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(57) ABSTRACT

The present invention relates to process for the production of
chiral ligands comprising providing a starting material of
Formula (A): wherein X* is a chiral or achiral directing
group; and (i) is an optionally substituted mono- or polycyclic
aryl or cycloalkyl group; ortholithiating the substrate; con-
verting the ortho-lithiated substrate to a phosphine group
having the formula —PR'R!", R* being selected from substi-
tuted and unsubstituted, branched- and straight-chain alkyl,
substituted and unsubstituted cycloalkyl, substituted and
unsubstituted carbocyclic aryl, and substituted and unsubsti-
tuted heteroaryl wherein the or each heteroatom is indepen-
dently selected from sulphur, nitrogen, and oxygen, R*” being
different from R’ and being selected from substituted and
unsubstituted, branched- and straight-chain alkyl, substituted
and unsubstituted cycloalkyl, substituted and unsubstituted
carbocyclic aryl, and substituted and unsubstituted heteroaryl
wherein the or each heteroatom is independently selected
from sulphur, nitrogen, and oxygen; and optionally or if nec-
essary converting X* to a different grouping to produce a

chiral ligand.
O
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PROCESS FOR THE PRODUCTION OF
ASYMMETRIC TRANSFORMATION
CATALYSTS

[0001] This invention relates to a novel process for the
production of asymmetric transformation catalysts, in par-
ticular to such a process for the production of phosphine and
arsine ligands having a chiral centre at phosphorus, or arsenic
as the case may be. Such ligands are found to be useful in a
wide variety of asymmetric transformation reactions, includ-
ing hydrogenation and carbon-oxygen and carbon-nitrogen
bond formation reactions. The process of the invention may
be applicable to the production of chiral catalysts containing
aromatic ring systems generally, and is especially useful in
the production of metallocene-based phosphine and arsine
ligands. The invention also relates to chiral catalysts pro-
duced by the process of the invention, and to the use of such
catalysts in asymmetric transformation reactions.

[0002] Ferrocene as a backbone for diphosphine ligands
was introduced by Kumada and Hayashi based on the pio-
neering work of Ugi related to the synthesis of enantiopure
substituted metallocenes'. A number of these ligands are
shown below:

Me Me
NMe, NMe,
F
© PPh,
@ Fe
Ugi's Amine @
PPFA
Me
qk ’
PPh,

Fe
: PPh,

R =Me,N, BPPFA
R =OH, BPPFOH

[0003] Ppfaaswell as bppfa and bppfoh proved to be effec-
tive ligands for the catalysis of a variety of asymmetric trans-
formations. From this starting point, many chiral ferrocene-
based bisphosphine ligands with a range of structural
variation have been developed in the last few years.
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[0004] Certain types of known ligands exhibit both planar
and carbon chirality:

Me
PR,
Fe

Josiphos: R =Cy, R'=Ph
PPF-tBus,: R =t-Bu, R'=Ph
Xyliphos: R =3,5-Me,Ph, R’ =Ph
cy,PF-Pey;: R=R'=Cy

Me

Walphos

-ull?d_

A
e
e

PPh, PPh,
Fe Fe

1

jor)
o
o
=
o
N
A hn

PPh,
Mandyphos (FERRIPHOS)

Taniaphos

la:R=H,R'=NMe,
1b: R=0Me,R'=H

[0005] Togni and Spindler* have reported a class of non-
C,-symmetrical ferrocene-based bisphosphines: the Josi-
phos-type ligands. Josiphos ligands are in widespread com-
mercial use, having been found effective for Rh-catalyzed
hydrogenation of a-acetamidocinnamate, dimethyl itacon-
ate, and f§-ketoesters. Because the two phosphine groups are
introduced into the ligand in consecutive steps with high
yields, a variety of ligands are available with widely differing
steric and electronic properties. The ligands have already
been applied in three production processes’, several pilot
processes and many other syntheses. For example, PPF-tBu2,
a Josiphos type ligand with a di-(tert-butyl)phosphino group,
has been applied as the ligand in asymmetric hydrogenation
for commercial synthesis of (+)-biotin.* Another notable
example is the application of XyliPhos in the Ir-catalyzed
hydrogenation of imines for the synthesis of the herbicide
(S)-metolachlor”.

[0006] Bophoz® is a combination of a phosphine and an
aminophosphine and is prepared in 3 steps from ppfa with
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high overall yields. The ligand is air stable and effective for
the hydrogenation of enamides, itaconates and c-keto acid
derivatives. As observed for several ligands forming seven-
membered chelates, high activities can be reached and TON's
up to 10,000 have been claimed. The full scope of this modu-
lar ligand class has not yet been explored.

[0007] A class of non-C,-symmetrical, ferrocene-based
1,5-diphosphine ligands, Taniaphos, has been developed by
Knochel”®. Compared to the Josiphos ligands, Taniaphos has
an additional phenyl ring inserted at the side chain of the Ugi
amine. Taniaphos gave excellent results in Rh and Ru-cata-
lyzed asymmetric hydrogenation. The configuration of a.-po-
sition of Taniaphos plays an important role in the enantiose-
lectivities and activities. The Taniaphos 1b with aS
configuration leads to higher enantioselectivities and activi-
ties than la with aR configuration in a wide range of asym-
metric transformations.

[0008] Weissensteiner and Spindler” have reported a series
of structurally different ferrocene-based 1,5-diphosphine
ligands, Walphos. Like Josiphos, Walphos is modular and is
also made from the Ugi amine. It shows promise for the
enantioselective hydrogenation of olefins and ketones.
[0009] Mandyphos is a bidentate version of ppfa with C,
symmetry, where in addition to the PPh, moieties, R and R'
can be used for fine tuning the functionality of the ligand'®.
The scope of this ligand family has not yet been fully
explored, but preliminary results indicate high enantioselec-
tivities for the Rh-catalyzed hydrogenation of enamides, ita-
conates and enol acetates.

[0010] The TRAP ligands developed by Ito'! form 9-mem-
bered metallocycles. However, it is not clear whether the
cis-isomer, present in small amounts, or the major trans-
isomer is responsible for the catalytic activity. Up to now only
a few different PR2 fragments have been tested, but it is clear
that the choice of R strongly affects the catalytic perfor-
mance. The Rh complexes work best at very low pressures of
0.5£1 bar and effectively reduces indole-derivatives, enam-
ides and itaconic acid derivatives.

[0011] Another class of known ligands exhibit only planar
chirality:
CHR,
PPh,
Fe
RHC
PPh,
ferroPHOS
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-continued
O
(i-Pr)oN
Ph,P
Fe
N(-Pr),
PPh, O
JAFAPhos
2
: PR,
PPh,
Fe
3

PPh,
Fe
[0012] Kang'?reported the C2-symmetry FerroPHOS with
only planar chirality. FerroPHOS ligands are air-stable and
are very efficient for the asymmetric hydrogenation of various
dehydroamino acid derivitives (up to 99% ee).
[0013] Another C,-symmetry planar chiral diphosphine,
JAFAPhos, has been developed by Jendralla'®. JAFAPhos
gave excellent results in asymmetric hydrogenation, allylic
alkylation, Grignard cross coupling and aldol reactions.
[0014] Kagan'* reported plane chiral ferrocene-based bis-
phosphorus ligands 2 and 3, and up to 95% ee’s have been
obtained in asymmetric hydrogenation of dimethyl itaconate
using these ligands as catalyst.

[0015] Another class of known diphosphine ligands exhibit
chirality only at the phosphorus atoms:

o
ue

FerroTane

=l
Al
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-continued
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[0016] The synthesis of chiral 1,1'-bis(phosphetano) fer-
rocenes (llzerroTANE) has been independently reported by
Marinetti  and Burk'®. FerroTANE has been successfully
applied in Rh-catalyzed hydrogenation of itaconates and (E)-
B-(acylamino)acrylates®”.

[0017] Mezzetti'® and van Leeuwen'® have independently
reported P-chiral ferrocenyl bisphosphines 4a and 4b. These
two ligands have shown excellent enantioselectivities (up to
99% ee) for asymmetric hydrogenation of a-dehydroamino
acid derivatives.

P
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[0018] Zhang has reported a 1,1'-bis(Phospholanyl) fer-
rocene ligand 5 with ketal substitutes at the 3 and 4 positions.
20 The ligand has shown excellent enantioselectivities in
hydrogenation of §-dehydroamino acid derivatives. The ketal
groups of the ligand are important for achieving the high
enantioselectivity, since the corresponding ligand without
ketal groups only provides moderate ee’s. Zhang has also
developed a  1,1'-bis(dinaphthophosphepinyl)ferrocene
ligand, f-binaphane, which has been successfully applied in
the Ir-catalyzed hydrogenation of acyclic aryl imines.*

[0019] Reetz has developed a binaphthol-derived fer-
rocene-based bisphosphonite ligand 622, which has shown
excellent reactivities and enantioselectivities in Rh-catalyzed
hydrogenation of itaconates and a-dehydroamino acid deriva-
tives.

[0020] Another class of known ligands exhibits both planar
and phosphorus chirality:

7a: R = 1-naphthyl
7b: R = 2-biphenylyl

[0021] Van Leeuwen has reported ferrocene-based bispho-
sphines combining planar and phosphorus chirality 7a and
7b>3. These two ligands have shown excellent enantioselec-
tivities (up to 99% ee) for asymmetric allylic alkylations.

[0022] Thus, most of the known ferrocene-based diphos-
phines contain planar and carbon chirality, only planar chiral-
ity or only phosphorus chirality. More recently, Togni
reported the first tridentate ferrocene-based phosphine ligand
12 combining planar, phosphorus and carbon chirality.>*

Me
Fe PPh, Ph

Rl e —(S)p-12

R)e™ ()pe— (R)p-12
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[0023] In our co-pending application GB0400720.9 we
describe ligands having Formula (I), (IT) or (I1I):

@

an

(1)

wherein R'=>, W, Q, n, m and G are variously defined, and a
process for making such ligands. However, the process
described therein is found to be more generally applicable to
the production of various chiral ligands.

[0024] According to the present invention there is provided
a process for the production of chiral ligands comprising
providing a starting material of Formula (A):

O

wherein X* is a chiral or achiral directing group; and

O

is an optionally substituted mono- or polycyclic aryl or
cycloalkyl group; ortholithiating the substrate; converting the
ortho-lithiated substrate to a phosphine group having the
formula —PR*, R'", R' and R'" being different from each
other and independently selected from substituted and unsub-
stituted, branched- and straight-chain alkyl, alkoxy, alky-
lamino, substituted and unsubstituted cycloalkyl, substituted
and unsubstituted cycloalkoxy, substituted and unsubstituted
cycloalkylamino, substituted and unsubstituted carbocyclic
aryl, substituted and unsubstituted carbocyclic aryloxy, sub-

)
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stituted and unsubstituted heteroaryl, substituted and unsub-
stituted heteroaryloxy, substituted and unsubstituted car-
bocyclic arylamino and substituted and unsubstituted
heteroarylamino, wherein the or each heteroatom is indepen-
dently selected from sulphur, nitrogen, and oxygen; and
optionally or if necessary converting X* to a different group-
ing to produce a chiral ligand.

O

is, in one such process according to the invention, one aro-
matic ring (optionally further substituted) of a metallocene
compound.

[0025] Also provided in accordance with the invention is a
process for the production of chiral ligands comprising pro-
viding a starting material of Formula (A):

O

wherein X* is a chiral or achiral directing group; and

O

is an optionally substituted mono- or polycyclic aryl or
cycloalkyl group; ortholithiating the substrate; reacting the
ortholithiated substrate with an R' substituted phosphine or
arsine, R! being selected from substituted and unsubstituted,
branched- and straight-chain alkyl, substituted and unsubsti-
tuted cycloalkyl, substituted and unsubstituted carbocyclic
aryl, and substituted and unsubstituted heteroaryl wherein the
or each heteroatom is independently selected from sulphur,
nitrogen, and oxygen; and then with an R'"-bearing Grignard
reagent or organolithium compound, R'" being different from
R! and being selected from substituted and unsubstituted,
branched- and straight-chain alkyl, substituted and unsubsti-
tuted cycloalkyl, substituted and unsubstituted carbocyclic
aryl, and substituted and unsubstituted heteroaryl wherein the
or each heteroatom is independently selected from sulphur,
nitrogen, and oxygen; and optionally or if necessary convert-
ing X* to a different grouping to produce a chiral ligand; with
the exception that the chiral ligand is not a ligand having
Formula (I), (IT) or (I1I):

)

X

@

R,
o8
.\\\Rl
M W
AN



US 2008/0281106 Al

-continued

wherein R'>, W, Q, n, m and G are as defined in GB0400720.

9.

is, in one such process according to the invention, one aro-
matic ring (optionally further substituted) of a metallocene
compound.

[0026] The process of the invention may be used in the
production of phosphine or arsine ligands having up to three
elements of chirality; planar chirality, chirality at phosphorus
(or arsenic), and optionally chirality at carbon.

[0027] In the following description reference will be made
for convenience to processes for the production of phosphine
ligands. It should be understood that although processes for
producing phosphine ligands are the preferred processes in
accordance with the invention, the corresponding processes
for producing arsine ligands are also within the scope of the
invention.

[0028] Similarly, when the chiral ligand obtained by the
process of the invention is a metallocene ligand, processes for
producing ferrocene based ligands are preferred, but other
suitable metals may be used in the metallocene ligands
obtained by the process of the invention, and hence reference
is made herein to metallocenes generally.

[0029] The invention further provides chiral ligands
obtained by the process of the invention. Examples of such
ligands include metallocene-based phosphine ligands having
planar, phosphorus and carbon chirality.

[0030] The invention further provides chiral ligands (other
than those of Formula (1), (IT) or (I11)) obtained by the process
of the invention. Examples of such ligands include metal-
locene-based phosphine ligands having planar, phosphorus
and carbon chirality.

[0031] Ligands obtained by a process according to the
invention have particular advantages over prior art ligands
because the provision of up to three chiralities allows the
designer of a ligand greater scope than has hitherto been the
case to design ligands for a particular purpose.
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[0032] The introduction of phosphorus chirality may
enhance the chiral discrimination produced by the catalyst
when a matching among the planar chirality, carbon chirality
and the chirality of phosphorus can be achieved. A matching
catalyst may give high ee and a mismatching one may give
low ee.

[0033] Also provided in accordance with the invention is a
transition metal complex containing transition metal coordi-
nated to the ligand produced by the process of the invention.
The metal is preferably a Group VIb or a Group VIII metal.

[0034]

[0035] Synthesis of phosphorus chiral phosphines may be
effected in accordance with the invention with the use of a
suitable chiral ortho-directing group, for example in accor-
dance with the following scheme:

Preferably X* is an ortho directing group.

1) n-BuLi or X
x* sec-Buli or ,
t-BuLi R"Z
PN ST Al -
2) RIPCI,

\
Rl
<
CZ RY
P
I
Rl

[0036] Wherein

O

is an optionally substituted mono- or polycyclic aryl or
cycloalkyl group and wherein R'"Z is an organoalkali species
or Grignard reagent

[0037] Examples of suitable chiral directing groups:

OR?

OR?

R3
R3
™
N—N
OR?
OR?
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-continued

Me OO
EL{\N/ Me
I e

[0038] Wherein R, R? and R? are independently selected
from substituted and unsubstituted, branched- and straight-
chain alkyl, substituted and unsubstituted cycloalkyl, substi-
tuted and unsubstituted carbocyclic aryl, and substituted and
unsubstituted heteroaryl wherein the or each heteroatom is
independently selected from sulphur, nitrogen, and oxygen.

O

is, in one such process according to the invention, one aro-
matic ring (optionally further substituted) of a metallocene
compound.

and wherein

[0039] For example, synthesis of ferrocene-based phos-
phorus chiral phosphines may be effected with the use of a
suitable chiral ortho-directing group, for example in accor-
dance with the following schemes:

M

* X*
X
1) n-BuLi or
sec-BuLi or cl ,
t-BuLi ~ R'Z
Fe _— Fe P —_—
2)R'PCL \
f : j : R!
X<
1
s R

@

X

1) n-BuLi or Cl
@ sec-BuLi or Fe P/ .

t-BuLi \ RI'Z
Fe —_— Rl R

2)RIPCl,

@X* X
P.
a” \Rl
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-continued
<
W
s R
Fe P
\
Rl
X
P.
RN
3)
t-BuLi L(Z)

2)RIPCl,

* X*
X
1) n-BuLi or
sec-BuLi or cl
Fe

[0040] Examples of suitable chiral directing groups are as
previously specified.

wherein, in relation to scheme 3, L is a linker. For example, L
may be selected from ferrocene, diphenyl ethers, xanthenes,
2,3-benzothiophene, 1,2-benzene, succinimides and many
others. Conveniently, such dianionic linkers may be made
from a corresponding di-halo precursor, eg:

[0041] Certain suitable dianionic linkers may be repre-
sented as follows:

[0042] However, ferrocene is a preferred linker in accor-
dance with the invention.

(Similar schemes may be used to synthesise the correspond-
ing arsines, and other metallocenes, and may be applicable to
other ring systems. Also, for convenience, these schemes are
depicted with ferrocene-based substrates, but they may be
also be applicable to other aromatic-based substrates.)

[0043] Accordingly, the invention provides a method for
preparing a phosphine ligand chiral at phosphorus compris-
ing providing an optionally substituted mono- or polyaro-
matic or cycloalkyl substrate having a chiral or achiral direct-
ing substituent on at least one ring, and subjecting the
substrate to an ortho-lithiation step before subsequently con-
verting the ortho-lithiated substrate to a phosphine group
having the formula —PR'R'" or PR'L, wherein L is a linker
as previously defined and wherein, R! and R'" are different
from each other and are independently selected from substi-
tuted and unsubstituted, branched- and straight-chain alkyl,
substituted and unsubstituted cycloalkyl, substituted and
unsubstituted carbocyclic aryl, and substituted and unsubsti-
tuted heteroaryl wherein the or each heteroatom is indepen-
dently selected from sulphur, nitrogen, and oxygen, and
optionally or if necessary converting the directing substituent
to a chiral group, or to a different chiral group.
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[0044] Accordingly, the invention provides a method for
preparing a phosphine ligand chiral at phosphorus compris-
ing providing a metallocene-based substrate having a chiral
or achiral directing substituent on at least one ring, and sub-
jecting the substituted metallocene to an ortho-lithiation step
before subsequently converting the ortho-lithiated substrate
to a phosphine group having the formula —PR'R'" or PR'L,
wherein L is a linker as previously defined and wherein, R*
and R'" are different from each other and are independently
selected from substituted and unsubstituted, branched- and
straight-chain alkyl, substituted and unsubstituted cycloalkyl,
substituted and unsubstituted carbocyclic aryl, and substi-
tuted and unsubstituted heteroaryl wherein the or each het-
eroatom is independently selected from sulphur, nitrogen,
and oxygen, and optionally or if necessary converting the
directing substituent to a chiral group, or to a different chiral
group.

