005/06847:7 A1 |1 0001 0 O 00 O 00 A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

28 July 2005 (28.07.2005)

(10) International Publication Number

WO 2005/068477 A1l

(51) International Patent Classification’: CO7F 9/48,
17/02, BO1J 31/00
(21) International Application Number:
PCT/GB2005/000112

(22) International Filing Date: 14 January 2005 (14.01.2005)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

0400720.9 14 January 2004 (14.01.2004) GB

(71) Applicant (for all designated States except US): STYLA-
CATS LIMITED [GB/GB]; The Heath Business & Tech-
nical Park, Runcorn, Cheshire WA7 4QX (GB).

(72) Inventors; and

(75) Inventors/Applicants (for US only): CHEN, Wei-Ping
[CN/GB]; Stylacats Limited, The Heath Business & Tech-
nical Park, Runcorn Cheshire WA7 4QX (GB). WHIT-
TALL, John [GB/GB]; Stylacats Limited, The Heath Busi-
ness & Technical Park, Runcorn Cheshire WA7 4QX (GB).

(74) Agent: W.PTHOMPSON & CO.; Coopers Building,
Church Street, Liverpool, L1 3AB (GB).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD,
MG, MK, MN, MW, MX, MZ, NA, NI, NO, NZ, OM, PG,
PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, YU, ZA, ZM,
ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, 7ZM,
7ZW), BEurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, MC, NL, PL, PT, RO,
SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
with international search report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gagzette.

(54) Title: METALLOCENE-BASED CHIRAL PHOSPHINE OR ARSINE LIGANDS

o (57) Abstract: The present invention relates to metallocene-based phosphine ligands having chirality at phosphorus and at least one
other element of chirality (planar chirality and/or chirality at carbon); and to the use of such ligands in asymmetric transformation
reactions to generate high enantiomeric excesses of formed compounds. A method for the preparation of ligands according to the
invention involving the conversion of the ortho-lithiated substituted metallocene to a phosphine chiral at phosphorus is also disclosed.

=



WO 2005/068477 PCT/GB2005/000112

METALLOCENE-BASED CHIRAL PHOSPHINE OR ARSINE LIGANDS

This invention relates ‘to novel metallocene-based phosphine ligands
5 incorporating up to four elements of chirality, planar chirality, chirality at
phosphorus, and optionally chirality at carbon and axial chirality, and methods
for their preparation. In addition, this invention relates to the metal-ligand
complexes that can be used as catalysts or precatalysts for asymmetric
transformation reactions to generate products of high enantiomeric excess.

10  Similarly structured arsines are also within the scope of this invention.

Ferrocene as a backbone for diphosphine ligands was introduced by Kumada
and Hayashi based on the pioneering work of Ugi related to the synthesis of
enantiopure substituted metallocenes'. A number of these ligands are shown

15  below:

Me Me Me
R

PPh PPh
Fe Fe z Fe 2

Ugi's Amine PPFA R = Me,N, BPPFA
R = OH, BPPFOH

Ppfa as well as bppfa and bppfoh proved to be effective ligands for the catalysis

of a variety of asymmetric transformations. From this starting point, many chiral
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ferrocene-based bisphosphine ligands with a range of structural variation have

been developed in the last few years.

Certain types of known Iigénds exhibit both planar and carbon chirality:
Me
PR
Fe PR3 Fe PPh2

Josiphos: R = Cy, R'=Ph 5
PPF-tBu,: R =t-Bu, R'= Ph Walphos oPhoz
Xyliphos: R = 3,5-Me,Ph, R' = Ph

cy,PF-Pcy;: R=R'=Cy

SR Fe

PPh, Fe "PPh,

@ Fe  LpMe PR,
1 Taniaphos @ 2

R PPh,
1a: R=H, R' = NMe,
Mandyphos (FERRIPHOS) 1b: R= OMe, R'= H TRAP

W

g
0
“q

5

T

=
N

Togni and Spindler* have reported a class of non-C,-symmetrical ferrocene-
based bisphosphines: the Josiphos-type ligands. Josiphos ligands are in
widespread commercial use, having been found effective for Rh-catalyzed
10 hydrogenation of a-acetamidocinnamate, dimethyl itaconate, and B-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
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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®.

