila CIP(R‘)Z in which the radicals R are as

defined in claims 1 to 4.

8. A process for preparing an optically active C,-symmetric diphosphine of the
formula | as claimed in a@nyone of claims 1 to 4, in which the radicals R’,
R2 and R are as defined in claims 1 to 4 and X is P(R'),, which comprises

subjecting a compound of the formula Il

@\C(Rz)z-N(R"')z
e
(R3)2N-(R2)2c\.é

in which R? and R3 are as defined in claims 1 to 4 first of all to deprotonation

with n-butyllithium in the presence of a homochiral tertiary amine, then to
phosphinylation by adding a chiorophosphine of formula CIP(R1)2 in which R is
as defined in claims 1 to 4, then carrying out a second deprotonation step by

renewed addition of n-butyllithium, without isolating the monophosphine
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formed, and, finally, bringing about a second phosphinylation by renewed
addition of the chlorophosphine of the formula CIP(R'),.

9. A process for preparing a racemic compound of the formula | as claimed in
any one of claims 1 to 3 and 5, in which R?, RZ, R3 and X are as defined in

claims 1 to 3 and 5, which comprises subjecting an achiral ferrocene of the

Fe

(R3)2N-(R2)2C\©

in which the radicals R® and R° are as defined in claims 1 to 3 and 5, ora

formuia Wi

racemic monophosphine of the formula | in which R', R? and R3 are as defined
in claims 1 to 3 and 5 and X is hydrogen, to symmetric mono-ortho-lithiation
with n-butyllithium in the presence of a racemic or achiral tertiary amine, and

reacting the resultant monolithium compound in situ with a chlorophosphine of the
formula CIP(R'), in which the radicals R are as defined in claims 1 to 3 and 5,

or, in the case of the preparation of a diphosphine from a compound of the

formula Ill, carrying out stepwise symmetric dilithiation/diphosphinylation.

10. The process as claimed in claim 9, wherein the amine employed is

N,N,N’,N’-tetramethylethylenediamine.

11. The use of a compound of the formula | as claimed in anyone of

claims 1 to 5 as a ligand in transition metal complexes.

12. A transition metal complex comprising at least one ligand of the formula |

as claimed in ahyone of claims 1 to 5.



10

15

20

23

30

CA 02203749 2004-11-02

93

13. A complex of a compound of the formula | as claimed in anyone  of
claims 1 to 5 with the transition metal ruthenium, rhodium, iridium, nickel,

palladium, platinum or silver.

14. The use of a transition metal complex as claimed in claim 12 or 13 as a

catalyst.

15. The use of a transition metal complex as claimed in claim 13 for

asymmetric catalysis.

16. A compound of the formuia Il

P(Rl)z
(R%),-NR?),

®R3),N-(R%),C "

(Rl)z

in which
the substituents R' are cyclohexyl, unsubstituted phenyl CgHg or substituted
phenyl CgHg R* ., where n is 1 to 5 and the substituents R* are unbranched or

branched C,- to C,-alkyl, C,- to C,4-alkoxy or halogen;

the two geminal substituents R? together are a doubly bonded oxygen atom
(i.e. (Rz)z is =0) or each substituent R? on its own is hydrogen;

the substituents R>, each on their own, are unbranched or branched C;- to C,-
alkyl, cyclopentyl, cyclohexyl, unsubstituted phenyl CghHg Of substituted phenyi
CSHS-nR4n' where n and R* are as defined above under R', or the substituents
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R are connected to one another to form a ring, in which case together they are
-(CHa)4-, -(CH2)s-, ~(CH2)2-O-(CH2)2- or -(CH2)2-N(CH3)-(CH2)2- or a salt thereof

e

17. A process for preparing a compound of the formula Il in which the radicals
R', R? and R® are as defined in claim 16, which comprises subjecting a

compound of the formula Ui

10
@Y(Rz)z'N(Rg’)z
Fe
®3),N-R?), c\©
I
15

in which the radicals R? and R are as defined in claim 16 to ortho-lithiation
with sec-butyllithium in the presence of a tertiary amine, and reacting the resultant
dilithium compound in situ with a chlorophosphine of the formula CIP(R'), in

which the radicals R! are as defined in claim 186.

18. The process as claimed in claim 17, wherein the amine employed is

N,N,N’ N’-tetramethylethylenediamine.

19. The use of a compound of the formula Il as claimed in claim 16 as a

25 ligand in transition metal complexes.

20. A transition metal complex comprising at least one ligand of the formuia li

as claimed in claim 16.

30 21. The use of a transition metal complex as claimed in claim 20 as a catalyst.



PR'),
@\C(RZ)Z-N(R%Z
PRY),
@\C(RZ)Z-N(I@)2
Fe

' (R3)2N'(R2)2Cp
la : Xx=PR}), ®RY,

Ib : X=H 1
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