[0045] The invention also provides a method for preparing
an arsine ligand chiral at arsenic comprising providing an
optionally substituted mono- or polyaromatic or cycloalkyl
substrate having a chiral or achiral directing substituent on at
least one ring, and subjecting the substrate to an ortho-lithia-
tion step before subsequently converting the ortho-lithiated
substrate to an arsine group having the formula—AsR'R"" or
AsR'L, wherein L is a linker as previously defined and
wherein, R' and R'" are different from each other and are
independently selected from substituted and unsubstituted,
branched- and straight-chain alkyl, substituted and unsubsti-
tuted cycloalkyl, substituted and unsubstituted carbocyclic
aryl, and substituted and unsubstituted heteroaryl wherein the
or each heteroatom is independently selected from sulphur,
nitrogen, and oxygen, and optionally or if necessary convert-
ing the directing substituent to a chiral group, or to a different
chiral group.

[0046] The invention also provides a method for preparing
an arsine ligand chiral at arsenic comprising providing a
metallocene-based substrate having a chiral or achiral direct-
ing substituent on at least one ring, and subjecting the substi-
tuted metallocene to an ortho-lithiation step before subse-
quently converting the ortho-lithiated substrate to an arsine
group having the formula —AsR'R*" or AsR'L, wherein L is
a linker as previously defined and wherein, R* and R!" are
independently selected from substituted and unsubstituted,
branched- and straight-chain alkyl, substituted and unsubsti-
tuted cycloalkyl, substituted and unsubstituted carbocyclic
aryl, and substituted and unsubstituted heteroaryl wherein the
or each heteroatom is independently selected from sulphur,
nitrogen, and oxygen, and optionally or if necessary convert-
ing the directing substituent to a chiral group, or to a different
chiral group.

[0047] Methods in accordance with the invention for the
preparation of chiral ligands will now be more particularly
described.

[0048] For example, one such method comprises providing
a substrate of the Formula (A):

)
X*

o
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wherein

O

is an optionally substituted mono- or polycyclic aryl or
cycloalkyl group;

X* is chiral directing group, and is preferably selected from
the group as previously defined; ortholithiating the substrate;
reacting the ortholithiated substrate with an R' substituted
halophosphine or haloarsine, R being selected from substi-
tuted and unsubstituted, branched- and straight-chain alkyl,
substituted and unsubstituted cycloalkyl, substituted and
unsubstituted carbocyclic aryl, and substituted and unsubsti-
tuted heteroaryl wherein the or each heteroatom is indepen-
dently selected from sulphur, nitrogen, and oxygen; and then
with an R'"-bearing Grignard reagent or organoalkali (pref-
erably organolithium) compound, R*" being dfferent from R*
and being selected from substituted and unsubstituted,
branched- and straight-chain alkyl, substituted and unsubsti-
tuted cycloalkyl, substituted and unsubstituted carbocyclic
aryl, and substituted and unsubstituted heteroaryl wherein the
or each heteroatom is independently selected from sulphur,
nitrogen, and oxygen; and optionally converting X* to a
different grouping to produce a chiral ligand.

O

is, in one such process according to the invention, one aro-
matic ring (optionally further substituted) of a metallocene
compound.

[0049] Another method comprises providing a compound
of'the Formula (A):

)
X*

o

wherein

O

is optionally substituted mono- or polycyclic aryl or
cycloalkyl group; X* is chiral directing group, and is prefer-
ably selected from the group as previously defined; ortholithi-
ating the substrate; reacting the ortholithiated substrate with
an R’ substituted halophosphine or haloarsine, R' being
selected from substituted and unsubstituted, branched- and
straight-chain alkyl, substituted and unsubstituted cycloalkyl,
substituted and unsubstituted carbocyclic aryl, and substi-
tuted and unsubstituted heteroaryl wherein the or each het-
eroatom is independently selected from sulphur, nitrogen,
and oxygen; and then with an R*"-bearing Grignard reagent or
organoalkali (preferably organolithium) compound, R
being selected from substituted and unsubstituted, branched-
and straight-chain alkyl, substituted and unsubstituted
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cycloalkyl, substituted and unsubstituted carbocyclic aryl,
and substituted and unsubstituted heteroaryl wherein the or
each heteroatom is independently selected from sulphur,
nitrogen, and oxygen;

and optionally converting X* to a different grouping to pro-
duce a chiral ligand; with the exception that the chiral ligand
is not a ligand having Formula (I), (IT) or (IIT):

@

an

(1)

wherein R'>, W, Q, n, m and G are as defined in GB0400720.

9.

is, in one such process according to the invention, one aro-
matic ring (optionally further substituted) of a metallocene
compound.

[0050] One particularly preferred X* group in each of the
above methods is

NMe,

[0051] The ortho-lithiation step is preferably a mono-
ortho-lithiation step using n-butyllithium, sec-butyllithium or
tert-butyllithium. The resulting monolithium compound is
preferably reacted in situ with a dichlorophosphine of the
formula R'PCl, followed by reacting with an organometallic
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reagent of the formula R'"Z, wherein R' and R'" are as
defined above; Z is Li or MgY wherein Y is a halide.

[0052] These steps may be performed to obtain a phospho-
rus chiral compound having formula (C) (wherein the aro-
matic or cycloaliphatic ring(s) is/are optionally substituted:

©
X*

O

1

o —

[0053] The synthesis preferably proceeds by converting
compound (C) to compound D, E, or F:

)

®)

®)

wherein R is an acyl group, R® is selected from hydrogen,
substituted and unsubstituted, branched- and straight-chain
alkyl, substituted and unsubstituted cycloalkyl, substituted
and unsubstituted carbocyclic aryl, and substituted and
unsubstituted heteroaryl wherein the or each heteroatom is
independently selected from sulphur, nitrogen, and oxygen,
and R*, R'" are as previously defined; and then:

reacting compound D with a secondary phosphine of the
formula R°R”PH wherein R® and R” are the same or different,
and are independently selected from substituted and unsub-
stituted, branched- and straight-chain alkyl, alkoxy, alky-
lamino, substituted and unsubstituted cycloalkyl, substituted
and unsubstituted cycloalkoxy, substituted and unsubstituted
cycloalkylamino, substituted and unsubstituted carbocyclic
aryl, substituted and unsubstituted carbocyclic aryloxy, sub-
stituted and unsubstituted heteroaryl, substituted and unsub-
stituted heteroaryloxy, substituted and unsubstituted car-
bocyclic arylamino and substituted and unsubstituted
heteroarylamino, wherein the or each heteroatom is indepen-
dently selected from sulphur, nitrogen, and oxygen; and R® is
selected from hydrogen, substituted and unsubstituted,
branched- and straight-chain alkyl, substituted and unsubsti-
tuted cycloalkyl, substituted and unsubstituted carbocyclic
aryl, and substituted and unsubstituted heteroaryl wherein the
or each heteroatom is independently selected from sulphur,
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nitrogen, and oxygen to obtain the diphosphine combining
planar, phosphorus and carbon chirality having formula G:

©)

or;

reacting compound D with an amine of the formula R*NH,
wherein R® is selected from hydrogen, substituted and unsub-
stituted, branched- and straight-chain alkyl, substituted and
unsubstituted cycloalkyl, substituted and unsubstituted car-
bocyclic aryl, and substituted and unsubstituted heteroaryl
wherein the or each heteroatom is independently selected
from sulphur, nitrogen, and oxygen, to obtain compound H:

(H)

NHR®

Rln
Rr!

or;
reacting compound D with an amine of the formula J:

O]
PROR

wherein R and R” are as previously defined, R” is selected
from hydrogen, halogen, OR'®, SR*°, NR'°R**, substituted
and unsubstituted, branched- and straight-chain alkyl, substi-
tuted and unsubstituted cycloalkyl, substituted and unsubsti-
tuted carbocyclic aryl, and substituted and unsubstituted het-
eroaryl wherein the or each heteroatom is independently
selected from sulphur, nitrogen, and oxygen; wherein R'°,
R are the same or different and are independently selected
from hydrogen, substituted and unsubstituted, branched- and
straight-chain alkyl, substituted and unsubstituted cycloalkyl,
substituted and unsubstituted carbocyclic aryl, and substi-
tuted and unsubstituted heteroaryl wherein the or each het-
eroatom is independently selected from sulphur, nitrogen,
and oxygen, n'is 0to 4, and Z is MgY (Y being a halide) or Li,
to obtain compound K:
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&)

or;
reacting compound D with an amine of the formula H N—
R*—NH, or H,N—R**—NH, wherein R* and R** are
selected from the group consisting of:

RSy
RIZ
|\<ji \/K
e R
wherein R is as previously defined; R'? is selected from
hydrogen, substituted and unsubstituted, branched- and
straight-chain alkyl, substituted and unsubstituted cycloalkyl,
substituted and unsubstituted carbocyclic aryl, and substi-
tuted and unsubstituted heteroaryl wherein the or each het-
eroatom is independently selected from sulphur, nitrogen,
and oxygen; or (R'?), is —(CH,),—, n'is 0 to 4; and m'is 1
to 8, to obtain compounds L and M:

@)

M)

R
T3 \
RI— —N—R—N=— p—R!

or;
reacting compound E with an amine of the formula H N-—
R*—NH, or H,N—R**—NH, wherein R* and R** are, as
previously defined, to obtain compounds O and P:

0 Rl\"
*
RI— N—R—N P—R!
\ H H
R" O

©)



US 2008/0281106 A1
-continued

®)

0 RY

*E \

R!—P N—R—N P—rR!
\ H H
R" O

[0054] Compound H may be reacted with a halophosphine

of the formula R°R”PY wherein RS, R7 are, as previously
defined, and Y is chlorine, bromine or iodine, to obtain com-
pound Q:

Q
Re
8
_R
BN
v PROR7
R
e

R!

[0055] Alternatively, compound H may be reacted with an
acid derivative of the formula R'?COY wherein R is
selected from hydrogen, substituted and unsubstituted,
branched- and straight-chain alkyl, substituted and unsubsti-
tuted cycloalkyl, substituted and unsubstituted carbocyclic
aryl, and substituted and unsubstituted heteroaryl wherein the
or each heteroatom is independently selected from sulphur,
nitrogen, and oxygen, and Y is a halide, a sulphate, an imida-
zole, R**COO— or hydrogen, to obtain compound R:

®)
Re

[0056] Alternatively compound H (in which R® is hydro-
gen) may be reacted with an aldehyde of the formula OHC—
R*—CHO or OHC—R**—CHO wherein R* and R are as
previously defined to obtain the compounds having Formulae
Sand T:

)

/N &KX
N _\N { \

R'—P P—R!

~
7?0 tn,,
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-continued
(M

//—R**—\\ X R
RI—F N N— p—R!
R R
[0057] Alternatively compound H may be reacted with an

acid derivative of the formula YOC—R*—COY and YOC—
R**—COY wherein R* R** and Y are, as previously
defined, to obtain the compounds having Formulae U and V:

()]
0, 0
>—R*4< R R
. F \
R!—pP —N N p—R!
L § \ /
R" R® RS R®
V)
0, 0
R™ R R!
R!—p N N— p—r!
\ & \ /
R" R® RS R®
K)

wherein R'* is selected from OR'®, SR'°, NHR'® and
NR™R*'!, wherein R'®, R'! are as previously defined.

[0058] Compoundsl, M, O,P, S, T, U,V may bereduced to
obtainrespective compounds L*, M*, O* P* S* T* U* V*:

@)

R'—p p—R!

Rln
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-continued
(M%)
Q RY
KK \
RI— N—R—N p—R!
\ H H \ /
Nt
(0%
g R
* \
R!— N—R—N p—R!
\ H H \ /
R
@)
Q RY
K3k
R!— N—R—N p—R!
\ H H
R
(5%
R* R® R
1 /<:)\ / \ SN
RI— NI HN p—R!
R ‘U
RY Re
(T
Rxx Re Rl”
| ﬁk e Fo
RI— NI HN p—R!
\ o §
RY Re
U
R* KRV
| Q e
R'— B N N P_Rl
\ " $ \ / ‘U
R!" Re RS R®
(V)
R** \Re Rl”
./ \ / \ & \
R'— B N N P_Rl
\ " $ \ / ‘U
R!" Re RS R®
[0059] Synthesis of metallocene-based phosphines chiral

at phosphorus may be also effected with the use of enantiose-
lective ortho-lithiation (ferrocene-based substrates are indi-
cated below and are illustrative of aromatic and cycloaliphatic
substrates generally in connection with the process of the
invention):
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Fe

g/ R'"Z
Q- "

dla.mme
2) RIPC12

1) n-BuLi or
X+ sec-BuLi or
t-BuLi,
chiral
Fe

X
1
s R
Fe P
\
: R!
x*
1) n-BuLi or
X+ sec-BuLi or
t-BuLi, s
chiral Fe P .
diamine \ R'Z
Fe —_— Rl —_—
2)RIPCl,
@X** X
P.
a”” i
X
1
P R
Fe P
\
R!
=
P.
R \Rl

[0060] Examples of suitable achiral directing groups:
(€]
X" = NR2R? SO,R? NR2R?
P(O)R?R?

(wherein R? and R? are as previously defined)

[0061] Suitable Chiral diamines include:
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-continued

P g/\ Ph

[0062] Accordingly, the invention provides a method for
preparing a chiral diphosphine ligand comprising a metal-
locene-based substrate having an achiral directing substituent
on one or both rings, and subjecting the substituted metal-
locene to an enantioselective ortho-lithiation step before sub-
sequently converting the ortho-lithiated substrate to a phos-
phorus chiral phosphine.

[0063] Whilst the use of an auxiliary chiral compound
(such as the chiral diamine) in the ortholithiation step may be
preferred in some circumstances, where direct synthesis of a
chiral product (in enantiomeric excess) is desired, it is also
possible to ortholithiate in the absence of such a chiral aux-
iliary, and then resolve the enantiomeric product mixture at
the end of the synthesis.

(This Method is Also Applicable to Arsines.)

[0064] Thus, one method according to the present invention
for preparing chiral ligands comprises providing a substrate

of the formula A*:
Q/X

O

is an optionally substituted mono- or polycyclic aryl or
cycloalkyl group;

wherein X** is an achiral directing group, and is preferably as
previously defined; and subjecting the compound to enanti-
oselective mono-ortho-lithiation using n-butyllithium or sec-
butyllithium or tert-butyllithium in the presence of a homo-
chiral tertiary amine, and reacting the resulting chiral
monolithium compound in situ with a dichlomphosphine of
the formula R'PCl, followed by reacting with an organome-
tallic reagent of the formula R' "M, wherein R' and R'" are as
defined hereinabove; M is Li or MgX wherein X is a halide, to
obtain phosphorus chiral compound having formula C*:

(A"

s%

wherein

(€
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and optionally or if necessary further converting compound
C* to the desired chiral ligand.
[0065] One method according to the invention for prepar-
ing a ferrocene-based chiral ligand comprises providing a
compound of the Formula B*:

B

wherein X* is as previously defined; and subjecting the com-
pound to bis-ortho-lithiation using n-butyllithium, sec-butyl-
lithium or tert-butyllithium, and reacting the resulting bis-
lithium compound in situ with a dichlorophosphine of the
formula R'PCl, followed by reacting with an organometallic
reagent of the formula R'"Z, wherein R' and R'" are as pre-
viously defined; Z is Li or MgY wherein Y is a halide, to
obtain a phosphorus chiral compound having formula B***:

(B***)

PomR!

P.,
X R Rr

Fe

and optionally or if necessary converting compound B*** to
the desired chiral ligand.

[0066] The invention will now be more particularly illus-
trated with reference to the following Examples.

EXAMPLE 1
(ReS5,S5)-2-[(1-N,N-Dimethylamino )ethyl]-1-[(2-
methoxyphenyl)phenylphosphino]ferrocene[ (R, Sz,
Sg)-2]

[0067]

Me

NMe, 1) +-BuLi, B,0, -78° C. ~ 1t
2) PhPCly, -78° C. ~ 1t

3) 0-AnLi, -78° C. ~1t

<

®)-1
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-continued

Re-Spe- Sp'2

[0068] To a solution of (R)—N,N-dimethyl-1-ferrocenyl-
ethylamine [(R)-Ugi’s amine, (R)-1] (3.86 g, 15 mmol) in
Et,O (50 mL) was added 1.7 M t-Bul.i solution in pentane
(9.7 mL, 16.5 mmol) over 10 min via a syringe at —78° C.
After addition was completed, the mixture was warmed to
room temperature, and stirred for 1.5 h at room temperature.
The resulting red solution was cooled to —78° C. again, and
dichlorophenylphosphine (2.24 mL, 16.5 mmol) was added
in one portion. After stirring for 10 min at -78° C., the mixture
was slowly warmed to room temperature, and stirred for 1.5 h
at room temperature. The mixture was then cooled to —78° C.
again, and a solution of (2-methoxy)phenyllithium [prepared
from 2-bromoanisole (3.32 g, 17.7 mmol) and 1.7 M t-Bul i
solution in pentane (20.8 mL, 35.4 mmol) in Et,O (90 mL) at
-78° C.] was added slowly via a cannula. The mixture was
warmed to room temperature overnight, and filtered through
apad of Celite. The filtrate was concentrated, and the residue
was purified by chromatography (SiO,, hexane-EtOAc-
Et;N=85:10:5) to afford the title compound (6.50 g, 92%) as
orange crystals. 'H NMR (CDCl,, 400.13 MHz): § 1.29 (d,
3H, J=6.5 Hz); 1.80 (s, 6H); 3.91 (s, 3H); 3.97 (s, 6H, over-
lap); 4.11 (m, 1H), 4.25 (1, 1H, J=2.2 Hz); 4.37 (br. s, 1H);
6.87 (m, 1H); 6.94 (dd, 1H, J=8.3 and 6.7 Hz); 7.12~7.23 (m,
6H); 7.31 (m, 1H); *'P NMR (CDCl,, 162 MHz): § -38.82.
The absolute configuration of (RS, Sp)-2 was determined
by single-crystal X-ray diffraction analysis.