Bophoz® is a combination of a phosphine and an aminophosphine and is
prepared in 3 steps from ppfa with high overall yields. The ligand is air stable
and effective for the hydrogenation of enamides, itaconates and a-keto acid
derivatives. As observed for several ligands forming seven-membered
chelates, high activities can be reached and TONs up to 10,000 have been

claimed. The full scope of this modular ligand class has not yet been explored.

A class of non-Cs-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-catalyzed
asymmetric hydrogenation. The configuration of a-position of Taniaphos plays
an important role in the enantioselectivities and activities. The Taniaphos 1b
with aS configuration leads to higher enantioselectivities and activities than 1a

with aR configuration in a wide range of asymmetric transformations.
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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 hydrogenétion of olefins and ketones.

Mandyphos is a bidentate version of ppfa with C, symmaetry, 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 enantioselectivities for the Rh-catalyzed

hydrogenation of enamides, itaconates and enol acetates.

The TRAP ligands developed by Ito" form 9-membered 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 fragmeﬁts have been tested, but it is clear that the choice of R
strongly affects the catalytic performance. The Rh complexes work best at very
low pressures of 0.5 £ 1 bar and effectively reduces indole-derivatives,

enamides and itaconic acid derivatives.

Another class of known ligands exhibit only planar chirality:



10

WO 2005/068477 PCT/GB2005/000112

-5-
CHR
Fe PPhy PhaP Fe PPhy
RgHC/Q | Qf iy, LD
PPh, PPh,
ferroPHOS JAFAPhos 2
Z|:>F>h2

=N

Kang'® reported the Casymmetry 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).

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.

Kagan'* reported plane chiral ferrocene-based bisphosphorus Iigénds 2 and 3,
and up to 95% ee’s have been obtained in asymmetric hydrogenation of

dimethyl itaconate using these ligands as catalyst.
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Another class of known diphosphine ligands exhibit chirality only at the

phosphorus atoms:

— f> . g @-é‘,@%
<; ) YL

4a: R = g-anisyl
4b: R = 1-naphthyl

0
o T
=

FerroTane

v

&_@C: :© L

f-binaphane

The synthesis of chiral 1,1’-bis(phosphetano) ferrocenes (FerroTANE) has been
independently reported by Marinetti’® and Burk'®. FerroTANE has been
successfully applied in Rh-catalyzed hydrogenation of itaconates and (E)-B-

(acylamino) acrylates'”.

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.
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Zhang has reported a 1,1’-bis(Phospholanyl) ferrocene ligand 5 with ketal

substitutes at the 3 and 4 positions. 2 The ligand has shown excellent
enantioselectivities in hydrogenation of B-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. '

Reetz has developed a binaphthol-derived ferrocene-based bisphosphonite
ligand 6%, which has shown excellent reactivities and enantioselectivities in Rh-

catalyzed hydrogenation of itaconates and a-dehydroamino acid derivatives.

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

Ph, -,

Fe

@ Ph

p-R

e
Fe
7a: R = 1-naphthyl

7b: R = 2-biphenylyl

Van Leeuwen has reported ferrocene-based bisphosphines combining planar
and phosphorus chirality 4a and 4b?®. These two ligands have shown excellent

enantioselectivities (up to 99% ee) for asymmetric allylic alkylations.
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Thus, most of the known ferrocene-based diphosphines contain planar and
carbon chirality, only planar chirality or only phosphorus chirality. More
recently, Togni reported the first tridentate ferrocene-based phosphine ligand 12

combining planar, phosphorus and carbon chirality. 24

Me Me ,Ph
A - A
Fe PPhy i Fe PPhy
(R)c~(S)re-(S)p-12 (R)c~(S)re~(R)p-12

It would be advantageous to design bisphosphine ligands incorporating up to
three elements of chirality, planar chirality, chirality at phosphorus, and chirality
at carbon for use in enantioselective catalysis. It would also be advantageous
to design ligands that exhibit three different types of chirality; carbon, planar and

phosphorus.

According to the present invention there is provided a metallocene-based
phosphine having up to three or four elements of chirality; planar chirality,

chirality at phosphorus, and optionally chirality at carbon and axial chirality.

The invention also provides a metallocene-based arsine having up fo three
elements of chirality; planar chirality, chirality at arsenic, and optionally chirality

at carbon. In the following description reference will be made for convenience
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to phosphine ligands. It should be understood that although phosphines are the

preferred ligands in accordance with the invention, the corresponding arsines

are also within the scope of the invention.

Similarly, whilst ferrocene based ligands are preferred, other suitable metals
may be used in the ligands of the invention, and hence reference is made

herein to metallocenes generally.

The invention further provides a metallocene-based diphosphine having planar,

phosphorus and carbon chirality.

Ligands according to the invention have particular advantages over prior art
ligands because the provision of up to three or four chiralities allows the
designer of a ligand greater scope than has hitherto been the case to design

ligands for a particular purpose.

Preferred ligands in accordance with the invention are selected from ligands

having Formula (1), (I1) or (IlI):
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wherein

W is phosphorus or arsenic;

M is a metal;

R! and R? are different from each other, and are independently selected from
from substituted and unsubstituted, branched- and straight-chain alkyl, alkoxy,
alkylamino, substituted and unsubstituted cycloalkyl, substituted and
unsubstituted cycloalkoxy, substituted and unsubstituted cycloalkylamino,
substituted and unsubstituted carbocyclic aryl, substituted and unsubstituted
carbocyclic aryloxy, substituted and unsubstituted heteroaryl, substituted and
unsubstituted heteroaryloxy, substituted and unsubstituted carbocyclic
arylamino and substituted and unsubstituted heteroarylamino, wherein the or
each heteroatom is independently selected from sulphur, nitrogen, and oxygen;
R? and R* are the same or different, and are independently 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;,

nis 0to 3;

mis O to 5;

Q is selected from:

WRER’
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wherein W is phosphorus or arsenic;

R® and R’ are the same or different, and are independently selected from
substituted and unsubstituted, branched- and straight-chain alkyl, alkoxy,
alkylamino, substituted and unsubstituted cycloalkyl, substituted and
unsubstituted cycloalkoxy, substituted and unsubstituted cycloalkylamino,
substituted and unsubstituted carbocyclic aryl, substituted and unsubstituted
carbocyclic aryloxy, substituted and unsubstituted heteroaryl, substituted and
unsubstituted heteroaryloxy, substituted and unsubstituted carbocyclic
arylamino and substituted and unsubstituted heteroarylamino, wherein the or
each heteroatom is independently selected from sulphur, nitrogen, and oxygen;
and 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,

R8
RQ
\
W

RORY

nitrogen, and oxygen; or

Q is selected from:

wherein W is phosphorus or arsenic;
R® R” and R® are, independently, as previously defined; and R® is selected from
hydrogen, substituted and unsubstituted, branched- and straight-chain alkyl,

substituted and unsubstituted cycloalkyl, substituted and unsubstituted
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carbocyclic aryl, and substituted and unsubstituted heteroaryl wherein the or

each heteroatom is independently selected from sulphur, nitrogen, and oxygen;

or

Q is selected from:

R
V‘;_ .
R

o)
wherein R%, R”, R® and R® are, independently, as previously defined; and 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; or

Q is selected from:

wherein W is phosphorus or arsenic;

RS, R’ are, as previously defined; R'" is selected from OR'3, SR'3, NHR",
NR"R" wherein R'® and 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 substituted and unsubstituted heteroaryl
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wherein the or each heteroatom is independently selected from sulphur,
nitrogen, and oxygen; R is selected from hydrogen, halogen, OR', SR™,
NR'R™ substituted and unsubstituted, branched- and straight-chain alkyl,
substituted and unsubstitufed cycloalkyl, substituted and unsubstituted
carbocyclic aryl, and substituted and unsubstituted heteroaryl wherein the or
each heteroatom is independently selected from sulphur, nitrogen, and oxygen;
wherein R'®, R' are, as previously defined and n’ is 0 to 4;

or Q is selected from:

wherein R® and R® are as previously defined;

R® is selected from:
R15 R16

H%Rw
wherein R, R'® and R are the same or different and are independently
selected from hydrogen, OR™®, SR, NR"*R™, 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; wherein R'®, R' are, as previously
defined; or |

R is selected from:
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R'8 o168 :