EXAMPLE 2

(ReS£.,85)-2-[(1-N,N-Dimethylamino )ethyl]-1-[(1-
naphthyl)phenylphosphino]ferrocene[(R -,Sz.,S5)-3]

[0069]

Me

NMez

1) +-BuLi, B, 0, -78° C.~1t
2) PhPCly, -78° C.~1t

3) 1-naphthyllithium, -78° C.~rt

<

®)-1

13
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-continued
Me

(Re-Spe-Sp)-3

[0070] To a solution of (R)—N,N-dimethyl-1-ferrocenyl-
ethylamine [(R)-Ugi’s amine, (R)-1] (5.15 g, 20 mmol) in
Et,O (60 mL) was added 1.7 M t-Bul.i solution in pentane
(12.94 mL, 22 mmol) over 10 min via a syringe at -78° C.
After addition was completed, the mixture was warmed to
room temperature, and stirred for 1.5 h at room temperature.
The resulting red solution was cooled to —78° C. again, and
dichlorophenylphosphine (2.99 mL, 22 mmol) was added in
one portion. After stirring for 10 min at -78° C., the mixture
was slowly warmed to room temperature, and stirred for 1.5h
atroom temperature. The mixture was then cooled to —78° C.
again, and a solution of 1-naphthyllithium (prepared from
1-bromonaphthalene (5.38 g, 26 mmol) and 1.7 M t-Buli
solution in pentane (30.6 mL, 52 mmol) in Et,O (120 mL) at
-78° C.] was added slowly via a cannula. The mixture was
warmed to room temperature overnight, and filtered through
apad of Celite. The filtrate was concentrated, and the residue
was purified by chromatography (SiO,, hexane-EtOAc-
Et;N=90:6:4) to afford the title compound (8.75 g, 89%) as
orange crystals. 'H NMR (CDCl;, 400.13 MHz): & 1.33 (d,
3H, J=6.8 Hz); 1.91 (s, 6H); 3.59 (s, 5H); 4.00 (m, 1H); 4.17
(m, 1H); 4.26 (1, 1H, J=2.2 Hz); 4.38 (m, 1H); 7.13~7.2 (m,
SH); 7.39 (t, 1H, I=6.7 Hz); 7.43~7.54 (m, 2H); 7.60~7.63
(m, 1H); 7.87 (dd, 2H, J=9.7 and 9.2 Hz), 9.33 (dd, H, J=7.6
and 7.0 Hz). >'P NMR (CDCl,, 162 MHz): § -38.73.

EXAMPLE 3

ReSz..85)-2-[(1-N,N-Dimethylamino)ethyl]-1-[(1-
naphthyl)phenylphosphino]ferrocene[(R -, Sz.,S 5)-3]
and (R,S ., Rz)-2-[(1-N,N-Dimethylamino)ethyl]-1-
[(1-naphthyl)phenylphosphino]ferrocene [(R .Sz,
Rp)-4]

[0071]

Me

NMez

1) t-BuLi, E,O, -78° C.~1t
2) PhPCl,, -78° C.~1t

3) l-naphthyllithium, 1t

o

®)1
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-contlnued

@\ NMe, @\ NMe,
/1 Np

Fe
,,,/

o®

(Rc-Spe-Rp)-4

/, I/

@ le

(Rc-Spe-Sp)-3

[0072] To a solution of (R)—N,N-dimethyl-1-ferrocenyl-
ethylamine [(R)-Ugi’s amine, (R)-1](1.29 g, 5 mmol) in Et,O
(15 mL) was added 1.7 M t-BuL.i solution in pentane (3.2 mL,
5.5 mmol) over 10 min via a syringe at =78° C. After addition
was completed, the mixture was warmed to room tempera-
ture, and stirred for 1.5 h at room temperature. The resulting
red solution was cooled to —-78° C. again, and dichlorophe-
nylphosphine (0.75 mL, 5.5 mmol) was added in one portion.
After stirring for 10 min at -78° C., the mixture was slowly
warmed to room temperature, and stirred for 1.5 h at room
temperature. Then to the mixture a solution of 1-naphthyl-
lithium [prepared from 1-bromonaphthalene (1.35 g, 6.5
mmol) and 1.7 M t-Buli solution in pentane (7.6 mL, 13
mmol) in Et,0 (30 mL) at -78° C.] was added via a cannula
at room temperature. The mixture was stirred overnight at
room temperature and filtered through a pad of Celite. The
filtrate was concentrated, and the residue was purified by
chromatography (SiO,, hexane-EtOAc-Et;N=85:10:5) to
afford the title compound (2.21 g, 90%) as a mixture of two
isomers. The ratio of (R -,Sz.,S5)-3 t0 (R,Sz.,R5)-4 is about
5:1. As (Ro,S5,Rp)-4 is insoluble in cold hexane and (R,
Sz Sp)-3 is very soluble in cold hexane, the two isomers can
be easily separated by crystallization from hexane. (R,Sz,,
R,)-4: "H NMR (CDCl,, 400.13 MHz): § 1.25 (d, 3H, J=6.8
Hz); 1.60 (s, 6H); 3.88 (br. s, 1H); 4.00 (s, SH); 4.16 (m, 1H),
4.29 (t, 1H, J=2.2 Hz); 4.42 (br. s, 1H); 7.16~7.19 (m, 1H);,
7.28~7.29 (m, 5H), 7.32~7.35 (m, 1H); 7.59~7.63 (m, 2H);,
7.69(d,J=8.2 Hz);7.76 (d, J=7.6 Hz); 8.45 (m, 1H).*'P NMR
(CDCl;, 162 MHz): 8 31.36. The absolute configuration of
RSz, Rp)-4 was determined by single-crystal X-ray dif-
fraction analysis.

EXAMPLE 4

(ReSg,Rp)-2-[(1-N,N-Dimethylamino)ethyl]-1-[(1-
naphthyl)phenylphosphino]ferrocene[ (R -,Sz,,Rp)-4]

[0073]

Me

[
_
hexane, reflux

(Rc-Spe-Sp)-3

14
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-continued
Me

NMez

1-Np
- l

Ph

Fe

o

(Re-Spe-Rp)-4

[0074] A solution of (R,S5..Sz)-3 (491 mg, 1.0 mmol) in
hexane (5 mL) was refluxed overnight. After cooling to room
temperature, the precipitate was filtered and 5 washed with
cold hexane to give the pure (R,S,.Rz)..

EXAMPLE 5
ReSz..85)-2-[(1-N,N-Dimethylamino)ethyl]-1-[(2-
naphthyl)phenylphosphino]ferrocene[(R -, Sz.,S 5)-5]
and (R,S ., Rz)-2-[(1-N,N-Dimethylamino)ethyl]-1-

[(2-naphthyl)phenylphosphino]ferrocene [(R .Sz,
Rp)-6]

[0075]

Me

NMe,

1) t-BuLi, E,O, -78° C.~1t
2) PhPCl,, -78° C.~1t

3) 2-naphthyllithium, -78° C.~1t

NMez NMez
2

:, ,I/

@ ZNP

(Re-Spe-Sp)-5

<

R®)-1

:, "y,

©Ph

(Re-Spe-Rp)-6

[0076] To a solution of (R)—N,N-dimethyl-1-ferrocenyl-
ethylamine [(R)-Ugi’s amine, (R)-1](2.57 g, 5 mmol) in Et,O
(15 mL) was added 1.7 M t-BulLi solution in pentane (6.4 mL.,
11 mmol) over 10 min via a syringe at =78° C. After addition
was completed, the mixture was warmed to room tempera-
ture, and stirred for 1.5 h at room temperature. The resulting
red solution was cooled to -78° C. again, and dichlorophe-
nylphosphine (1.5 mL, 11 mmol) was added in one portion.
After stirring for 10 min at —=78° C., the mixture was slowly
warmed to room temperature, and stirred for 1.5 h at room
temperature. Then the mixture was cooled to —78° C. again,
and a suspension of 2-naphthyllithium [prepared from 2-bro-
monaphthalene (2.69 g, 13 mmol) and 1.7 M t-Bul.i solution
in pentane (15.2 mL, 26 mmol) in Et,O (60 mL) at -78° C.]
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was added via a cannula at -78° C. The mixture was warmed
to room temperature overnight and filtered through a pad of
Celite. The filtrate was concentrated, and the residue was
purified by chromatography (SiO,, hexane-EtOAc-Et;N=85:
10:5) to afford the title compound (4.42 g, 90%) as a mixture
oftwo isomers. The ratio of (R ,Sz,.S5)-5t0 (RS, Rp)-6 s
about 5:1. Fractional crystallization from hexane gave (R,
SrsSp)-5 (3.10 g, 63%) and (R, Sy, Rp)-6 (687 mg, 14%).
(R,Sz,Sp)-5: 'H NMR (CDCl,, 400.13 MHz): § 1.28 (d,
3H,J=6.2 Hz); 1.80 (s, 6H); 3.90 (br. s, 1H); 3.92 (s, 5H); 4.20
(m, 1H), 4.22 (t, 1H, J=2.2 Hz); 4.38 (br. s, 1H); 7.18~7.26
(m, SH); 7.48 (m, 2H), 7.58 (ddd, 1H, J=8.4, 5.6 and 1.6 Hz);
7.79 (d, 1H, J=8.4 Hz); 7.83 (m, 2H); 8.18 (d, 1H, J=9.5 Hz),
*IP NMR (CDCl,, 162 MHz): 8 —20.88. (R, Sz.Rp)s: 'H
NMR (CDCl,, 400.13 MHz): 8 1.27 (d, 3H, J=5.7 Hz); 1.76
(s, 6H); 3.90 (br. s, 1H); 3.96 (s, SH); 4.18 (m, 1H), 4.29 (1,
1H, J=2.2 Hz); 4.41 (br. s, 1H); 7.29 (ddd, 1H, J=8.3, 7.0 and
1.6 Hz); 7.34 (m, 3H); 7.39 (m, 2H); 7.59~7.67 (m, SH), 7.74
(m, 1H); *'P NMR (CDCl,, 162 MHz): § —20.57.

EXAMPLE 6

ReSz..85)-2-[(1-N,N-Dimethylamino)ethyl]-1-[(2-
naphthyl)phenylphosphino]ferrocene[(R -,Sz.,S5)-5]

[0077]

Me

NMez

1) t-BuLi, Et;O, -78° C.~t

2) PhPCl,, -78° C.~1t

3) 2-naphthylmagnesium
bromide, -78° C.~1t

o

®)-1

NMez
Ph
Fe P/,
\'///_.

@ -

(Re-Spe-Sp)-5

[0078] To a solution of (R)—N,N-dimethyl-1-ferrocenyl-
ethylamine [(R)-Ugi’s amine, (R)-1] (2.06 g, 8 mmol) in Et,O
(15 mL) was added 1.5 M t-BulL.i solution in pentane (6.0 mL,
9 mmol) over 10 min via a syringe at =78° C. After addition
was completed, the mixture was warmed to room tempera-
ture, and stirred for 1.5 h at room temperature. The resulting
red solution was cooled to —-78° C. again, and dichlorophe-
nylphosphine (1.22 mI,, 9 mmol) was added in one portion.
After stirring for 10 min at -78° C., the mixture was slowly
warmed to room temperature, and stirred for 1.5 h at room
temperature. Then the mixture was cooled to -78° C. again,
and a solution of 2-naphthylmagnesium bromide [prepared
from 2-bromonaphthalene (2.20 g, 10.6 mmol) and magne-
sium (258 mg, 10.6 mmol) in Et,O (20 mL.)] was added via a
cannula at -78° C. The mixture was warmed to room tem-
perature overnight. The reaction was quenched with saturated
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NH,CI solution (20 mL). The organic layer was separated,
and the aqueous layer was extracted with Et,O (20 mL). The
combined organic layers were washed with brine (20 mL),
dried (MgS0O4), and concentrated. The residue was purified
by chromatography (SiO,, hexane-EtOAc-Et;N=85:10:5) to
afford the title compound (3.42 g, 87%) as single diastere-
omer. 'H NMR (CDCl,, 400.13 MHz): 8 1.28 (d, 3H, 1=6.2
Hz); 1.80 (s, 6H); 3.90 (br. s, 1H); 3.92 (s, SH); 4.20 (m, 1H),
4.22 (t, 1H, J=2.2 Hz); 4.38 (br. s, 1H); 7.18~7.26 (m, 5H);,
7.48 (m, 2H), 7.58 (ddd, 1H, J=8.4, 5.6 and 1.6 Hz); 7.79 (d,
1H, 1=8.4 Hz); 7.83 (m, 2H); 8.18 (d, 1H, J=9.5 Hz); >'P
NMR (CDCl;, 162 MHz): § -20.88.

EXAMPLE 7

ReSz..85)-2-[(1-N,N-Dimethylamino)ethyl]-1-[(2-
biphenyl)phenylphosphino]ferrocene[(R -, Sx.,S5)-7]

[0079]

Me

NMe,
1) t-BuLi, Et,0, -78° C.~rt
2) PhPCl,, -78° C.~1t

3) 2-biphenyllithium
-78° C.~rt

Fe
R)-1
Me

NMe,
- Ph
Fe P,
\"//.

@ 2-Biph

(Re-Spe-Sp)-7

[0080] To a solution of (R)—N,N-dimethyl-1-ferrocenyl-
ethylamine [(R)-Ugi’s amine, (R)-1] (2.57 g, 10 mmol) in
Et,O (20 mL) was added 1.5 M t-Bul.i solution in pentane
(7.33 mL, 11 mmol) over 10 min via a syringe at -78° C. After
addition was completed, the mixture was warmed to room
temperature, and stirred for 1.5 h at room temperature. The
resulting red solution was cooled to -78° C. again, and
dichlorophenylphosphine (1.50 mL, 11 mmol) was added in
one portion. After stirring for 10 min at -78° C., the mixture
was slowly warmed to room temperature, and stirred for 1.5h
atroom temperature. Then the mixture was cooled to —78° C.
again, and a suspension of 2-biphenyllithium [prepared from
2-bromobiphenyl (2.24 ml.,, 13 mmol) and 1.5 M t-Buli
solution in pentane (17.3 ml., 26 mmol) in Et,O (30 mL) at
—78° C.] was added via a cannula at —=78° C. The mixture was
warmed to room temperature overnight and filtered through a
pad of Celite. The filtrate was concentrated, and the residue
was purified by chromatography (SiO,, hexane-EtOAc-
Et;N=85:10:5) to afford the title compound (4.87 g, 94%) as
single diastereomer. 'H NMR (CDCl,, 400.13 MHz): § 1.25
(d, 3H, J=6.7 Hz); 1.85 (s, 6H); 3.69 (s, SH); 3.76 (m, 1H),
4.17 (m, 1H), 4.29 (t, 1H, J=2.4 Hz); 4.32 (m, 1H); 7.10~7.19
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(m, SH); 7.31 (m, 1H), 7.37~7.48 (m, SH), 7.64 (m, 1H); 7.69
(m, 1H); 7.71 (m, 1H). 3'P NMR (CDCl,, 162 MHz): &
-32.96

EXAMPLE 8

(RSg..Sp)-2-[(1-N,N-Dimethylamino)ethyl]-1-
(methylphenylphosphino)ferrocene[ (R ,Sz,.R 5)-8]

[0081]

Me

NMez

1) t-BuLi, Et;O, -78° C.~t

2) PhPCl,, -78° C.~1t

3) methylmagnesium
bromide, -78° C.~rt

Fe
®)-1

Me

(Re-SpeRp)-8

[0082] To a solution of (R)—N,N-dimethyl-1-ferrocenyl-
ethylamine [(R)-Ugi’s amine, (R)-1] (2.57 g, 10 mmol) in
Et,O (20 mL) was added 1.5 M t-BuLi solution in pentane
(7.33 mL, 11 mmol) over 10 min via a syringe at —-78° C. After
addition was completed, the mixture was warmed to room
temperature, and stirred for 1.5 h at room temperature. The
resulting red solution was cooled to -78° C. again, and
dichlorophenylphosphine (1.50 mL., 11 mmol) was added in
one portion. After stirring for 10 min at -78° C., the mixture
was slowly warmed to room temperature, and stirred for 1.5 h
at room temperature. Then the mixture was cooled to —78° C.
again, and 3.0 M solution of MeMgBr in Et,O (4.0 mL, 12
mmol) was added via a syringe at =78° C. The mixture was
warmed to room temperature overnight. The reaction was
quenched with saturated NH,CI solution (20 mL). The
organic layer was separated, and the aqueous layer was
extracted with Et,O (20 mL). The combined organic layers
were washed with brine (20 mL), dried (MgSO,,), and con-
centrated. The residue was purified by chromatography
(Si0,, hexane-EtOAc-Et;N=85:10:5) to afford the title com-
pound (3.36 g, 89%) as red oil. "H NMR (CDCl,, 400.13
MHz): 8 1.24 (d, 3H, J=6.7 Hz); 1.56 (d, 3H, J=4.4 Hz); 1.72
(s, 6H); 4.07 (m, 1H), 4.13 (s, 5H); 4.30 (m, 1H), 4.34 (m,
2H); 7.14~7.20 (m, 3H); 7.30~7.37 (m, 2H). *'P NMR
(CDCl,, 162 MHz): & —43.47
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EXAMPLE 9

(ReS£.,S5)-2-[(1-N,N-Dimethylamino )ethyl]-1-
(cyclohexylphenylphosphino)ferrocene[ (R ~,S .. R 5)-
9]

[0083]

Me

NMe,
1) t-BuLi, Et,0, -78° C.~rt
2) PhPCl,, -78° C.~1t

3) eyclohexylmagnesium
chloride, -78° C.~1t

<

®)1

Me

NMez

Ph
p”

Fe
f: ) Cy

(Re-SpeRp)-9

[0084] To a solution of (R)—N,N-dimethyl-1-ferrocenyl-
ethylamine [(R)-Ugi’s amine, (R)-1] (2.57 g, 10 mmol) in
Et,O (20 mL) was added 1.5 M t-BuLi solution in pentane
(7.35mL, 11 mmol) over 10 min via a syringe at -78° C. After
addition was completed, the mixture was warmed to room
temperature, and stirred for 1.5 h at room temperature. The
resulting red solution was cooled to -78° C. again, and
dichlorophenylphosphine (1.50 mL, 11 mmol) was added in
one portion. After stirring for 10 min at -78° C., the mixture
was slowly warmed to room temperature, and stirred for 1.5h
atroom temperature. Then the mixture was cooled to —78° C.
again, and 2.0 M solution of cyclohexymagnesium chloride in
Et,O (6.0 mL, 12 mmol) was added via a syringe at -78° C.
The mixture was warmed to room temperature overnight. The
reaction was quenched with saturated NH,Cl solution (20
mL). The organic layer was separated, and the aqueous layer
was extracted with Et,O (20 mL). The combined organic
layers were washed with brine (20 mL), dried (MgSO,), and
concentrated. The residue was purified by chromatography
(Si0,, hexane-EtOAc-Et;N=90:5:5) to afford the title com-
pound (4.09 g, 92%) as red oil. "H NMR (CDCl,, 400.13
MHz): § 1.16 (d, 3H, J=6.7 Hz); 1.19~2.03 (m, 11H); 1.50 (s,
6H); 3.99 (m, 1H), 4.11 (s, 5H); 4.30 (m, 1H), 4.32 (t, 1H,
J=2.5Hz); 437 (m, 1H), 7.12~7.150 (m, 3H); 7.18~7.23 (m,
2H). *'P NMR (CDCl,, 162 MHz): § —14.86
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EXAMPLE 10

(ReS5.55)-2-[(1-N,N-Dimethylamino )ethyl]-1-
[methyl(tert-butyl)phenylphosphino)ferrocene[ (R,
S;sRp)-10]

[0085]

Me

NMez

1) +-BuLi, B, 0, -78° C.~1t
2) £ BuPCly, -78° C.~1t

3) methyllithium, -78° C.~1t

<

®)-1

Me

OF
:

(Re-Spe-Rp)-10

[0086] To a solution of (R)—N,N-dimethyl-1-ferrocenyl-
ethylamine [(R)-Ugi’s amine, (R)-1](1.29 g, 5 mmol) in Et,O
(15 mL) was added 1.5 M t-BulL.i solution in pentane (3.7 mL,
5.5 mmol) over 10 min via a syringe at =78° C. After addition
was completed, the mixture was warmed to room tempera-
ture, and stirred for 1.5 h at room temperature. The resulting
red solution was cooled to -78° C. again, and tert-butyldi-
chlorophosphine (875 mg, 5.5 mmol) was added in one por-
tion. After stirring for 10 min at -78° C., the mixture was
slowly warmed to room temperature, and stirred for 1.5 h at
room temperature. Then to the mixture a 1.6 M solution of
methyllithium in Et,O (3.75 mL, 6.0 mmol) was added via a
syringe at —78° C. The mixture was warmed to room tem-
perature overnight and filtered through a pad of Celite. The
filtrate was concentrated, and the residue was purified by
chromatography (SiO,, hexane-EtOAc-Et;N=90:5:5) to
afford the title compound (1.54 g, 86%) as red oil. 'H NMR
(CDC(l,,250.13MHz): 8 1.09 (d, 9H, J=12.0Hz), 1.27 (d, 3H,
J=6.7Hz);1.45(d, 3H, J=3.3 Hz); 2.08 (s, 6H); 3.92 (m, 1H),
4.10 (s, 5H), 4.28 (m, 3H). *>'P NMR (CDCl,, 101 MHz): &
-6.47
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EXAMPLE 11
(RS 5,5 5)-2-(1-Acetoxyethyl)-1-[(2-methoxyphe-
nyl)phenylphosphino]ferrocene[(R -,Sz.,Sz)-11]
[0087]

Me
NMez
Ph Aczo
Fe P,{ T»
‘ ’///_.
@ O_An
Re-Spe-Sp-2
Me
OAc
Ph
Fe P/,
‘ ’l//_.
@ O_An
Re-Spe-Sp-11

[0088] A solution of (R-,Sz..S.)-2 (1.18 g, 2.5 mmol) in
acetic anhydride (10 mL) was stirred for 60 h at room tem-
perature. The excess acetic anhydride was removed under
reduced pressure (<1 Torr, <30° C.) to give the title compound
(1.21 g, 100%) as yellow solid, which is pure enough for the
use in the next reaction. 'H NMR (CDCl,, 400.13 MHz): &
1.19 (s, 3H); 1.64 (d, 3H, J=6.5 Hz); 3.90 (s, 3H); 3.92 (m,
1H); 4.07 (s, SH); 4.34 (t, 1H, J=2.6 Hz); 5.55 (m, 1H); 6.15
(m, 1H); 6.87 (td, 1H, J=7.4 and 0.9 Hz); 6.95 (q, 1H, J=4.8
Hz); 7.08~7.21 (m, 6H); 7.35 (m, 1H); *'P NMR (CDCl,, 162
MH?z): & 39.30.

EXAMPLE 12
(RS 5.85)-2-(1-Acetoxyethyl)-1-[(1-naphthyl)phe-
nylphosphino|ferrocene [(R¢, Sz.,Sz)-12]

[0089]
Me
NMez
Ph AcyO
Fe PL R
N it
@ 1I"Np
Re-Spe-Sp-3
Me
OAc
Ph
Fe P-{
‘ "//_.
@ o
Re-Spe-Sp-12
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[0090] A solution of (R,Sz..Sp)-3 (1.47 g, 3.0 mmol) in
acetic anhydride (20 mL) was stirred for 60 h at room tem-
perature. The excess acetic anhydride was removed under
reduced pressure (<1 Torr, <30° C.) to give the title compound
(1.52 g, 100%) as yellow solid, which is pure enough for the
use in the next reaction. 'H NMR (CDCl,, 400.13 MHz): &
1.29 (s, 3H); 1.67 (d, 3H, J=6.5 Hz); 3.72 (s, 5H); 3.94 (m,
1H); 4.35 (t, 1H, J=2.6 Hz); 4.57 (m, 1H); 6.28 (m, 1H),
7.13~7.22 (m, 5H); 7.38~7.43 (m, 2H), 7.53 (ddd, 1H, J=8.0,
6.7and 1.1 Hz), 7.64 (ddd, 1H, J=8.4, 6.8 and 1.4 Hz), 7.89 (t,
2H, J=7.0 Hz); 9.28 (t, 1H, J=7.0 Hz); *'P NMR (CDCl,, 162
MHz): & -39.81.

EXAMPLE 13

(ReSz,Rp)-2-(1-Acetoxyethyl)-1-[(1-naphthyl)
phenylphosphino]ferrocene [(R,Sz,.R5)-13]

[0091]
Me
NMe,
I-Np  Ac,0
Fe PL 22
N it
@ Ph
Re-Spe-Rp-4
/1 Np
P "',,
RC Sre-Rp-13
[0092] A solution of (R.,Sg,.Rp)-4 (1.47 g, 3.0 mmol) in

acetic anhydride (20 mL) was stirred for 60 h at room tem-
perature. The excess acetic anhydride was removed under
reduced pressure (<1 Torr, <30° C.) to give the title compound
(1.52 g, 100%) as yellow solid, which is pure enough for the
use in the next reaction. 'H NMR (CDCl,, 400.13 MHz): &
0.83 (s, 3H); 1.62 (d, 3H, J=6.5 Hz); 3.83 (m, 1H); 4.10 (s,
5H); 4.40 (t, 1H, J=2.6 Hz); 5.61 (m, 1H); 6.21 (m, 1H); 7.11
(ddd, 1H, J=7.0,4.6 and 1.1 Hz), 7.28~7.41 (m, 6H); 7.55~7.
43 (m, 2H), 7.75 (m, 2H), 8.29 (m, 1H); *'P NMR (CDCl,,
162 MHz): § -31.33.
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EXAMPLE 14
(ReSg.8,)-2-(1-Acetoxyethyl)-1-[(2-naphthyl)phe-
nylphosphino|ferrocene [(R,Sz.,Sp)-14]

[0093]
Me
NMe,
Ph Ac,O
Fe Py L9V
N 1t
@ 2-Np
Re-Spe-Sp-5
Me
OAc
Ph
Fe P/
@ B
Re-Spe-Sp-14
[0094] A solution of (RS, Sz)-5 (1.47 g, 3.0 mmol) in

acetic anhydride (20 mL) was stirred for 60 h at room tem-
perature. The excess acetic anhydride was removed under
reduced pressure (<1 Torr, <30° C.) to give the title compound
(1.52 g, 100%) as yellow solid, which is pure enough for the
use in the next reaction. 'H NMR (CDCl,, 400.13 MHz): &
1.21 (s, 3H); 1.65 (d, 3H, J=6.5 Hz); 3.83 (m, 1H); 4.03 (s,
SH); 4.33 (t, 1H, J=2.6 Hz); 4.57 (m, 1H); 6.24 (m, 1H);
7.19~7.27 (m, SH); 7.46~7.51 (m, 3H), 7.81 (m, 3H), 8.11 (d,
1H, J=10.4 Hz); *'P NMR (CDCl,, 162 MHz): § -22.89.

EXAMPLE 15
(ResSz..Rp)-2-(1-Acetoxyethyl)-1-[(2-naphthyl)
phenylphosphino]ferrocene [(R .Sz, Rz)-15]

[0095]
NMez
_2Np Acy0
—_—
u,,/ 1t
RC'SFe'RP'6
Me
OAc
2-Np
Fe P/,
‘ iy
@ Ph
R¢-Sge-Rp-15



US 2008/0281106 Al

[0096] A solution of (R,Sx.Rz)-6 (1.47 g, 3.0 mmol) in
acetic anhydride (20 mL) was stirred for 60 h at room tem-
perature. The excess acetic anhydride was removed under
reduced pressure (<1 Torr, <30° C.) to give the title compound
(1.52 g, 100%) as yellow solid, which is pure enough for the
use in the next reaction. 'H NMR (CDCl,, 400.13 MHz): &
0.92 (s, 3H); 1.64 (d, 3H, J=6.4 Hz); 3.87 (m, 1H); 4.07 (s,
5H); 4.40 (t, 1H, J=2.6 Hz); 5.61 (m, 1H); 6.23 (m, 1H); 7.27
(ddd, 1H, J=8.2, 6.8 and 1.4 Hz), 7.32~7.38 (m, 3H): 7.39~7.
44 (m, 2H), 7.53~7.57 (m, 2H), 7.60 (d, 1H, J=8.0 Hz), 7.69
(m, 2H), 7.74 (m, 1H); >'P NMR (CDCl,, 162 MHz): 8
-22.58.

EXAMPLE 16

(ReS£.,S5)-2-(1-Acetoxyethyl)-1-[(2-biphenyl)phe-
nylphosphino|ferrocene [(R,Sz.,Sz)-16]

[0097]
Me
NMez
/Ph Aczo
Fe T
N, it
@ 2Biph
Re-Spe-Sp-7
Me
OAc
Ph
7~
F P,
e \,,,,/:
@ 2-Biph
Re-Spe-Sp-16
[0098] A solution of (R,Sz,..Sp)-7 (1.47 g, 3.0 mmol) in

acetic anhydride (20 mL) was stirred for 60 h at room tem-
perature. The excess acetic anhydride was removed under
reduced pressure (<1 Torr, <30° C.) to give the title compound
(1.52 g, 100%) as yellow solid, which is pure enough for the
use in the next reaction. 'H NMR (CDCl,, 400.13 MHz): &
1.25 (s, 3H); 1.52 (d, 3H, J=6.5 Hz); 3.73 (s, 5H); 3.96 (m,
1H); 4.33 (t, 1H, J=2.6 Hz); 4.48 (m, 1H); 5.81 (m, 1H),
7.16~7.27 (m, 6H); 7.38~7.51 (m, 6H), 7.70~7.73 (m, 2H).
3P NMR (CDCls, 162 MHz): § -35.03.
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EXAMPLE 17

(ReS£.,S5)-2-[(1-N-Methylamino )ethyl]-1-[(2-
methoxyphenyl)phenylphosphino]ferrocene[ (R .S,

Sp)-17]
[0099]
Me
OAc
= Np Ph 40% MeNH, (aq.)
e .
| THF— McOH (3:1)
@ O_An
Re-Spe-Sp-11
Me
NHMe
Ph
Fe P/,
‘ "//‘.
@ O_An
Re-SpeSp-17

[0100] A solutionof (R.,Sz.Sp)-11(1.21 g, 2.5 mmol) and
40% methylamine aqueous solution (6.0mL) in THF (20 mL.)
and MeOH (5 mL) was stirred for 3 days at 40° C., and
concentrated. The residue was dissolved in Et,O (20 mL),
washed with brine (10 mL), dried (Na,SO,), and evaporated
under reduced pressure. The crude product was purified by
chromatography (SiO,, hexane-EtOAc-Et;N=80:15:5) to
give the title compound (1.07 g, 94%) as orange crystals. [
NMR (CDCl,, 250.13 MHz): 8 1.44 (d, 3H, J=6.5 Hz); 1.94
(s, 3H); 3.91 (m, 2H); 3.95 (s, 3H); 4.05 (s, SH); 4.29 (t, 1H,
J=2.5Hz);4.46 (m, 1H); 7.90 (dt, 1H, J=7.3 and 1.0 Hz), 6.97
(ddd, 1H,J=8.3,5.0 and 1.0 Hz), 7.15 (ddd, 1H, J=7.3,5.5 and
1.8 Hz), 7.23 (m, 5H); 7.36 (ddd, 1H, J=8.3, 7.3 and 1.8 Hz),
3P NMR (CDCls, 101 MHz): 8 —41.43.

EXAMPLE 18

(ReS£.,S5)-2-[(1-N-Methylamino))ethyl]-1-[(1-
naphthyl)phenylphosphino]ferrocene[(R .S £,,S5)-
18]
[0101]

Me

OAc

e Ph 40% MeNH; (aq.)

Fe o
‘ ity THF—MeOH (4:1)
@ a

Re-Sre-Sp-12
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-continued
Me

NHMe

Re-Spe-Sp-18

[0102] A solution of (R-,S£,.S5)-12 (633 mg, 1.25 mmol)
and 40% methylamine aqueous solution (3.0 mL) in THF (10
ml) and MeOH (2.5 mL) was stirred for 3 days at 40° C., and
concentrated. The residue was dissolved in Et,O (20 mL),
washed with brine (10 mL), dried (Na,SO,), and evaporated
under reduced pressure. The crude product was purified by
chromatography (SiO,, hexane-EtOAc-Et;N=85:10:5) to
give the title compound (549 mg, 92%) as orange crystals. 'H
NMR (CDCl,, 400.13 MHz): 8 1.49 (d, 3H, J=6.6 Hz); 2.07
(s, 3H); 3.69 (s, 5SH); 3.95 (m, 1H); 4.01 (m, 1H); 4.31 (t, 1H,
J=2.5 Hz); 4.48 (m, 1H); 7.23 (m, 5H); 7.39~7.47 (m, 2H);,
7.54 (m, 1H); 7.66 (m, 1H); 7.90 (t, 2H, J=7.9 Hz), 9.25 (dd,
1H, J=7.9 and 6.7 Hz). *'P NMR (CDCl,, 162 MHz): §
-39.91.

EXAMPLE 19

(ReS5,Rp)-2-[(1-N-Methylamino))ethyl]-1-[(1-
naphthyl)phenylphosphino]ferrocene[(R .S z,.Rp)-
1

9]
[0103]
Me
OAc
. P/l'Np 40% MeNH, (aq.)
e .
| THF—MeOH@D
@ Ph
Re-SpeRp-13
Me
NHMe
_-1-Np

:
<: @
o —
=
§

Re-SpeRp-19

[0104] A solution of (R..S5,.Rp)-7 (633 mg, 1.25 mmol)
and 40% methylamine aqueous solution (3.0 mL) in THF (10
ml) and MeOH (2.5 mL) was stirred for 3 days at 40° C., and
concentrated. The residue was dissolved in Et,O (20 mL),
washed with brine (10 mL), dried (Na,SO,), and evaporated
under reduced pressure. The crude product was purified by
chromatography (SiO,, hexane EtOAc-Et;N=85:10:5) to
give the title compound (537 mg, 90%) as orange crystals. 'H
NMR (CDCl,, 400.13 MHz): 8 1.45 (d, 3H, J=6.5 Hz); 1.83
(s,3H);3.82 (m, 1H);3.97 (m, 1H); 4.07 (s, SH); 34.35(t, 1H,

Nov. 13,2008
20

J=2.5 Hz); 4.53 (m, 1H); 7.20 (m, 1H); 7.30~7.36 (m, 5H);
7.40 (m, 1H); 7.56~7.61 (m, 2H); 7.78 (1, 2H, J=8.2 Hz), 8.38
(m, 1H). >'P NMR (CDCl,, 162 MHz): § -32.25.

EXAMPLE 20

(ResS£..85)-2-[(1-N-Methylamino)ethyl-]-1-[(2-
naphthyl)phenylphosphino]ferrocene[(R .S z,.S)-
20]

[0105]

Me

P/ 40% MeNH, (aq.)
. —_— -
THF—MeOH (4:1)

Re-Spe-Sp-14
Me

Re-Spe-Sp-20

[0106] A solution of (R-,S5.,Sz)-14 (633 mg, 1.25 mmol)
and 40% methylamine aqueous solution (3.0 mL) in THF (10
ml.)and MeOH (2.5 mL) was stirred for 3 days at 40° C., and
concentrated. The residue was dissolved in Et,O (20 mL),
washed with brine (10 mL), dried (Na,SO,,), and evaporated
under reduced pressure. The crude product was purified by
chromatography (SiO,, hexane-EtOAc-Et;N=85:10:5) to
give the title compound (513 mg, 86%) as orange crystals. 'H
NMR (CDCl,, 400.13 MHz): 8 1.47 (d, 3H, J=6.7 Hz); 1.98
(s, 3H); 3.82 (m, 1H); 3.98 (m, 1H); 4.02 (s, 5SH); 4.27 (t, 1H,
J=2.5 Hz); 4.47 (m, 1H); 7.27~7.34 (m, SH); 7.50 (m, 2H);,
7.55 (m, 1H); 7.83 (m, 3H); 8.12 (d, 1H, J=10.0 Hz). *'P
NMR (CDCl;, 162 MHz): § -22.68.

EXAMPLE 21

(ResS5,Rp)-2-[(1-N-Methylamino )ethyl]-1-[(2-
naphthyl)phenylphosphino]ferrocene[(R .S -,.Rp)-

21]
[0107]
Me
OAc
. P/Z'NP 40% MeNH; (aq.)
e
| THF—MeOH @:1)
@ Ph
Re-See-Rp-15
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-continued
Me

:

<: )
o —
=

Re-Spe-Rp-21

[0108] A solution of (R,Sz,.R5)-15 (633 mg, 1.25 mmol)
and 40% methylamine aqueous solution (3.0 mL) in THF (10
ml) and MeOH (2.5 mL) was stirred for 3 days at room
temperature, and concentrated. The residue was dissolved in
Et,O (20 mL), washed with brine (10 mL), dried (Na,SO,),
and evaporated under reduced pressure. The crude product
was purified by chromatography (Si0,, hexane-EtOAc-Et;N
85:10:5) to give the title compound (537 mg, 90%) as orange
crystals.

EXAMPLE 22

(RS 5.55)-2-[(1-N-Methylamino )ethyl]-1-[ (2-bi-
phenyl)phenylphosphino]ferrocene| (R ,Sz.,S5)-22]

[0109]
Me
OAc
N Ph 40% MeNT, (ag.)
| THF—MeOH (4:1)
ZC::;)fJﬁph
Re-Spe-Sp-16
Me
NHMe
Ph
Fe P-.{
‘ "/,_.
Z:::;>§4aph
Re-Spe-Sp-22
[0110] A solution of (R.Sz,.Sz)-16 (1.063 g, 2 mmol) and

40% methylamine aqueous solution (5.0mL) in THF (10 mL)
and MeOH (2.5 mL) was stirred for 2 days at 40° C., and
concentrated. The residue was dissolved in Et,O (20 mL),
washed with brine (10 mL), dried (Na,SO,), and evaporated
under reduced pressure. The residue was recrystallized from
hexane to give the title compound (621 mg, 62%) as orange
crystals. 'HNMR (CDCl,, 400.13 MHz): § 1.34 (d, 3H, J=6.6
Hz); 1.93 (s, 3H); 3.60 (m, 1H); 3.74 (s, SH); 4.08 (m, 1H);
4.30(t, 1H,J=2.5Hz); 4.39 (m, 1H); 7.19~7.24 (m, 5H); 7.31
(m, 1H); 7.38~7.50 (m, 5H), 7.59 (ddt, 1H, J=7.6,3.5 and 1.0
Hz); 7.67 (m, 2H). *'P NMR (CDCl,, 162 MHz): § —34.29.
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EXAMPLE 23

(RS £..S5)-2-[1-[(N-Methyl-N-diphenylphosphino)
amino |ethyl]-1-[(2-methoxyphenyl)phenylphos-
phino]ferrocene[(R,S,,S5)-23]

[0111]
Me
NHMe
o Ph,PCL Et;N
Fe P, —_
‘ K toluene, 1t, 16 h
@ O_An
Re-Spe-Sp-17
Me
Me
N/
\PPh
Ph 2
Fe P~{
‘ "/,'.
@ O_An
Re-Spe-Sp-23

[0112] To asolution of (R-.S£,.S5)-17 (457 mg, 1.0 mmol)
and Et;N (0.28 mL, 2.0 mmol) in toluene (2.5 mL) was added
dropwise chlorodiphenylphosphine (188 ul, 1.05 mmol) at
0° C. Then the mixture was warmed to room temperature, and
stirred overnight (16 h) at room temperature, and filtered
through a pad of neutral aluminium oxide and eluted with
hexane-EtOAc (9:1) to afford the title compound (570 mg,
89%) as orange foam. 'HNMR (CDCl,, 400.13 MHz): § 1.55
(d, 3H, J=6.9 Hz); 2.17 (d, 3H, J=3.4 Hz); 3.87 (s, 8H, over-
lap); 4.24 (m, 1H); 4.38 (t, 1H, J=2.4 Hz); 4.53 (m, 1H); 4.88
(m, 1H); 6.88~6.96 (m, 6H); 7.03~7.14 (m, 6H); 7.20~7.37
(m, 7H). *'P NMR (CDCl,, 162 MHz): 3 56.93, -38.64.