%NRBRM
wherein R'®, R' are as previously defined; the two geminal substituents R
together are a doubly bonded oxygen atom (i.e. (R®), is =0), or each
substituent R on its own is hydrogen; and
G is selected from the group consisting of:
-CONH-R*-NHCO-, -CO-OR*0-CO-, -CO-R*CO-, -CH=N-R*-N=CH-, -CH2NH-
R*-NHCH,-, -CH,NHCO-R*-CONHCH_-, -CH(R®)NH-R*-NH(CH(R?)-, - h
CH(R®)NHCO-R*-CONHCH(R®)-, -CONH-R-NHCO-, -CO-ORO-CO-, -CO-RCO-
, “=CH=N-R-N=CH-, -CH,NH-R-NHCH_-, -CH;NHCO-R-CONHCH3-, -CH(R®)NH-
R-NH(CH(R®)-, -CH(RS)NHCO-R-QONHCH(Rs)-; wherein R® is, independently,

as previously defined; -R*- and —R- are selected from the group consisting of:

\\ R19
| I
Z R19

wherein R is as previously defined; R is selected from hydrogen, substituted

R12n'

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; or (R'®), is -(CHz)m-

,nNis0to4; and m’ is 1 to 8;
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The invention also relates to the enantiomers of the ligands described above,

the enantiomers having the Formulae (1V), (V) and (VI):

R%, R
RZ//, AR1 3 W
\ Rh I
3 n
R~ | Q t E)
M
RS
R* v n 1
Rs : 1 R‘1 ’RZ
(1v) R?

Vi
W) (V)

wherein each of W, M, R™®, Q, G, n, m, n’ and m’ have the same meanings as
5 assigned above, with chirality changes in the substituent groups where

required.

Also provided in accordance with the invention are diastereomers of the ligands

10  described above, the diastereomers having the Formulae (VII), (VIll) and (I1X):

(Vi) R
(1X)
(VIIT)
wherein each of W, M, R™, Q, G, n, m, n’ and m’ have the same meanings as
assigned above, with chirality changes in the substituent groups where

required.
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The introduction of phosphorus chirality may enhance the chiral discrimination
produced by the catalyst when a matching among the planar chirality, carbon
chirality, axial chirality ahd the chirality of phosphorus can be achieved.
(Examples 59 to 67 below demonstrate that a matching catalyst may give high

ee and a mismatching one may give low ee.)

Also provided in accordance with the invention is a transition metal complex
containing transition metal coordinated to the ligand of the invention. The metal
is preferably a Group VIb or a Group VIII metal, especially rhodium, ruthenium,

iridium, palladium, platinum and nickel.

Synthesis of ferrocene-based phosphorus chiral phosphines may be effected
with the use of a suitable chiral ortho-directing group, for example in

accordance with the following schemes:
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1) n-Buli or .
@x* sec-BuLi or X
. t~BuL| @/ @ R2
Fe 1 Fe P\
1) n-Bull or
x* sec-BulLi or
- t-BuLl @ Rz
e
@_ 2) R PCly
. *X@ *X@

Examples of suitable chiral directing groups:

R
. ! | H) g N
= e, TR %D\ ?,?)/'QN R

OMe
(ref. 25) (ref. 26) (ref. 27) (ref. 28) OMe

(ref. 29)

E/FLN—N . )R\OR. N q OO
LY
oMe MeO” “Ph OO

(ref. 30) (ref. 31) (ref. 32) (ref. 33)

(Similar schemes may be used to synthesise the corresponding arsines, and

other metallocenes.)

Accordingly, the invention provides a method for preparing a phosphine ligand
chiral at phosphorus comprising providing a metallocene-based substrate
having a chiral or achiral directing substituent on one or both rings, and

subjecting the substituted metallocene to an ortho-lithiation step before
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subsequently converting the ortho-lithiated substrate to a phbsphine chiral at

phosphorus.

Methods for the preparatidn of ligands having Formula (1) and (lll) will now be

more particularly described.

For example, one such method comprises providing a compound of the
Formula (X) (optionally substituted on one or both cyclopentadiene rings with

R3, (top ring) and/or R*,, (bottom ring)):
<7
M

(X)
wherein X* is chiral directing group, and is preferably selected from the group

consisting of :

e e 80, IS
Eg\NRaRb ,%7/8 Ré Hl,}\/jﬁ /k nRa Eﬁ/\p

OMe
OMe

N_ _Me

L

OMe MeO

R a
5,7)\\N—N lnl’)R\ORb H(\ Me OO

wherein
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R, R? and R® are 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 subsﬁtuted and unsubstituted heteroaryl wherein the or
each heteroatom is independently selected from sulphur, nitrogen, and oxygen;
ortho-lithiating the substrate; reacting the ortholithiated substrate with an R’
substituted phosphine or arsine, and then with an R*-bearing Grignard reagent

or organolithium compound, and converting X* to Q or G as appropriate.

One particularly preferred X* group is

R
)777/'\NMe2

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'PCI, followed by reacting with an organometallic reagent of the formula R?Z,
wherein R' and R? are as defined above; Z is Li or MgY wherein Y is a halide.
These steps are performed to obtain phosphorus chiral compound having
formula Xl (optionally substituted on one or both cyclopentadiene rings with R®,

(top ring) and/or R*, (bottom ring)):
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The synthesis preferably proceeds by converting compound (XI) to compound

XII, X, or XIV:
R8
d@‘R19 @ @ o
P2
Fe F:R1R : §1
(X1 (XIir) (XIV)

wherein R is an acyl group, and R", R* are as previously defined;
5 and then:
reacting compound Xl with a secondary phosphine of the formula R°R’PH
wherein R®, R are, as previously defined, to obtain the diphosphine combining
planar, phosphorus and carbon chirality having formulé XV:
R8
PR°R’

_p2
.

0:

10 or;

reacting compound Xil with an amine of the formula R°NH, wherein R® is, as

previously defined, to obtain compound XVI:

or;
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reacting compound Xl with an amine of the formula XVII:

PRCR’

\
1 ° KR12n'
(XVII)
wherein R®, R’, R" and n’ are, as previously defined, and Z is MgY (Y being a

halide) or Li, to obtain compound XVIIl:

OH  pROR’

5 (XVIil)
or;
reacting compound XlI with an amine of the formula HoN-R*-NH; or HaN-R-NH>

wherein R* and R are, as previously defined, to obtain compound XIX and XX:

1rP * 2 2
R g2 \=N—R—N= R AR R =2 ?—NRN—; Ro-
(XIX)

reacting compound Xlll with an amine of the formuia HoN-R*-NH, or HoN-R-NH,

10 or;

wherein R* and R are, as previously defined, to obtain compound XXI and XXIl:
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@ Fe F
1—P - R? =R 2
R N—R—N = R e y—N—R—N & . R1
H P‘ o) H H P
(XX1) XXy

Compound XVI may be reacted with a halophosphine of the formula R°R’PY

wherein R®, R’ are, as previously defined, and Y is chlorine, bromine or iodine,

R8
Rg
N/
@'\ "PRERY

)
Fe F:R

OF

5 (XXMl

to obtain compound XXIIl:

Alternatively, compound XVI may be reacted with an acid derivative of the
formula R'°COY wherein R is, as previously defined, and Y is a halide, a
sulphate, an imidazole, R"°COO- or hydrogen, to obtain compound XXIV:
R8
©/k -
N/
R10
2
Fe F:F;R \g—
(XXIV)
10  Alternatively compound XVI (in which R® is hydrogen) 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 XXV and

XXVI:



WO 2005/068477 PCT/GB2005/000112

-23 -

@ Q Fe
N—\/—@R@ T SN /~N §4R1

(XXV) (XXV1)
Alternatively compound XVI 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 XXVII and XXVIII:

Fe

M e gt S e
Wi i

5 (XXVI1)

1
R'
'2

Compound XVIIl may be converted into compound XXIX:

PRER’

Compounds XIX, XX, XXI, XXII, XXV, XXVI, XXVIl, XXVIIl may be reduced to
10  obtain respective compounds XXX, XXXI, XXX1I, XXXII, XXXIV, XXXV, XXXVI,

XXXVII:
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@ FGQ Fe
RI=-R * R2 R'»-R o R2
2 N—R—N \ LR 2 N—R—N v R!
R H H p<R R H H p<R
Fe Fe
(XXX) (XXXI)
@ Fe Fe
R'-R * R2 R'»R . R2
2 \“—N—R—N \__R! 2 “—N—R—N \__R!
R" " H " H PR R H T H p<«R
Fe Fe
(XXXII) (XXX1)

@ Fe
8
g i—NH NH R 1P
2 -
\ /— Z @ L2 3 NH\R /—NH P‘R1
(XXXV) U @

(XXXIV)