EXAMPLE 24
(RS £..S5)-2-[1-[(N-Methyl-N-diphenylphosphino)
amino]ethyl]-1-[(1-naphthyl)phenylphosphino|fer-
rocene[(R.,S.,Sp)-24]

[0113]

Me

P/ Ph,PCl, EtzN
toluene, rt, 16 h
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-continued
Me

Ph PPhy

Re-Spe-Sp-24

[0114] To asolution of (R,S,.S5)-18 (477 mg, 1.0 mmol)
and Et;N (0.28 mL, 2.0 mmol) in toluene (2.5 mL) was added
dropwise chlorodiphenylphosphine (188 ul, 1.05 mmol) at
0° C. Then the mixture was warmed to room temperature, and
stirred overnight (16 h) at room temperature, and filtered
through a pad of neutral aluminium oxide and eluted with
hexane-EtOAc (9:1) to afford the title compound (595 mg,
90%) as orange foam. "HNMR (CDCl,, 400.13 MHz): 8 1.53
(d, 3H, I=6.8 Hz); 2.22 (d, 3H, J=3.3 Hz); 3.44 (s, SH); 4.26
(m, 1H); 4.39 (t, 1H, J=2.4 Hz); 4.50 (m, 1H); 5.03 (m, 1H);
6.85~6.94 (m, 4H); 7.04 (tt, 1H, J=7.2 and 1.4 Hz); 7.09~7.19
(m, 4H); 7.27~7.31 (m, 4H); 7.37~7.43 (m, 3H); 7.48~7.56
(m, 2H); 7.68 (m, 1H); 7.89 (dd, 2H, J=8.1 and 4.8 Hz); 9.44
(t, 1H, J=7.6 Hz). >'P NMR (CDCl,, 162 MHz): & 59.59,
-41.03.

EXAMPLE 25

(ResSg,Rp)-2-[1-[(N-Methyl-N-diphenylphosphino)
amino]ethyl]-1-[(1-naphthyl)phenylphosphino|fer-
rocene[(R.,S,.R5)-25]

[0115]
Me
NHMe
. 1N PhyPCI, BtzN
e 1 —_—_—
\”I/,.. toluene, 1t, 16 h
@ Ph
Re-Spe-Sp-19
Me
Me
N/
™ PPh,
1-Np
Fe P~{
’l//..
@ Ph
Re-Spe-Rp-25

[0116] Toasolutionof (R.,Sz..R5)-19 (239 mg, 0.5 mmol)
and Et;N (0.14 mL, 1.0 mmol) in toluene (2.0 mL) was added
dropwise chlorodiphenylphosphine (89 uL., 0.50 mmol) at 0°
C. Then the mixture was warmed to room temperature, and
stirred overnight (16 h) at room temperature, and filtered
through a pad of neutral aluminium oxide and eluted with
hexane-EtOAc (9:1) to afford the title compound (304 mg,
92%) as orange foam. "HNMR (CDCl,, 400.13 MHz): 8 1.51
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(d, 3H, J=6.8 Hz); 2.08 (d, 31, J=3.5 Hz); 3.90 (s, SH); 4.15
(m, 1H); 4.44 (t, 1H, 1=2.4 Hz); 4.58 (m, 1H); 5.02 (m, 1H);
6.4 (td, 2H, J=8.0 and 1.8 Hz); 6.62 (td, 2, J=8.0 and 1.2
Hz); 6.80 (tt, 1H, J=7.4 and 1.2 Hz); 7.20 (m, 1H); 7.15~7.30
(m, H); 7.58~7.64 (m, H); 7.70 (dd, 1H, J=6.8 and 1.8 Hz);
7.79 (d, 1H, J=8.0 Hz); 8.20 (dd, 1H, J=8.2 and 2.4 Hz). 3'P
NMR (CDCL,, 162 MHz): 8 58.81, -31.16.

EXAMPLE 26

(RS £..S5)-2-[1-[(N-Methyl-N-diphenylphosphino)
amino]ethyl]-1-[(2-biphenyl)phenylphosphino|fer-
rocene[(R.,S.,Sp)-26]

[0117]

Me

NHMe

o Ph PhyPCI, BtzN

Fe ",
‘ Yt toluene, 1t, 16 h
©Z-Biph

Re-Spe-Sp-22
Me
Me

N/

Ph PPhy

Fe P,
‘ ‘g
©Z-Biph

Re-Sre-Sp-26

[0118] To asolution of (R.S£,,Sz)-22 (XX mg, 1.0 mmol)
and Et;N (0.28 mL, 2.0 mmol) in toluene (2.5 ml.) was added
dropwise chlorodiphenylphosphine (188 ul, 1.05 mmol) at
0° C. Then the mixture was warmed to room temperature, and
stirred overnight (16 h) at room temperature, and filtered
through a pad of neutral aluminium oxide and eluted with
hexane-EtOAc (9:1) to afford the title compound (XX mg, X
%) as orange foam. "H NMR (CDCl,, 250 MHz): 8 1.50 (d,
3H, J=6.6 Hz); 2.16 (d, 3H, J=3.0 Hz); 3.68 (s, 5SH); 4.08 (m,
1H); 4.33 (m, 1H); 4.42 (m, 2H); 4.56 (m, 1H); 6.98~7.75 (m,
24H). *'P NMR (CDCl,, 101 MHz): § 50.70, =35.51.

EXAMPLE 27
(RCs SFes SPsRa)_27
[0119]
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-contlnued

Et3N
/ toluene 1t, 16 h

ph Me

Fe
‘4, s

o—"ci

Re-Sre-Sp, Rqe-27

[0120] To asolution of (R,S,,S5)-17 (229 mg, 0.5 mmol)
and Et;N (209 ul, 1.5 mmol) in toluene (4 mL) was added
(R)-4-chloro-3,5-dioxa-4-phosphacyclohepta[2,1-a:3,4-2']
binaphthalene (175 mg, 0.5 mmol) at 0° C. Then the mixture
was warmed to room temperature, and stirred overnight (16 h)
at room temperature, and filtered through a pad of neutral
aluminium oxide and eluted with hexane-EtOAc (9:1) to
afford the title compound (359 mg, 93%) as orange foam. 'H
NMR (CDCl,, 250 MHz): & 1.73 (d, 3H, J=3.5 Hz); 1.79 (d,
3H, J=7.0 Hz); 3.71 (s, 3H), 3.80 (m, 1H); 4.00 (s, SH); 4.31
(t, 1H, J=2.3 Hz); 4.46 (m, 1H); 5.34 (m, 1H); 6.60 (ddd, 1H,
J=7.5,4.5 and 1.8 Hz), 6.72 (t, 1H, J=7.5 Hz), 6.82 (dd, 1H,
J=8.8 and 0.8 Hz), 6.91 (ddd, 1H, J=8.8, 4.5 and 0.8 Hz),
7.15~7.38 (m, 11H), 7.58 (m, 2H), 7.77~7.87 (m, 4H). >'P
NMR (CDCl,, 101 MHz): § 148.51 (d,J=53.4 Hz); -35.37 (d,
J=53.4 Hz).

EXAMPLE 28
(RCSSFes SPsRa) -28
[0121]
Me

NHMe

23
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-continued

l l (0]
\ EtzN
P—~Cl

—_—
/ toluene, rt, 16 h
(0]

Re-Sre-Sp, Re28

[0122] To aselution of (R,S4,.S5)-18(239 mg, 0.5 mmol)
and Et;N (209 ul, 1.5 mmol) in toluene (4 mL) was added
(R)-4-chloro-3,5-dioxa-4-phosphacyclohepta[2,1-a:3,4-2']

binaphthalene (175 mg, 0.5 mmol) at 0° C. Then the mixture
was warmed to room temperature, and stirred overnight (16 h)
at room temperature, and filtered through a pad of neutral
aluminium oxide and eluted with hexane-EtOAc (9:1) to
afford the title compound (376 mg, 95%) as orange foam. ‘H
NMR (CDCl,, 250 MHz): 8 0.87 (d, 3H, J=7.0 Hz); 1.82 (d,
3H, J=3.5 Hz); 3.62 (s, SH); 4.06 (m, 1H); 4.33 (1, 1H, J=2.3
Hz); 4.46 (m, 1H); 5.43 (m, 1H); 6.69 (dd, 1H, J=8.8 and 0.8
Hz), 7.07~7.93 (m, 22H), 9.39 (m, 1H). >'P NMR (CDCl,,
101 MHz): 8 148.37 (d, I=61.8 Hz); -41.59 (d, J=61.8 Hz).

EXAMPLE 29
ReSk.85S8,)-29

[0123]

Me
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-continued
‘ ‘ QO
\ EtzN
P—C ———————=
/ toluene, rt, 16 h

O‘ O
(8-
o
i O
“No

Ph Me
v,

Me

N

Re-Spe-Sp, Sq-29

[0124] To a solution of (R,Sz..S5)-18(239 mg, 0.5 mmol)
and Et;N (209 ul, 1.5 mmol) in toluene (4 mL) was added
(8)-4-chloro-3,5-dioxa-4-phosphacyclohepta2,1-a:3,4-a']
binaphthalene (175 mg, 0.5 mmol) at 0° C. Then the mixture
was warmed to room temperature, and stirred overnight (16 h)
at room temperature, and filtered through a pad of neutral
aluminium oxide and eluted with hexane-EtOAc (9:1) to
afford the title compound (373 mg, 95%) as orange foam. 'H
NMR (CDCl,, 250 MHz): 8 1.71 (d, 3H, J=7.0 Hz); 1.99 (d,
3H, J=3.3 Hz); 3.51 (s, SH); 4.27 (m, 1H); 4.42 (1, 1H, J=2.3
Hz); 4.51 (m, 1H); 5.28 (m, 1H); 5.98 (d, 1H, J=8.5 Hz),
7.10~7.95 (m, 22H), 9.42 (m, 1H). *'P NMR (CDCl,, 101
MH?z): & 150.23 (d, J=34.3 Hz); -44.84 (d, J=34.3 Hz).

EXAMPLE 30
(RCsSFesRPs Ra) -30

[0125]

Me
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-contlnued

Eth
/ toluene 1,16 h

/1 Np

“ty s

Re-Spe-Rp, Re-30

[0126] To asolution of (R, Sz, R5)-19(239 mg, 0.5 mmol)
and Et;N (209 ul, 1.5 mmol) in toluene (4 mL) was added
(R)-4-chloro-3,5-dioxa-4-phosphacyclohepta[2,1-a:3,4-2']
binaphthalene (175 mg, 0.5 mmol) at 0° C. Then the mixture
was warmed to room temperature, and stirred overnight (16 h)
at room temperature, and filtered through a pad of neutral
aluminium oxide and eluted with hexane-EtOAc (9:1) to
afford the title compound (371 mg, 95%) as orange foam. ‘H
NMR (CDCl,, 250 MHz): & 1.64 (d, 3H, J=3.5 Hz); 1.79 (d,
3H, J=7.0 Hz); 4.88 (m, 1H); 4.07 (s, SH); 4.38 (1, 1H, J=2.3
Hz); 4.52 (m, 1H); 4.91 (dd, 1H, J=8.5 and 0.8 Hz), 5.37 (m,
1H); 6.91 (m, 1H); 7.10~7.90 (m, 21H), 8.44 (m, 1H). >'P
NMR (CDCl;, 101 MHz): § 148.18 (d, J=54.5 Hz); -32.43 (d,
J=54.5 Hz).

EXAMPLE 31
(RCSSFes RPsSa)_3l

[0127]

Me
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-continued

OQ (6]
\
P—Cl

8-

EtzN
toluene, rt, 16 h

Re-SpeRp, Sp-31

[0128] To asolution of (RS, Rz)-19(239 mg, 0.5 mmol)
and Et;N (209 ul, 1.5 mmol) in toluene (4 mL) was added
(8)-4-chloro-3,5-dioxa-4-phosphacyclohepta2,1-a:3,4-a']
binaphthalene (175 mg, 0.5 mmol) at 0° C. Then the mixture
was warmed to room temperature, and stirred overnight (16 h)
at room temperature, and filtered through a pad of neutral
aluminium oxide and eluted with hexane-EtOAc (9:1) to
afford the title compound (377 mg, 95%) as orange foam. ‘H
NMR (CDCl,, 250 MHz): 8 1.69 (d, 3H, J=6.8 Hz); 1.86 (d,
3H, J=3.5 Hz); 3.97 (s, SH); 4.07 (m, 1H); 4.43 (1, 1H, J=2.3
Hz); 4.58 (m, 1H); 5.15 (m, 1H); 5.88 (dd, 1H, J=8.5 and 0.8
Hz), 6.91 (m, 1H); 7.10~7.92 (m, 22H), 8.31 (m, 1H). *'P
NMR (CDCls, 101 MHz): § 150.64 (d,J=21.8 Hz); -33.31 (d,
J=21.8 Hz).

EXAMPLE 32

(RCSSFes SPsRa) -32

[0129]
Me
NHMe
Ph
Fe P/, +
‘ "t o

@ 2-Biph

R,—Sp.—S,-22

25
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L
\

P—

/
T

EgN
—_—
toluene, rt, 16 h

Cl

Me

Fe
ity

@P(

2-Biph

R,—Spe—Sp, Re-32

[0130] To asolution of (R,Sz..S5)-22(252 mg, 0.5 mmol)
and Et;N (209 ul, 1.5 mmol) in toluene (4 mL) was added
(R)-4-chloro-3,5-dioxa-4-phosphacyclohepta[2,1-a:3,4-2']
binaphthalene (175 mg, 0.5 mmol) at 0° C. Then the mixture
was warmed to room temperature, and stirred overnight (16 h)
at room temperature, and filtered through a pad of neutral
aluminium oxide and eluted with hexane-EtOAc (9:1) to
afford the title compound (392 mg, 96%) as orange foam. 'H
NMR (CDCl,, 250 MHz): 8 1.63 (d, 3H, J=7.0 Hz); 1.76 (d,
3H, J=3.5 Hz); 3.69 (s, SH); 4.09 (m, 1H); 4.30 (t, 1H, J=2.3
Hz); 4.34 (m, 1H); 4.89 (m, 1H); 6.71 (dd, 1H, J=8.5 and 0.8
Hz), 7.07~7.84 (m, 25H). >'P NMR (CDCl,, 101 MHz): &
149.07 (d, J=60.5 Hz); -36.59 (d, J=60.5 Hz).

EXAMPLE 33

(ReS5.,.S5)-2-(1-Dicyclohexylphosphino)ethyl]-1-
[(2-methoxyphenyl)phenylphosphino]ferrocene[ (R,

SssSp)-33]
[0131]
Me
OAc
. _-Ph Cy,PH
"',,,I AcOH
l & t, 16 h
0-An

B

R,—Spe—S,-11
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Me
PCy»
Ph
Fe P.{
‘ iy
@ O_An
R,—Sp.—8,-33
[0132] A solution of (R,Sz,.S5)11 (486 mg, 1.0 mmol)

and dicyclohexylphosphine (243 uL, 1.2 mmol) in acetic acid
(3 mL) was stirred overnight at room temperature, and poured
into 10% K,COj; aqueous solution (60 mL) with stirring,
extracted with Et,O (2x25 mL). The combined ether layers
were dried (MgSO,) and concentrated. The residue was puri-
fied by chromatography (SiO,, hexane-EtOAc=9:1) to afford
the title compound (601 mg, 96%) as orange crystals. "H
NMR (CDCl;, 250.13 MHz): § 1.08~1.68 (m, 25H), 3.12 (m,
1H), 3.91 (s, SH), 4.07 (m, 1H), 4.29 (t, 1H, J=2.3 Hz); 4.38
(m, 1H), 6.87~6.98 (m, 2H), 7.15~7.25 (m, 6H), 7.35 (t, 1H,
J=7.3 Hz); >'P NMR (CDC,, 101.25 MHz): 8 15.58 (d,
J=23.2 Hz); -42.23 (d, J=23.2 Hz).

EXAMPLE 34

(RS £..55)-2-(1-Dicyclohexylphosphino)ethyl]-1-
[(1-naphthyl)phenylphosphino|ferrocene[(R .Sz,

S,)-34]
[0133]
Me
OAc
_Ph Cy,PH
"',,,I AcOH
e t, 16 h

R,—Sp.—S,-34

[0134] A solution of (R.S£,,Sp)-12 (506 mg, 1.0 mmol)
and dicyclohexylphosphine (243 uL, 1.2 mmol) in acetic acid
(3 mL) was stirred overnight at room temperature, and poured
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into 10% K,CO; aqueous solution (60 mL) with stirring,
extracted with Et,O (2x25 mL). The combined ether layers
were dried (MgSO,) and concentrated. The residue was puri-
fied by chromatography (SiO,, hexane-EtOAc=9:1) to afford
the title compound (613 mg, 95%) as orange crystals. 'H
NMR (CDCl,, 400.13 MHz): 8 1.14~1.57 (m, 25H); 3.22 (m,
1H); 3.40 (s, SH); 4.08 (m, 1H); 4.23 (t, 1H, ]=2.4 Hz); 4.31
(m, 1H); 7.16~7.22 (m, 5H); 7.36 (dd, 1H, J=8.0 and 7.2 Hz);
7.45~7.49 (m, 2H); 7.60 (ddd, 1H, J=8.5, 6.8 and 1.4 Hz),
7.82 (t, 2H, J=8.1 Hz); 9.28 (dd, 1H, J=7.6 and 6.8 Hz). *'P
NMR (CDCls, 162 MHz): 8 17.46 (d, J=27.7 Hz); 42.43 (d,
J=27.7 Hz).