IZ*N_\/_Q P‘R1

(XXXVI) (XXXVII) @

5 Synthesis of metallocene-based phosphines chiral at phosphorus may be also

effected with the use of enantioselective ortho-lithiation:
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1) n-BuLi or
sec-Buli or
@—x t-BuLi, chiral X X
diamine @ R?M @ 2
Cl R
Fe > Fe R, ——> Fe R
S P F >
1) n-BuLl or
sec-Bulior
@—x t-BuLi, chiral X 1 X
diamine cl R'M * R2
Fe —1—_,’ Fe P\/ — Fe F\’/
@_ 2) R'PCl, R! R!
x e D
/P\ 1 2/P\R1
Cl R R *

Examples of suitable achiral directing groups:

o
X= % NR, #—SO.,R %NR.? —P(O)R,

(ref. 34)  (ref. 34) (ref. 35) (ref. 36)

NMe, H N =
Chiral diamine: O/ /'\ H
N : Ph” >N""Ph
H H

“NMe,
(ref. 34) (ref. 35) (ref. 36)

Accordingly, the invention provides a method for preparing a chiral diphosphine
ligand comprising a metallocene-based substrate having an achiral directing
substituent on one or both rings, and subjecting the substituted metallocene to
an enantioselective ortho-lithiation step before subsequently converting the

ortho-lithiated substrate to phosphorus chiral phosphines.

Thus, one method according to the present invention for preparing the ligand of

Formula (1) or (Ill) comprises providing a compound of the formula XXXVII:
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<

Fe

&

(XXXVITY

wherein X is an achiral directing group, and is preferably selected from:

O
“NR; —SOR )J\NRZ —P(O)R

and subjecting the compound to enantioselective mono-ortho-lithiation using n-
butyllithium or sec-butyllithium or tert- butyllithium in the presence of a
homochiral tertiary amine, and reacting the resulting chiral monolithium
compound in situ with a dichlorophosphine of the formula R'PCI; followed by
reacting with an organometallic 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 XXXVIil:

XXXV

and converting compound XXXVIII to compound (1) or(ll1).

One method according to the invention for preparing the ligand of Formula (1l)

comprises providing a compound of the Formula XXXIX:
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<~

Fe

S

(XXXIX)
wherein X* is as previously defined; and subjecting the compound to bis-ortho-
lithiation using n-butyllithium, sec-butyllithium or tert- butyllithium, and reacting
the resulting bislithium compound in situ with a dichlorophosphine of the formula
R'PCI, followed by reacting with an organometallic reagent of the formula R?Z,
wherein R' and R? are as previously defined; Z is Li or MgY wherein Y is a

halide, to obtain a phosphorus chiral compound having formula XXXX:

and converting compound XXXX to compound (Il).

The invention will now be more particularly illustrated with reference to the

following Examples.

Example 1
(Rc, Sre, Sp)-2-[(1-N,N-Dimethylamino)ethyl]-1-[(2-

methoxyphenyl)phenylphosphino]ferrocene [(Rc, Sre, Sp)-2]:
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Me Me
NM 1 ) t-BulLi, Et20, -78 °C~rt
@J\ ®2  2) PhPCly, 78 °Crt ot ey
Fe > Fe P,
@ 3) o-AnLi, -78 °C~rt @(‘)_A’n
Rc-Sge-Sp-2

(R)-1

To a solution of (R)-N,N-dimethyl-1-ferrocenylethylamine [(R)-Ugi's amine, (R)-
1] (3.86 g, 15 mmol) in Et;O (50 mL) was added 1.7 M t-BuLi 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-BuLi 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 a pad of Celite. The filtrate was concentrated, and the residue was
purified by chromatography (SiOz, hexane-EtOAc-EtsN = 85:10:5) to afford the
title compound (6.50 g, 92%) as orange crystals. "H NMR (CDCl3, 400.13 MHz):
5 1.29 (d, 3H, J = 6.5 Hz); 1.80 (s, 6H); 3.91 (s, 3H); 3.97 (s, 6H, overlap); 4.1
(m, 1H), 4.25 (t, 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); 3P NMR (CDCl3, 162 MHz):
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0 —38.82. The absolute configuration of (R;, Sre, Sp)-2 was determined by

single-crystal X-ray diffraction analysis.

Example 2
(Rey Sre; Sp)-2-[(1-N,N-Dimethylamino)ethyl]-1-[(1~

naphthyl)phenylphosphinolferrocene [(R¢, See, Sp)-3]:

Me Me
NMez 1) +-Bul, Et,0, -78 °C~rt NMe,
S 2) PhPCly, -78 °C~rt _Ph
Fe »  Fe Fi

3) 1-naphthyliithium, -78 °C~rt @, -Np.

(R)'1 (RC'SFe'SP)'3

To a solution of (R)-N,N-dimethyl-1-ferrocenylethylamine [(R)-Ugi's amine, (R)-
1} (5.15 g, 20 mmot) in Et,0 (60 mL) was added 1.7 M t-BulLi 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 1.5 h at room 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 Et20 (120 mL) at —78 °C] was added slowly via a
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cannula. 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 = 90:6:4) to afford the
title compound (8.75 g, 89%) as orange crystals. 'H NMR (CDCls, 400.13 MHz):
5 01.33(d, 3H, J=6.8 Hz); 1.91 (s, 6H); 3.59 (s, 5H); 4.00 (m, 1H); 4.17 (m, 1H);
4.26 (t, 1H, J = 2.2 Hz); 4.38 (m, 1H); 7.13 ~ 7.2 (m, 5H); 7.39 (t, 1H, J = 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, 1H, J = 7.6 and 7.0 Hz). >'P NMR (CDCl,, 162 MHz): 5 —38.73.

10
Example 3
(Rcs Sre, Sp)-2-[(1-N,N-Dimethylamino)ethyl]-1-[(1-
naphthyl)phenylphosphino]ferrocene [(R;, Ske, Sp)-3] and (R¢, Sre, Rp)-2-
[(1-N,N-Dimethylamino)ethyi]-1-[(1-naphthyl)phenylphosphino]ferrocene
15 [(Re, See; Rp)-4:

Me Me Me

©/kNMe2 1) t-BuLli, Et,0, -78 °C~rt NMe, Q/V\Nr\/le2
2) PhPCly, -78 °C-~rt _Ph _A-Np
Fe > Fe Fi"/, . + Fe P\'"//.o
@ 3) 1-naphthyllithium, rt @-Np' @ Ph
(Rc-Sge-Sp)-3 (Rc-Sge-Rp)-4

(R)-1

To a solution of (R)-N,N-dimethyl-1-ferrocenylethylamine [(R)-Ugi’s amine, (R)-

20 1](1.29 g, 5 mmol) in Et;O (15 mL) was added 1.7 M t-BuLi solution in pentane
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(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 temperature, and stirred for 1.5 h
at room temperature. The resulting red solution was cooled to —78 °C again,
and dichlorophenylphosphine (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-naphthyllithium [prepared from 1-bromonaphthalene (1.35 g, 6.5
mmol) and 1.7 M t-BuL.i solution in pentane (7.6 mL, 13 mmol) in Et,O (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
(SiO2, hexane-EtOAc-Et3N = 85:10:5) to afford the title compound (2.21 g,
90%) as a mixture of two isomers. The ratio of (R;, Sre, Sp)-3 to (Re, Sre, Rp)-4
is about 5:1. As (R, Sre, R,;)-4 is insoluble in cold hexane and (R;, Sre, Sp)-3 is
very soluble in cold hexane, the two isomers can be easily separated by
crystallization from hexane. (R;, Ske, Rp)-4 : 'TH NMR (CDCls, 400.13 MHz): &
1.25 (d, 3H, J = 6.8 Hz); 1.60 (s, 6H); 3.88 (br. s, 1H); 4.00 (s, 5H); 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, §H), 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): & —31.36. The absolute
configuration of (Rc, Sre, Rp)-4 was determined by single-crystal X-ray

diffraction analysis.



WO 2005/068477 PCT/GB2005/000112

-32 -

Example 4
(R¢, Ske, Rp)-2-[(1-N,N-Dimethylamino)ethyl]-1-{(1-
naphthyl)phenylphosphiho]ferrocene-[(Rc, Sre, Rp)-4]:

Me Me

@)\ NMe, @/k NMe,

/Ph = - /1 -Np

Fe Fi"/,. Fe R ‘7o
@1 Np hexane, reflux @ -

5 (Rc-Sre-Sp)-3 (Rc-Sge-Rp)-4

A solution of (R¢, Sre, Sp)-3 (491 mg, 1.0 mmol) in hexane (5 mL) was refluxed
overnight. After cooling to room temperature, the precipitate was filtered and
washed with cold hexane to give the pure (R, Sre, Rp)-4.