EXAMPLE 35

(ReS5.Rp)-2-(1-Dicyclohexylphosphino)ethyl]-1-
[(1-naphthyl)phenylphosphino]ferrocene[(R,S .

Rp)-35]
[0135]
Me
OAc

_ANp Cy,PH

P =
AcOH

[ RKE It,cl6h

Fe
@ Ph

R,—Sp.—R,-13

[0136] A solution of (R.S£,.Sp)-13 (506 mg, 1.0 mmol)
and dicyclohexylphosphine (243 uL, 1.2 mmol) in acetic acid
(3 mL) was stirred overnight at room temperature, and poured
into 10% K,CO; aqueous solution (60 mL) with stirring,
extracted with Et,O (2x25 mL). The combined ether layers
were dried (MgSO,) and concentrated. The residue was puri-
fied by chromatography (SiO,, hexane-EtOAc=9:1) to afford
the title compound (618 mg, 95%) as orange crystals. ‘H
NMR (CDCl;, 250.13 MHz): 8 0.84~1.85 (m, 25H), 3.16 (m,
1H), 3.96 (s, SH), 4.00 (m, 1H), 4.35 (t, 1H, J=2.3 Hz); 4.41
(m, 1H), 7.29~7.40 (m, 7H), 7.62~7.79 (m, 4H), 8.33 (m,
1H);*'P NMR (CDCl;, 101.25 MHz): 8 14.93 (d, J=22.8 Hz);
-34.80 (d, I=22.8 Hz).
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EXAMPLE 36

(RS £..55)-2-(1-Dicyclohexylphosphino)ethyl]-1-
[(2-naphthyl)phenylphosphino|ferrocene[(R .S,

P,
[0137]
Me
OAc
Cy,PH
> /Ph Y2
ey, AcOH
/4
‘ 1t, 16 h

Ro——Sp—S,-36

[0138] A solution of (R,Sz,.Sz)-14 (506 mg, 1.0 mmol)
and dicyclohexylphosphine (243 uL, 1.2 mmol) in acetic acid
(3 mL) was stirred overnight at room temperature, and poured
into 10% K,COj; aqueous solution (60 mL) with stirring,
extracted with Et,O (2x25 mL). The combined ether layers
were dried (MgSO,) and concentrated. The residue was puri-
fied by chromatography (SiO,, hexane-EtOAc=9:1) to afford
the title compound (599 mg, 93%) as orange crystals. ‘H
NMR (CDCl;, 250.13 MHz): § 1.15~1.71 (m, 25H), 3.26 (m,
1H), 3.79 (s, SH), 4.10 (m, 1H), 4.29 (t, 1H, J=2.3 Hz); 4.37
(m, 1H), 7.17~7.24 (m, 5H), 7.34 (m, 1H), 7.50 (d, 1H, J=9.5
Hz); 7.50 (dd, 1H, J=3.0 and 1.5 Hz); 7.57 (ddd, 1H, J=8.3,
5.0and 1.5Hz); 7.81 (d, 1H, J=8.5Hz); 7.87 (m, 1H), 8.31 (d,
1H, J=9.5 Hz); *'P NMR (CDCls, 101.25 MHz): § 15.67 (d,
J=30.9 Hz); -34.20 (d, J=30.9 Hz).

EXAMPLE 37

(ResS5.Rp)-2-(1-Dicyclohexylphosphino)ethyl]-1-
[(2-naphthyl)phenylphosphino|ferrocene[(R .S,

R,)-37]
[0139]
Me
OAc
s 2-Np Cy,PH
."”I/ AcOH
[ A i, 16 h
Ph

B

R,—Sp.—Ry-15

27
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-continued
Me
PCyy
2-Np
Fe P-{
‘ iy
@ Ph
R;—Sp.—R,37
[0140] A solution of (R,Sz,.Sz)-15 (506 mg, 1.0 mmol)

and dicyclohexylphosphine (243 uL, 1.2 mmol) in acetic acid
(3 mL) was stirred overnight at room temperature, and poured
into 10% K,CO; aqueous solution (60 mL) with stirring,
extracted with Et,O (2x25 mL). The combined ether layers
were dried (MgSO,) and concentrated. The residue was puri-
fied by chromatography (SiO,, hexane-EtOAc=9:1) to afford
the title compound (608 mg, 94%) as orange crystals. "H
NMR (CDCl;, 250.13 MHz): 8 1.07~1.68 (m, 25H), 3.26 (m,
1H), 3.85 (s, SH), 4.07 (m, 1H), 4.34 (t, 1H, J=2.3 Hz); 4.40
(m, 1H), 7.30~7.77 (m, 12H); *'P NMR (CDCl,, 101.25
MHz): & 15.56 (d, J=33.1 Hz); -25.12 (d, J=33.1 Hz).

EXAMPLE 38

(ReS5.,.S5)-2-(1-Dicyclohexylphosphino)ethyl]-1-
[(2-biphenyl)phenylphosphino]ferrocene[(R,Sz,,

S,)-38]
[0141]
Me
OAc
Ph Cy,PH
-~ _—
Fe ., AcOH
e i, 16 h

@ 2-BiPh

R,—Sp.—S,-16

PCy2

Ph
P/

Fe -,
KN

@ 2-BiPh

Re——Sp.—S,-38

[0142] A solution of (R,Sz,.Sz)-16 (531 mg, 1.0 mmol)
and dicyclohexylphosphine (243 uL, 1.2 mmol) in acetic acid
(3 mL) was stirred overnight at room temperature, and poured
into 10% K,CO; aqueous solution (60 mL) with stirring,
extracted with Et,O (2x25 mL). The combined ether layers
were dried (MgSO,) and concentrated. The residue was puri-
fied by chromatography (SiO,, hexane-EtOAc=9:1) to afford
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the title compound (650 mg, 97%) as orange crystals. 'H
NMR (CDCl,, 250.13 MHz): § 1.02~1.72 (m, 25H), 2.93 (m,
1H), 3.66 (s, SH), 3.76 (m, 1H), 4.29 (t, 1H, J=2.3 Hz); 4.32
(m, 1H), 7.14~7.69 (m, 14H); >'P NMR (CDCl,, 101.25
MHz): & 18.44 (d, J=36.7 Hz); -37.67 (d, J=36.7 Hz).

EXAMPLE 39

(ReS5.55)-2,2'-Bis[(1-N,N-dimethylamino )ethyl]-
1,1'-bis[(2-methoxyphenyl)phenylphosphino|fer-
rocene[(R,S.,S5)-40]

[0143]
Me
NMez
1) t-BuLi, Et,0, -78° C. ~1t
Fo 2) PhPCly, -78° C. ~1t
3) o-AnLi, -78° C.~ 1t
©\/ NMe,
Me
(R.R)-39
Me
NMez
Ph
Fe Pu{
‘ 1y,
o-An
MezN
e,
Ph ‘ “o-An
Me a
Re——Spe—S,-40
[0144] To asolution of (R,R)-1,1'-bis(1-N,N-dimethylami-

noethyl)ferrocene[(R,R)-20] (986 mg, 3.0 mmol) in Et,O (30
ml) was added 1.5 M t-BuL.i solution in pentane (6.0 mL,, 9
mmol) over 10 min via a syringe at -78° C. After addition was
completed, the mixture was warmed to room temperature,
and stirred for 1.5 h at room temperature. The resulting red
solution was cooled to -78° C. again, and dichlorophe-
nylphosphine (1.22 mL, 9.0 mmol) was added in one portion.
After stirring for 10 min at -78° C., the mixture was slowly
warmed to room temperature, and stirred for 1.5 h at room
temperature. The mixture was then cooled to -78° C. again,
and a solution of (2-methoxy)phenyllithium [prepared from
2-bromoanisole (1.87 g, 10 mmol) and 1.5 M t-BulL.i solution
in pentane (13.3 mL, 20 mmol) in Et,O (50 mL) at -78° C.]
was added slowly via a cannula. The mixture was warmed to
room temperature overnight, and filtered through a pad of
Celite. The filtrate was concentrated. The residue was purified
by chromatography (SiO,, hexane-EtOAc-Et;N=80:15:5) to
afford the title compound (1.10 g, 48%) as yellow foam. ‘H
NMR (CDCl,, 400.13 MHz): & 1.28 (d, 6H, J=6.7 Hz); 1.71
(s, 12H); 3.16 (m, 2H); 3.84 (s, 6H); 4.05 (m, 2H); 4.16 (m,
2H); 4.53 (t, 2H, J=2.3 Hz); 6.62 (1, 2H, J=7.4 Hz); 6.73 (dd,
2H, J=8.1 and 4.6 Hz); 6.85 (ddd, 2H, J=7.4, 5.3 and 1.8 Hz);
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7.03~7.11 (m, 10H); 7.17 (td, 2H, J=8.5 and 1.6 Hz); >'P
NMR (CDCl,, 162 MHz): & -39.53 (s).

EXAMPLE 40

ReS5.55)-2,2'-Bis[(1-N,N-dimethylamino)ethyl]-
1,1'-bis[(1-naphthyl)phenylphosphino]ferrocene
[(Re:SpeSp)-41]

[0145]
Me
NMez
1) t-BuLi, E,0, -78° C. ~it
Fo 2) PhPCly, -78° C. ~1t
3) 1-NpLi, -78° C~ 1t
©\/NMe2
Ve
(R.R)-20
Me
Re—Spe—Sp-41
[0146] To asolution of (R,R)-1,1'-bis(1-N,N-dimethylami-

noethyl)ferrocene[(R,R)20] (986 mg, 3.0 mmol) in Et,O (30
ml) was added 1.5 M t-BuL.i solution in pentane (6.0 mL,, 9
mmol) over 10 min via a syringe at -78° C. After addition was
completed, the mixture was warmed to room temperature,
and stirred for 1.5 h at room temperature. The resulting red
solution was cooled to -78° C. again, and dichlorophe-
nylphosphine (1.22 mL, 9.0 mmol) was added in one portion.
After stirring for 10 min at —=78° C., the mixture was slowly
warmed to room temperature, and stirred for 1.5 h at room
temperature. The mixture was then cooled to -78° C. again,
and a solution of 1-naphthyllithium [prepared from 1-bro-
monaphthalene (2.07 g, 10 mmol) and 1.5 M t-Bul.i solution
in pentane (13.3 mL, 20 mmol) in Et,O (50 mL) at -78° C.]
was added slowly via a cannula. The mixture was warmed to
room temperature overnight, and filtered through a pad of
Celite. The filtrate was concentrated. The residue was purified
by chromatography (SiO,, hexane-EtOAc-Et;N=80:15:5) to
afford the title compound (827 mg, 35%) as yellow crystals.
'H NMR (CDCl,, 400.13 MHz): § 1.28 (d, 6H, 1=6.8 Hz);
1.74 (s, 12H); 2.49 (m, 2H); 4.01 (t, 2H, J=2.3 Hz); 4.06 (m,
2H); 4.08 (m, 2H); 6.87~6.93 (m, 4H); 6.99~7.09 (m, 10H);
7.50 (td, 2H, J=8.1 and 1.1 Hz); 7.53 (td, 2H, J=6.8 and 1.3
Hz); 7.70 (d, 2H, J=8.1 Hz); 7.83 (d, 2H, J=8.1 Hz); 9.16 (1,
2H, J=7.1 Hz); *'P NMR (CDCl,, 162 MHz): § =39.47 (s).
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EXAMPLE 41

(RS 5.85)-2,2'-Bis[(a-N,N-dimethylamino)phenyl-
methyl]-1,1'-bis[(1-naphthyl)phenylphosphino|fer-
rocene[(R-,Sz.,Sp)-43]

[0147]
Ph
NMe,
1) t-BuLi, E;0, -78° C. ~t
Fo 2) PhPCly, -78° C. ~1t
3) 1-NpLi, -78° C. ~ 1t
©\/NM62
B
(R.R)-42
Ph
[0148] To a solution of (R,R)-1,1'-bis[(c-N,N-dimethy-

lamino)phenylmethyl]ferrocene [(R,R)-23] (903 mg, 2.0
mmol) in Et,O (20 mL.) was added 1.5 M t-Bul.i solution in
pentane (4.0 mL., 6 mmol) over 10 min via a syringe at —78°
C. After addition was completed, the mixture was warmed to
room temperature, and stirred for 1.5 h at room temperature.
The resulting red solution was cooled to —78° C. again, and
dichlorophenylphosphine (814 ul,, 6.0 mmol) was added in
one portion. After stirring for 10 min at -78° C., the mixture
was slowly warmed to room temperature, and stirred for 1.5 h
at room temperature. The mixture was then cooled to —78° C.
again, and a solution of 1-naphthyllithium [prepared from
1-bromonaphthalene (1.45 g, 7 mmol) and 1.5 M t-Buli
solution in pentane (9.3 mL, 14 mmol) in Et,O (40 mL) at
-78° C.] was added slowly via a cannula. The mixture was
warmed to room temperature overnight, and filtered through
apad of Celite. The filtrate was concentrated. The residue was
purified by chromatography (SiO,, hexane-EtOAc=3:1) to
afford the title compound (369 mg, 20%) as orange crystals.
'"H NMR (CDCls, 250.13 MHz): 8 1.54 (s, 12H); 2.46 (m,
2H); 3.01 (m, 2H); 3.96 (t, 2H, J=2.5 Hz); 4.42 (d, 2H, J=5.3
Hz); 6.69 (ddd, 2H, J=7.3, 4.3 and 1.0 Hz); 6.96~7.34 (m,
22H);7.55 (d, 2H, J=8.3 Hz); 7.66 (d, 4H, J=8.3 Hz); 7.81 (d,
2H, I=7.8 Hz); 9.20 (t, 2H, I=7.8 Hz); >'P NMR (CDCl;, 162
MHz): 6 —41.73 (s).
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EXAMPLE 42

(2'S,4'S,S ., .R )-2-[4'-(methoxymethyl-1,3-dioxan-
2'-y1]-1-[(2-methoxyphenyl)phenylphosphino|fer-
rocene[(2'S,4'S,S,.R)-46]

[0149]

OMe
1) t-BuLi
2) PhPCl,

—_—
3) o-AnLi

O -

(28, 49)-45

OMe

OMe

[0150] To a solution of (25,4S)-4-(methoxymethyl)-2-fer-
rocenyl-1,3-dioxane [(2S,4S)-45] (1.58 g, 5 mmol) in Et,O
(20 mL) was added 1.7 M t-Bul.i solution in pentane (3.23
ml, 5.5 mmol) at -40° C. After stirring for 10 min, the
cooling bath was removed and the mixture was warmed to
room temperature, and stirred for 1.5 h at room temperature.
The resulting orange suspension was cooled to -=78° C., and
dichlorophenylphosphine (750 uL, 5.5 mmol) was added in
one portion. After stirring for 10 min, the cooling bath was
removed and the mixture was warmed to room temperature,
and stirred for 1.5 h at room temperature. The mixture was
cooled to -78° C. again, a solution of 2-methoxyphenyl-
lithium [prepared from 2-bromoanisole (1.22 mL, 6.5 mmol)
and 1.7 M t-BuLi solution in pentane (7.6 mL, 13 mmol) in
Et,O0 (40mL) at -78° C.] was added slowly via a cannula. The
mixture was warmed to room temperature overnight, and
filtered through a pad of Celite. The filtrate was concentrated.
The residue was purified by chromatography (SiO,, hexane-
EtOAc=6:1) to afford the title compound (2.41 g, 91%) as a
mixture of two diastereomers (in about 3.3:1 ratio). Recrys-
tallising from hexane, the major product [(2'S, 4'S,S...R)-
46] (1.41 g, 53%) was obtained. The absolute configuration of
(2'S, 4'S,S5,.R5)-46 was determined by single-crystal X-ray
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diffraction analysis. "H NMR (CDCl,, 400.13 MHz): § 1.42
(dm, 1H, J=13.3 Hz); 1.74 (m, 1H); 2.89 (d, 2H, J=5.1 Hz);
3.03 (s, 3H); 3.59 (m, 1H); 3.60 (s, 3H); 3.74 (m, 1H); 3.91
(td, 1H, J=12.2 and 2.5 Hz); 4.08 (s, SH); 4.24~4.27 (m, 2H);
4.70 (m, 1H); 5.71 (d, 1H, J=2.5 Hz); 6.74 (dd, 1H, J=7.9 and
4.6 Hz); 6.80~6.86 (m, 2H); 7.22 (m, 1H); 7.31~7.35 (m, 3H);
7.51~7.56 (m, 2H). *'P NMR (CDCl,, 162 MHz): 8 -31.46
(s).
EXAMPLE 43
(2'S,4'S,SL.,R p)-2-[4'-(methoxymethyl-1,3-dioxan-
2'-y1]-1-[(1-naphthyl)phenylphosphino]ferrocene
[(2'S, 4SS5 R p)-47]

[0151]

OMe

1) +-BuLi
2) PhPCl,

—_—
3) 1-NpLi

OF

(2, 48)-45

H,,

OMe

OMe

[0152] To a solution of (2S5,4S)-4-(methoxymethyl)-2-fer-
rocenyl-1,3-dioxane [(28,45)-45] (3.16 g, 10 mmol) in Et,O
(40 mL) was added 1.5 M t-Bul.i solution in pentane (7.4 mL,
11 mmol) at —40° C. After stirring for 10 min, the cooling bath
was removed and the mixture was warmed to room tempera-
ture, and stirred for 1.5 h at room temperature. The resulting
orange suspension was cooled to —=78° C., and dichlorophe-
nylphosphine (1.49 mL,, 11 mmol) was added in one portion.
After stirring for 10 min, the cooling bath was removed and
the mixture was warmed to room temperature, and stirred for
1.5 h at room temperature. The mixture was cooled to —=78° C.
again, a solution of 1-naphthyllithium [prepared from 1-bro-
monaphthalene (1.67 mL, 12 mmol) and 1.5 M t-BuLi solu-
tionin pentane (16 mL,, 24 mmol) In Et,O (60 mL.) at -78° C.]
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was added slowly via a cannula. The mixture was warmed to
room temperature overnight, and filtered through a pad of
Celite. The filtrate was concentrated. The residue was purified
by chromatography (SiO,, hexane-EtOAc=6:1) to afford the
title compound (4.95 g, 90%) as a mixture of two diastere-
omers (in about 3.4:1 ratio), which was recrystallised from
hexane to give the pure major product [(2'S, 4'S,Sz., Rp)-47]
(2.53 g, 51%) as yellow needles. The absolute configuration
of (2'S, 4'S,S,,.R;)-47 was determined by single-crystal
X-ray diffraction analysis. "H NMR (CDCl,, 400.13 MHz): &
1.33 (dm, 1H, J=13.3 Hz); 1.63 (m, 1H); 2.56 (dd, 1H, J=10.3
and 4.8 Hz); 2.67 (dd, 1H, J=10.3 and 5.6 Hz); 2.76 (s, 3H);
3.58 (m, 1H); 3.67 (m, 1H); 3.86 (td, 1H, J=12.2 and 2.5 Hz),
4.15 (s, 5H); 3.74 (m, 1H); 4.21 (ddd, 1H,J=11.4,5.1 and 1.0
Hz); 4.31 (t, 1H, J=2.5 Hz); 4.74 (m, 1H); 5.69 (d, 1H, J=2.5
Hz);7.16 (ddd, 1H,J=7.1,5.1 and 1.2 Hz); 7.29-7.40 (m, 6H);
7.54~7.58 (m, 2H); 7.74 (d, 1H, J=8.3 Hz); 7.78 (d, 1H, J=8.0
Hz); 8.25~8.28 (m, 1H). *'P NMR (CDCl,, 162 MHz): &
-28.03 (s).

EXAMPLE 44

(SR p)-2-[(2-Methoxyphenyl)phenylphosphino]
ferrocenecarboxaldehyde [(Sz.,.R5)-48]

[0153]

OMe

p-TsOH (cat.)

CHzclz_ Hzo
Tt,
(2'S,4'S Ske, R,)-46
CHO
0-An

Fe P{

L.
@ Ph
(SFe; Rp)-48

[0154] A mixture ofacetal [(2'S, 4'S,S.,.R)-46] (4.0g,7.5
mmol), p-TsOH.H20 (2.0 g), CH,Cl, (50 mL) and H20 (30
ml) was stirred for 24 h at room temperature. The organic
layer was separated, washed with saturated NaHCO3 solution
(20 mL), dried (MgS04), and evaporated under reduced pres-
sure to give the crude product (3.20 g, 100%) as red crystals,
which was used directly in next step. 'H NMR (CDCl,, 250.
13 MHz): 8 3.66 (s, 3H); 3.96 (m, 1H); 4.22 (s, 5H); 4.71 (1,
1H, J=2.3 Hz); 5.13 (m, 1H); 6.72 (m, 1H); 6.78~6.87 (m,
2H); 7.29 (m, 1H); 7.41 (m, 3H); 7.54 (m, 2H); 10.24 (d, 1H,
J=3.3 Hz). >'P NMR (CDCl,, 101 MHz): 8 —34.66 (s).
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EXAMPLE 45

(SgsRp)-2-[(1-Naphthyl)phenylphosphino|ferrocen-
ecarboxaldehyde [(Sz,., Rp)-49]

[0155]

OMe

p-TsOH (cat.)
CH,CL,—H,0
Tt,

(2'S, 4'S Spe, Rp)-47

CHO

1-Np
P/

‘ .. "///

Fe
@ Ph

(SFe, Rp)-49

[0156] A mixture of acetal [(2'S, 4'S,S..,Rp)-46] (4.73 g,
7.5 mmol), p-TsOH.H,O (2.0 g), CH,Cl, (50 mL) and H,O
(30 mL) was stirred for 24 h at room temperature. The organic
layer was separated, washed with saturated NaHCOj; solution
(20 mL), dried MgSQO,,), and evaporated under reduced pres-
sure to give the crude product (3.36 g, 100%) as red crystals,
which was used directly in next step. 'H NMR (CDCl,, 250.
13 MHz): 8 4.04 (m, 1H); 4.28 (s, 5SH); 4.76 (t, 1H, ]=2.3 Hz),
517 (m, 1H); 7.02 (m, 1H); 7.29~7.48 (m, 6H); 7.52~7.59
(m, 2H); 7.80 (t, 2H, J=7.5 Hz); 8.26 (m, 1H); 10.20 (d, 1H,
J=3.0 Hz). >'P NMR (CDCl,, 101 MHz): § =30.50 (s).

EXAMPLE 46

(S s R p,008)-2-[ (2-Methoxyphenyl )phenylphos-
phino]-1-[(diphenylphosphinophenyl)]ferrocen-
emethanol [(Sz,aS8)-51]

[0157]
CHO
MgBr
o-An
Fe P{
L
Ph PPh,
@ THF, -78 C ~t
(SFe, Rp)-48

31
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-continued

P

~0-
‘,,,,/.oAn
Ph

(SFe, Rp,a1S)-51

[0158] A suspension of magnesium turnings (63 mg, 2.6
mmol) and 2-bromophenyl)diphenylphosphine 50 (887 mg,
2.6 mmol) in THF (10 mL) was refluxed until magnesium was
dissolved (about 30 min). The resulting Gragnard reagent
solution was cooled to -78° C., and a solution of (Sz,,R5)-2-
[(2-methoxyphenyl)phenylphosphino|ferrocenecarbaoxal-
dehyde [(Sz.,Rz)-48] (856 mg, 2.0 mmol) in THF (10 mL)
was added slowly via a syringe. After stirring for 5 h at -78°
C., the mixture was allowed to warm to room temperature and
stirred overnight at room temperature. The reaction was
quenched with saturated NH,Cl solution, and extracted with
CH,CI, (2x20mL). The combined extracts were washed with
brine (20 mL), dried (MgS04), and evaporated under reduced
pressure. The residue was purified by flash chromatography
(Si0,, hexane-EtOAc=6:1) to give yellow crystals (1.297 g,
96%) as a mixture of two diastereomers (~9:1). Major prod-
uct: 'HNMR (CDCl,, 250 MHz): 8 2.91 (br. s, 1H), 3.57 (m,
1H), 3.59 (s, 3H), 4.05 (m, 1H), 4.14 (t, 1H, J=2.4 Hz), 4.18
(s, 5H),4.22 (m, 1H), 6.48~4.56 (m, 2H), 6.68~6.80 (m, 2H),
7.02~7.37 (m, 13H); 7.49~7.58 (m, 2H), 7.67 (m, 1H). *'P
NMR (CDCl;, 101 MHz): § -18.69 (d, J=14.6 Hz), ~32.85 (d,
J=14.6 Hz).

EXAMPLE 47

(SR p,018)-2-[(1 Naphthyl)phenylphosphino]-1-[ct-
[(diphenylphosphinophenyl)]ferrocenemethanol
[(SpRp,08)-52]

[0159]
CHO
MgBr
/I—Np
Fe P'v,,l
| e PPh,
_— -
@ Ph THF, -78 C ~it
(Ske, Rp)-49
on PPh,
Fe b |
151
Ph**

Q

(Sre, Rp,01S)-52



US 2008/0281106 Al

[0160] A suspension of magnesium turnings (63 mg, 2.6
mmol) and 2-bromophenyl)diphenylphosphine 50 (887 mg,
2.6 mmol) in THF (10 mL) was refluxed until magnesium was
dissolved (about 30 min). The resulting Gragnard reagent
solution was cooled to —=78° C., and a solution of (Sz,,R-2-
[(1-naphthyl)phenylphosphino]ferrocenecarbaoxaldehyde
[(Sz.Rp5)-49] (897 mg, 2.0 mmol) in THF (10 mI.) was added
slowly via a syringe. After stirring for 5 h at -78° C., the
mixture was allowed to warm to room temperature and stirred
overnight at room temperature. The reaction was quenched
with saturated NH,Cl solution, and extracted with CH,Cl,
(2x20 mL). The combined extracts were washed with brine
(20 mL), dried (MgSO,), and evaporated under reduced pres-
sure. The residue was purified by flash chromatography
(810, hexane-EtOAc=6:1) to give yellow crystals (1.322 g,
93%) as a mixture of two diastereomers (~9:1). Major prod-
uct: '"HNMR (CDCl,, 250 MHz): 8 2.39 (br. s, 1H), 3.66 (m,
1H), 4.24 (s, SH), 4.29 (t, 1H, J=2.4 Hz), 4.57 (m, 1H), 4.22
(m, 2H), 6.40~4.49 (m, 3H), 6.61~6.67 (m, 2H), 6.83~7.01
(m, 4H); 7.10~7.59 (m, H), 7.75 (br. D, 1H, J=7.8 Hz), 8.28
(m, 1H). *>'P NMR (CDCls, 101 MHz): § -18.54 (d, I=21.0
Hz), -29.56 (d, J=21.0 Hz).

EXAMPLE 48

(Sg.-Rp,08)-2-[(2-Methoxyphenyl)phenylphos-
phino]-1-[a-methoxy-(2-diphenylphosphinophenyl-
methyl)]ferrocene[(Sy,.R5,08)-53]

[0161]
OH  PPh
. O K, Mel
M THF

‘}o—An
Ph %

(SFe» Rpy018)-51
OMe  PPh,

Q

Fe

P,
1o
Ph %

(Spes Rpp,@S)-53

[0162] To a suspension of KH (30%,174 mg, 1.3 mmol
washed with hexane) in THF (10 mL) was added alcohol
[(Sp,a8)-51] (690 g, 1.0 mmol) at 0° C. After stirring for 2 h
at 0° C., iodomethane (68 ul,, 1.1 mmol.) was added via a
syringe, then the mixture was stirred for 2 h at 0° C. The
reaction was quenched with MeOH (0.5 mL), and the solvents
were removed under reduced pressure. The residue was dis-
solved in CH,Cl, (20 mL), washed with water (10 mL) and
brine (10 mL), dried (MgSQ,,), and evaporated under reduced
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pressure. The residue was purified by flash chromatography
(Si0,, hexane-EtOAc=10:1) to give yellow crystals (463 mg,
66%). 'H NMR (CDCl,, 250 MHz): 3 2.82 (s, 3H), 3.50 (m,
1H),3.57(s,3H),4.11 (t, 1H,J=2.3 Hz),4.17 (s, SH), 4.19 (m,
1H), 5.79 (d, 1H, J=6.8 Hz), 6.54~6.64 (m, 2H), 6.69 (m, 1H),
6.84 (ddd, 1H, J=7.8, 4.3 and 1.5 Hz), 7.02~7.37 (m, 12H),
7.52 (m, 2H), 7.66 (m, 1H); *'P NMR (CDCl,, 101 MHz): &
-18.44 (d, J=18.7 Hz), -31.19 (d, J=18.7 Hz).

EXAMPLE 49

(Sg,aS)-2-Bromo-1-[a-(2-diphenylphosphinophe-
nyl)]ferrocenemethanol [(Sz,,aS)-55]

[0163]

CHO

MgBr
Fe %, PPh,
@ THF, -78 C ~1t
(Srpe)-54
OH PPh,
Fe |
Br
(Spe,0S)-55

[0164] A suspension of Mg (729 mg, 30 mmol) in THF (10
ml.) was added dropwise a solution of 2-bromophenyldiphe-
nylphosphine (50) (9.42 g, 27.6 mmol) in THF (30 mL) at
about 50° C. After addition, the mixture was refluxed for 1 h,
cooled room temperature, and added to a solution of (S,)-2-
bromoferrocenecarboxaldehyde [(Sz,)-54](6.74 g, 23 mmol)
in Et,O (20 mL) at -78° C. After stirring for 6 h at -78° C., the
mixture was warmed to room temperature, and stirred over-
night at room temperature. The reaction was quenched with
saturated NH,Cl1 solution (50 mL), and diluted with EtOAc
(100 mL). The organic layer was separated, washed with
brine (50 mL), dried (Na,SO,), and evaporated under reduced
pressure. The residue was purified by chromatography (Si0O,,
hexane-EtOAc=5:1) to give yellow crystals (12.51 g, 98%) as
a single diastereomer. "H NMR (CDCl,, 250 MHz): 8 2.67
(dd, 1H, J=3.5 and 2.0 Hz), 4.04 (t, 1H, J=2.5 Hz), 4.18 (m,
1H), 4.27 (s, SH), 4.40 (m, 1H), 6.47 (dd, 1H, J=6.5 and 3.5
Hz), 7.00 (m, 1H), 7.18 (m, 1H), 7.15~7.37 (m, 12H); *'P
NMR (CDCl;, 101 MHz): § -17.30.
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EXAMPLE 50

(Sg,a0S)-2-Bromo-1-[ a-methoxy-(2-diphenylphos-
phinophenylmethyl)|ferrocene[(S,,aS)-56]

[0165]
OH PPh,
. O KH, Mel
¢ Br THF
(Spe,a8)-55
OMe  PPh,
Fe |

Br
(Spe,08)-56

[0166] To a suspension of KH (30%, 3.75 g, 28.1 mmol),

washed with hexane) in THF (20 mL) was added a solution of
(Sp,a8)-2-Bromo-1-[a-(2-diphenylphosphinophenyl) | fer-
rocenemethanol [(Sz,,aS)-55] (12.00 g, 21.6 mmol) in THF
(180 mL) at 0° C. After stirring for 2 h at 0° C., iodomethane
(1.48 mL, 23.8 mmol.) was added via a syringe, then the
mixture was stirred for 1 h at 0° C. Thereaction was quenched
with MeOH (5 mL), and the solvents were removed under
reduced pressure. The residue was dissolved in EtOAc (150
ml), washed with water (100 mL) and brine (100 mL), dried
(MgS0O,,), and evaporated under reduced pressure. The resi-
due was purified by flash chromatography (SiO,, hexane-
EtOAc=5:1) to give yellow crystals (12.10 g, 98%). 'H NMR
(CDCl,, 250 MHz): 8 3.29 (s, 3H), 3.96 (t, 1H, J=2.5 Hz),
4.01 (m, 1H), 4.27 (s, 5H), 4.33 (m, 1H), 6.09 (d, 1H, J=7.8
Hz), 7.04 (m, 1H), 7.15~7.37 (m, 12H), 7.44 (m, 1H); *'P
NMR (CDCl;, 101 MHz): § -18.46.

EXAMPLE 51

(S s S 5, 0S)-2-[ (2-Methoxyphenyl)phenylphos-
phino]-1-[a-methoxy-(2-diphenylphosphinophenyl-
methyl)]ferrocene[(S,.S ,a.8)-57]

[0167]
OMe  PPh,
@ O 1) t-Buli
—_—
Fo B 2) PhPCl,
d 3) 0-AnLi

Q

(SFe,Sp, 0:8)-56
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-continued

(Spe,SP, aS)-56

[0168] To a solution of bromide [(Sz,,aS)-56] (2.85 g, 5
mmol) in THF (30 mL.) was added slowly 1.7 M t-BuLi (6.5
ml, 11 mmol) via a syringe at —=78° C. After stirring for 10
min at =78° C., PhPCl, (746 uL, 5.5 mmol ) was added via a
syringe, After stirring for 30 min at -78° C., the mixture was
warmed to room temperature and stirred for 1 h at room
temperature. the mixture was cooled to -78° C. again, and a
suspension of 0-Anli [prepared from 2-bromoanisole (805
ul, 6.5 mmol) and 1.7 M t-Buli (7.6 mL, 13 mmol) in Et,O
(30mL) at -78° C.] was added via a cannula, then the mixture
was stirred overnight at —78° C. to room temperature. The
reaction was quenched with water (20 mL), The organic layer
was separated, washed with brine (30 mL), dried (MgSO,),
and evaporated under reduced pressure. The residue was puri-
fied by flash chromatography (SiO,, hexane-EtOAc=10:1) to
give yellow crystals (3.21 g, 91%) as a single diastercomer.
'"H NMR (CDCl,, 250 MHz): 8 2.71 (s, 3H), 3.67 (m, 1H),
3.90(m, 1H),3.96 (s,3H),4.06 (t, 1H, J=2.3 Hz),4.22 (s, 5H),
5.52 (d, 1H, J=6.5 Hz), 6.80~6.98 (m, 4H), 7.08~7.36 (m,
14H), 7.76 (m, 1H); >'P NMR (CDCl;, 101 MHz): § -17.98
(d, J=10.0 Hz), -33.15 (d, J=10.0 Hz).

EXAMPLE 52

(S s Sp,S)-2-[ (1-Naphthyl)phenylphosphino]-1-[ -
methoxy-(2-diphenylphosphinophenylmethyl)|fer-
rocene[(Sz,,S5,a8)-58] and (Sz,,R5,a8)-2-[(1-Naph-
thyl)phenylphosphino]-1-[ c.-methoxy-(2-
diphenylphosphinophenylmethyl)]ferrocene[(Sz.,R 5,

S)-59]
[0169]
OMe  PPh
@ O 1) t-Buli
Fe 2) PhPCI,
Br 3) 1-NpLi

<

(SFe,Sp, 0:8)-56
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-continued

OMe

PPh,
O +
Ph
Fe P/

oY

(SFe,Sp, 0.8)-58

(Ske.RP, 1S)-59

[0170] To a solution of bromide [(S.,.aS)-56] (2.85 g, 5
mmol) in THF (30 mL) was added slowly 1.7 M t-BuLi (6.5
ml, 11 mmol) via a syringe at —=78° C. After stirring for 10
minat -78° C., PhPCl, (746 uL, 5.5 mmolL ) was added via a
syringe, After stirring for 30 min at -78° C., the mixture was
warmed to room temperature and stirred for 1 h at room
temperature. The mixture was cooled to —78° C. again, and a
suspension of o-Anli [prepared from 1-bromonaphthalene
(900 uL, 6.5 mmol) and 1.7 M t-BuLi (7.6 mL, 13 mmol) in
Et,0 30 mL) at -78° C.] was added via a cannula, then the
mixture was stirred overnight at =78° C. to room temperature.
The reaction was quenched with water (20 mL), The organic
layer was separated, washed with brine (30 mL), dried
(MgS0O,,), and evaporated under reduced pressure. The resi-
due was purified by flash chromatography (SiO,, hexane-
EtOAc=10:1) to give yellow crystals (3.30 g, 91%) as a mix-
ture of two diasterecomers (ratio: ~9:1), which was
recrystallised from hexane to give pure major product [(Sg,,
S;,08)-58] (2.83 g, 78%) as yellow crystals. The mother
liquor was concentrated, and the residue was recrystallized
from MeOH to afford pure minor product [(Sg,,R,aS)-59]
(217 mg, 6%) as yellow crystals. Major product [(Sz,,S 5,aS)-
58]: '"H NMR (CDCl,, 250 MHz): 82.96 (s, 3H), 3.74 (m,
1H), 3.84 (s, SH), 4.13 (t, 1H, J=2.5 Hz), 4.20 (m, 1H), 6.04
(d, 1H,J=7.3 Hz), 6.89~7.41 (m, 20H), 7.55 (ddd, 1H, J=58.0,
6.8 and 1.3 Hz), 7.64 (dd, 1H, J=6.8 and 1.5 Hz), 7.69 (ddd,
1H, J=5.3,3.5 and 1.7 Hz), 7.89 (1, 2H, J=8.0 Hz), 9.32 (dd,
1H, J=7.5 and 6.8 Hz). *'P NMR (CDCl,, 101 MHz): §
-18.83 (d, J=21.3 Hz), -35.08 (d, J=21.3 Hz). Minor product
[(S:Rp,08)-59]: '"H NMR (CDCl;, 250 MHz): § 2.73 (s,
3H), 3.61 (m, 1H), 4.21 (t, 1H, J=2.5 Hz), 4.22 (s, 5SH), 4.28
(m, 1H), 5.86 (d, 1H, J=7.3 Hz), 6.67 (ddd, 1H, J=7.8,4.3 and
1.3 Hz), 6.79~7.61 (m, 23H), 7.75 (br. d, 1H, I=8.0 Hz), 8.29
(m, 1H). **P NMR (CDCl;, 101 MHz): § -18.52 (d, J=18.4
Hz), -27.69 (d, J=18.4 Hz).

Nov. 13,2008

34
EXAMPLE 53
(SR p)-2-[(2-Methoxyphenyl)phenylphosphino]
ferrocenemethanol[ (S, R5)-60]
[0171]
CHO
_-0An NaBH,
Fe P, o
|\ 7.~ THE-MeOH
@ Ph
(SFe, Rp)-48
OH
o-An
Fe P/,
‘ "ty
Q'
(SFe» Rp)-60

[0172] Toasolutionofaldehyde [(Sz,.Rz)-48] (856 mg,2.0
mmol) in THF (10 mL) was added NaBH,, (38 mg, 1.0 mmol)
at 0° C., then MeOH (2 mL) was added. After stirring for2 h
at 0° C., the mixture was warmed to room temperature and
stirred overnight at room temperature. The reaction was
quenched with saturated NH,Cl solution (5 mL), and diluted
with EtOAc (10 mL). The organic layer was separated,
washed with brine (10 mL), dried (MgSO,), and evaporated
under reduced pressure to give the crude product (857 mg,
100%) as yellow crystals, which was used directly in next
step. 'H NMR (CDCl,, 250 MHz): § 3.63 (m, 1H), 3.66 (s,
3H), 4.10 (s, SH), 4.29 (t, 1H, J=2.0 Hz), 4.41 (d, 1H, J=12.5
Hz), 4.53 (m, 1H), 4.58 (dd, 1H, J=12.5 and 2.0 Hz), 6.77~6.
90 (m, 3H), 7.28 (m, 1H), 7.34~7.41 (m, 3H), 7.48~7.55 (m,
2H). *'P NMR (CDCl,, 101 MHz): § -35.05.

EXAMPLE 54

(SR p)-2-[(1-Naphthyl)phenylphosphino|ferrocen-
emethanol[(S.,.R,)-61]

[0173]
CHO
I ™ ToFmeon
@ Ph
(Spes Rp)-49

OH

1-Np
v
.

Fe
@ Ph

(SFe, Rp)-61
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[0174] To asolutionofaldehyde [(Sz.,R)-49] (897 mg, 2.0
mmol) in THF (10 mL) was added NaBH,, (38 mg, 1.0 mmol)
at 0° C., then MeOH (2 mL) was added. After stirring for 2 h
at 0° C., the mixture was warmed to room temperature and
stirred overnight at room temperature. The reaction was
quenched with saturated NH,Cl1 solution (5 mL), and diluted
with EtOAc (10 mL). The organic layer was separated,
washed with brine (10 mL), dried (MgSO,,), and evaporated
under reduced pressure to give the crude product (900 mg,
100%) as yellow crystals, which was used directly in next
step. "H NMR (CDCl,, 250 MHz): 8 3.71 (m, 1H), 4.16 (s,
5H),4.36(t, 1H, J=2.5Hz),4.41 (d, 1H, J=12.5Hz), 4.54 (dd,
1H, J=12.5 and 1.3 Hz), 4.58 (m, 1H), 7.11 (ddd, 1H, J=7.0,
4.5 and 1.3 Hz), 7.30~7.57 (m, 8H), 7.80 (m, 2H), 8.26 (m,
1H). *'P NMR (CDCl,, 101 MHz): 8 -31.14.

EXAMPLE 55

(SR p)-2-[(2-Methoxyphenyl)phenylphosphino]
ferrocenemethanol acetate[(Sz,,R5)-62]

[0175]
CHO
-An
Fe P/ ? Acy0, pyridine
‘ "l,/‘. —_—
@ Ph
(Sre, Ry)-60
OAc
0-An
Fe P/
‘ "’I/..
@ Ph
(Sre, Rp)-62
[0176] A solution of alcohol [(Sg..Rz)-60] (857 mg, 2.0

mmol), Ac,O (2 mL) and pyridine (2 mL.) in CH,Cl, (10 mL)
was stirred overnight at room temperature. The volatile mat-
ters were removed under reduced pressure below 35° C. to
give the crude product (880 mg, 100%) as yellow crystals,
which was used directly in next step. 'H NMR (CDCl,, 250
MHz): 8 1.62 (s, 3H), 3.64 (s, 4H, overlapped), 4.10 (s, SH),
430 (t,1H, J=2.5 Hz), 4.54 (m, 1H), 5.01 (d, 1H, J=12.0 Hz),
5.12 (dd, 1H, J=12.0 and 2.3 Hz), 6.77 (m, 2H), 6.83 (t, 1H,
1=7.5 Hz), 7.25 (m, 1H), 7.37 (m, 3H), 7.51 (m, 2H). *'P
NMR (CDCl;, 101 MHz): § 34.60.
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EXAMPLE 56

(SR p)-2-[(1-Naphthyl)phenylphosphino|ferrocen-
emethanol acetate [(Sz,, Rp)-63]

[0177]
OH
Fo P-.,/ 1-Np Ac,O, pyridine
Ill/., _—
@ Ph
(Sre, Rp)-61
1-Np
Fe P'{
L
@ Ph
(SFe, Rp)-63
[0178] A solution of alcohol [(Sz.,Rp)-61] (900 mg, 2.0

mmol), Ac,O (2 mL) and pyridine (2 mL) in CH,Cl, (10 mL)
was stirred overnight at room temperature. The volatile mat-
ters were removed under reduced pressure below 35° C. to
give the crude product (983 mg, 100%) as yellow crystals,
which was used directly in next step. "H NMR (CDCl,, 250
MH?z): 3 1.46 (s, 3H), 3.74 (m, 1H), 4.15 (s, 5H), 438 (t, 1H,
J=2.5Hz), 4.59 (m, 1H), 5.00 (d, 1H, J=1.3.5 Hz), 7.28~7.45
(m, 5H), 7.54 (m, 1H), 7.69 (tt, 1H, J=7.8 and 1.8 Hz), 7.78
(m, 2H), 8.23 (m, 1H), 8.64 (m, 2H). *'P NMR (CDCl,, 101
MHz): & -30.85.

EXAMPLE 57

(Sg.Rp)-1-[(Dicyclohexylphosphino)methyl]-2-[(2-
methoxyphenyl)phenylphosphino]ferrocene[ (S,

Rp)-64]
[0179]
OAc
o-An
Fe ir/,, Cy:PH
. —_—
@ Ph AcOH, 1t
(SFe, Ry)-62
o-An
Fe P/,,
‘ K
@ Ph
(Sre, Rp)-64
[0180] A solution of (Sz,.Rz)-62 (472 mg, 1.0 mmol) and

dicyclohexylphosphine (243 ul., 1.2 mmol) in acetic acid (3
ml.) was stirred for 7 days at room temperature, and poured
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into 10% K,COj; aqueous solution (60 mL) with stirring,
extracted with Et,O (2x25 mL). The combined ether layers
were dried (MgSO,) and concentrated. The residue was puri-
fied by chromatography (SiO,, hexane-EtOAc=9:1) to afford
the title compound (573 mg, 94%) as orange crystals. 'H
NMR (CDCl,, 250.13 MHz): § 0.99~1.79 (m, 22H), 2.56 (br.
d, 1H, J=12.5 Hz), 2.73 (br. d, 1H, J=12.5 Hz), 3.58 (m, 1H),
4.00 (s, SH), 4.20 (m, 1H), 4.57 (m, 1H); 432 (m, 1H),
6.74~7.58 (m, 9H); >'P NMR (CDCl,, 101.25 MHz): §-2.93;
-35.19.

EXAMPLE 58

(Sz.Rp)-1-[(Dicyclohexylphosphino)methyl]-2-[(1-
naphthyl)phenylphosphino]ferrocene[(Sz,,R »)-65]

[0181]

@ ¢
a
O -
=
g
>
(o]
@]
=
=3

(SFe> Rp)-63
1-Np
Fe P/
‘ l"'/'.
@ Ph
(SFe» Rp)-65
[0182] A solution of (S,.R5)-63 (492 mg, 1.0 mmol) and

dicyclohexylphosphine (243 ul, 1.2 mmol) in acetic acid (3
ml.) was stirred for 7 days at room temperature, and poured
into 10% K,CO, aqueous solution (60 mL) with stirring,
extracted with Et,O (2x25 mL). The combined ether layers
were dried (MgSO,) and concentrated. The residue was puri-
fied by chromatography (SiO,, hexane-EtOAc=9:1) to afford
the title compound (599 mg, 95%) as orange crystals. ‘H
NMR (CDCl,, 250.13 MHz): § 0.83~1.76 (m, 22H), 2.57
(dm, 1H, J=12.5Hz),2.70 (dm, 1H, J=12.5 Hz), 3.67 (m, 1H),
4.06 (s, SH), 4.27 (t, 1H, J=2.5 Hz), 4.60 (m, 1H); 7.12 (m,
1H), 7.31~7.82 (m, 10H); 8.28 (m, 1H). >'P NMR (CDCl,,
101.25 MHz): 8 -2.19; -31.85.

EXAMPLE 59
(SCsSFesRP)'67
[0183]
03
\N ""'/I/
1) 1-BuLi, TMEDA
2) PhPCl,
Fe 3) 1-NpLi

Q

($)-66
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-continued

(SC> Sre, Rp)'67

[0184] To a solution of (S)-66 (1.56 g, 5 mmol) and
TMEDA (1.0 mL, 6.5 mmol) in Et,O (50 mL) was added 2.5
M n-Buli (2.6 mL, 6.5 mmol) at -78° C., After stirring for 3
h at -78° C., PhPCl, (0.95 mL, 7.0 mmol) was added, After
stirring for 20 min at -78° C., the mixture was warmed to
room temperature and stirred for 1.5 h at room temperature.
The mixture was cooled to —78° C. again, and a suspension of
1-NpLi [prepared from 1-bromonaphthalene (1.39 mlL, 10
mmol)and 1.7 M t-BuLi (11.8 mI, 20 mmol) in Et,O (40 mL)
at —78° C.] was added via a cannula. The mixture was stirred
and warmed to room temperature overnight. The reaction was
quenched by water (40 mL). The organic layer was separated,
washed with brine (40 mL), dried (MgSO,), and concen-
trated. The residue was purified by chromatography (SiO,,
EtOAc-hexane=1:5~1:3) to give the product (2.25 g, 85%) as
an orange crystals. 'H NMR and *'P NMR analysis show the
de is about 9:1. Major product: 'H NMR (CDCl,, 400.13
MH?z): 3 0.58 (d, 3H, J=6.7 Hz); 0.73 (d, 3H, J=6.7 Hz); 1.58
(m, 1H),3.45~3.52 (m, 2H), 3.61 (m, 1H), 3.78 (m, 1H), 4.29
(s, SH); 4.44 (t, 1H, J=2.6 Hz); 5.05 (m, 1H); 7.08 (dd, 1H,
J=7.0and 4.4 Hz);7.24~7.48 (m, 8H); 7.74 (d, 1H, J=8.0 Hz),
7.80 (d, 1H, J=8.0 Hz); 8.37 (dd, 1H, J=8.3 and 4.3 Hz). *'P
NMR (CDCl;, 162 MHz): 8-23.52 (s).
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1-13. (canceled)

14. A process for the production of chiral ligands compris-
ing:

providing a starting material of Formula (A):

(O

wherein X* is a chiral or achiral directing group; and wherein

O

is selected from the group consisting of an unsubstituted
mono-aryl group, an unsubstituted polycyclic aryl group, an
unsubstituted cycloalkyl group, a substituted mono-aryl
group, a substituted polycyclic aryl group, and a substituted
cycloalkyl group;
ortho-lithiating the substrate;
converting the ortho-lithiated substrate to include a phos-
phine group having the formula —PR'R*", wherein R*
and R'" are different from each other and are indepen-
dently selected from the group consisting of substituted
branched-chain alkyl, substituted straight-chain alkyl,
substituted alkoxy, substituted alkylamino, substituted

)
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cycloalkyl, substituted cycloalkoxy, substituted
cycloalkylamino, substituted carbocyclic aryl, substi-
tuted carbocyclic aryloxy, substituted heteroaryl, substi-
tuted heteroaryloxy, substituted carbocyclic arylamino,
and substituted heteroarylamino, unsubstituted
branched-chain alkyl, unsubstituted straight-chain
alkyl, unsubstituted alkoxy, unsubstituted alkylamino,
unsubstituted cycloalkyl, unsubstituted cycloalkoxy,
unsubstituted cycloalkylamino, unsubstituted carbocy-
clic aryl, unsubstituted carbocyclic aryloxy, unsubsti-
tuted heteroaryl, unsubstituted heteroaryloxy, unsubsti-
tuted carbocyclic arylamino, and unsubstituted
heteroarylamino; and

converting X* to a different grouping to produce a chiral
ligand.

15. The process according to claim 14, wherein X* is a

chiral directing group and the step of ortho-lithiating is enan-
tioselective.

16. A process according to claim 15, wherein X* is selected
from the group consisting of

R 0 O
!H o,
NR2R?, iﬁi “p2, 0
OR?,
RZ
0 N
A R3 , 5
Sl
N
OR?

R? R?
™
N—N OR2,
OR?
Me
%Nj:m
R20 Ph, and

B

wherein R, R?, and R? are independently selected from the
group consisting of unsubstituted branched-chain alkyl,
unsubstituted straight-chain alkyl, unsubstituted cycloalkyl,
unsubstituted carbocyclic aryl, unsubstituted heteroaryl, sub-
stituted branched-chain alkyl, substituted straight-chain
alkyl, substituted cycloalkyl, substituted carbocyclic aryl,
and substituted heteroaryl.
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17. The process according to claim 14, wherein X* is an
achiral directing group and wherein ortho-lithiating is con-
ducted in the presence of a chiral auxiliary and is enantiose-
lective.

18. The process according to claim 17, wherein X* is
selected from the group consisting of

0
EL{\NRZN, %SOZRZ, E%}\NRZR{ and

P(O)R?R?,

and wherein R? and R? are independently selected from the
group consisting of unsubstituted branched-chain alkyl,
unsubstituted straight-chain alkyl, unsubstituted cycloalkyl,
unsubstituted carbocyclic aryl, unsubstituted heteroaryl, sub-
stituted branched-chain alkyl, substituted straight-chain alkyl
substituted cycloalkyl, substituted carbocyclic aryl, and sub-
stituted heteroaryl.
19. The process according to claim 14, wherein

O

is a substituted or unsubstituted aromatic ring of a metal-
locene compound.

20. The process according to claim 14, wherein X* is an
ortho directing group.

21. The process according to claim 14, further comprising
the step of reacting the ortho-lithiated substrate with an R*
substituted phosphine or an R* substituted arsine to form an
intermediate compound.

22. The process according to claim 21, comprising reacting
the intermediate compound with an R'"-bearing Grignard
reagent or organolithium compound.

23. A chiral ligand produced by the process according to
claim 14.

24. A transition metal complex catalyst comprising at least
one chiral ligand produced according to the process of claim
14.

25. An asymmetric catalyst comprising the transition metal
complex catalyst of claim 24.

26. A process for the production of chiral ligands compris-
ing:

providing a starting material of Formula (A):

o=

wherein X* is a chiral or achiral directing group; and wherein

O

is selected from the group consisting of an unsubstituted
mono-aryl group, an unsubstituted polycyclic aryl group, an

)
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unsubstituted cycloalkyl group, a substituted mono-aryl
group, a substituted polycyclic aryl group, and a substituted
cycloalkyl group;

ortho-lithiating the substrate;

converting the ortho-lithiated substrate to a chiral ligand

comprising a phosphine group having the formula
—PR'R"Y, wherein R' and R"" are different from each
other and are independently selected from the group
consisting of substituted branched-chain alkyl, substi-
tuted straight-chain alkyl, substituted alkoxy, substi-
tuted alkylamino, substituted cycloalkyl, substituted
cycloalkoxy, substituted cycloalkylamino, substituted
carbocyclic aryl, substituted carbocyclic aryloxy, sub-
stituted heteroaryl, substituted heteroaryloxy, substi-
tuted carbocyclic arylamino, and substituted heteroary-
lamino, unsubstituted branched-chain alkyl,
unsubstituted straight-chain alkyl, unsubstituted alkoxy,
unsubstituted alkylamino, unsubstituted cycloalkyl,
unsubstituted cycloalkoxy, unsubstituted cycloalky-
lamino, unsubstituted carbocyclic aryl, unsubstituted
carbocyclic aryloxy, unsubstituted heteroaryl, unsubsti-
tuted heteroaryloxy, unsubstituted carbocyclic ary-
lamino, and unsubstituted heteroarylamino.

27. The process according to claim 26, wherein X* is a
chiral directing group and the step of ortho-lithiating is enan-
tioselective.

28. A process according to claim 27, wherein X* is selected
from the group consisting of

R 0 0
' H’/,,
SH .
NR2RS, Hz{ Ng2, 0
OR?,
RZ
0 N
...|||R3,
S
N

0

RZ
R3

R3
™
N—N OR2,
OR?
Me
%’EANIMe
R?0 Ph, and
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wherein R, R?, and R? are independently selected from the
group consisting of unsubstituted branched-chain alkyl,
unsubstituted straight-chain alkyl, unsubstituted cycloalkyl,
unsubstituted carbocyclic aryl, unsubstituted heteroaryl, sub-
stituted branched-chain alkyl, substituted straight-chain
alkyl, substituted cycloalkyl, substituted carbocyclic aryl,
and substituted heteroaryl.

29. The process according to claim 26, wherein X* is an
achiral directing group and wherein ortho-lithiating is con-
ducted in the presence of a chiral auxiliary and is enantiose-
lective.

30. The process according to claim 29, wherein X* is
selected from the group consisting of

0
E‘{\NRZN, %SOZRZ, %‘\NRZR{ and

P(O)R?R?,

and wherein R? and R? are independently selected from the
group consisting of unsubstituted branched-chain alkyl,
unsubstituted straight-chain alkyl, unsubstituted cycloalkyl,
unsubstituted carbocyclic aryl, unsubstituted heteroaryl, sub-
stituted branched-chain alkyl, substituted straight-chain
alkyl, substituted cycloalkyl, substituted carbocyclic aryl,
and substituted heteroaryl.

31. The process according to claim 26, wherein

O

is a substituted or unsubstituted aromatic ring of a metal-
locene compound.

32. The process according to claim 26, wherein X* is an
ortho directing group.

33. The process according to claim 26, further comprising
the step of reacting the ortho-lithiated substrate with an R*
substituted phosphine or an R* substituted arsine to form an
intermediate compound.

34. The process according to claim 33, comprising reacting
the intermediate compound with an R'"-bearing Grignard
reagent or organolithium compound.

35. A chiral ligand produced by the process according to
claim 26.

37. A transition metal complex catalyst comprising at least
one chiral ligand produced according to the process of claim
26.

38. An asymmetric catalyst comprising the transition metal
complex catalyst of claim 37.
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