10
Example 5
(Rc; Sres Sp)-2-[(1-N,N-Dimethylamino)ethyl]-1-[(2-
naphthyl)phenylphosphino]ferrocene [(R¢, Ske, Sp)-5] and (R, Sge, Rp)-2-
[(1-N,N-Dimethylamino)ethyi]-1-[(2-naphthyl)phenylphosphino]ferrocene

15 [(RC! sFea RP)'G]:

Me Me
@J\Nmez 1) t-BulLli, Et,0, -78 °C~rt NMe2 NMe,
2) PhPCl,, -78 °C~rt .2-Np
Fe "/ P‘"”.’

3) 2-naphthyllithium _

(R)-1 (Rc-Sge-Sp)-5 (Rc-Sre-Rp)-6
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To a solution of (R)-N,N-dimethyl-1-ferrocenylethylamine [(R)-Ugi’s amine, (R)-
1] (2.57 g, 5 mmol) in Et,0 (15 mL) was added 1.7 M t-BuLi 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 temperature, and stirred for 1.5 h
at room temperature. The resulting red solution was cooled to —78 °C again,
and dichlorophenyiphosphine (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-naphthyilithium [prepared from

2-bromonaphthalene (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] 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-EtsN = 85:10:5) to afford the
titte compound (4.42 g, 90%) as a mixture of two isomers. The ratio of (R, Sre,
Sp)-5 to (R, Sre, Rp)-6 is about 5:1. Fractional crystallization from hexane gave
(Re, Sre, Sp)-5 (3.10 g, 63%) and (R, Sre, Rp)-6 (687 mg, 14%). (Rc, Sre, Sp)-5 :
'H NMR (CDCls, 400.13 MHz): 8 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, 5H); 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);. *'P NMR (CDClj,

162 MHz): 5 —20.88. (R, Sre, Rp)-6 : 'H NMR (CDCls, 400.13 MHz): & 1.27 (d,
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3H, J =5.7Hz); 1.76 (s, 6H); 3.90 (br. s, 1H); 3.96 (s, 5H); 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, 5H), 7.74 (m, 1H);. *'P NMR (CDCls, 162

MHz): 8 —20.57.

Example 6

(R¢, Srey Sp)-2-[(1-N,N-Dimethylamino)ethyl]-1-[(2-

naphthyl)phenylphosphino]ferrocene [(R;, S, Sp)-5]:

Me Me
©/LNM32 1) t-BuLi, Et,0, -78 °C~rt NMe,

2) PhPCl,, -78 °C~rt _Ph

Fe Fe P\"’/;..

3) 2-naphthylmagnesium Np
@ bromide, -78 °C~rt @

(R)1 (Rc-Sge-Sp)-5

To a solution of (R)-N,N-dimethyi-1-ferrocenylethylamine [(R)-Ugi's amine, (R)-
11 (2.06 g, 8 mmol) in Et,O (15 mL) was added 1.5 M t-BuLi 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 dichlorophenylphosphine (1.22 mL, 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 magnesium (258
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mg, 10.6 mmol) in E{,0 (20 mL)] was added via a cannula at —78 °C. The

mixture was warmed to room temperature overnight. The reaction was
quenched with saturated NH4Cl solution (20 mL). The organic layer was
separated, and the aqueods layer was extracted with EtzO (20 mL). The
combined organic layers were washed with brine (20 mL), dried (MgS04), and
concentrated. The residue was purified by chromatography (SiO,, hexane-
EtOAc-Et3N = 85:10:5) to afford the title compound (3.42 g, 87%) as single
diastereomer. 'H NMR (CDCls, 400.13 MHz): 8 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, 5H); 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);. 3'P
NMR (CDCl3, 162 MHz): 6 —20.88.

Example 7

(Re; Sre, Sp)-2-[(1-N,N-Dimethylamino)ethyl]-1-[(2-

biphenyl)phenylphosphino]ferrocene [(Rc, Sge, Sp)-71:

Me Me

©/'\NMez 1) t-BuLi, EL,0, 78 °C~rt NMe,
2) PhPCl,, -78 °C~rt _Ph
Fe Fe Fi”/,.-

3) 2-biphenyllithium _Ri
@ -78 °Crrt @ Biph

(R)-1 (R¢=Sge-Sp)-7

To a solution of (R)-N,N-dimethyl-1-ferrocenylethylamine [(R)-Ugi’s amine, (R)-

1] (2.57 g, 10 mmol) in Et,0 (20 mL) was added 1.5 M t-BuLi solution in
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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 dichlorophenylbhosphine (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 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-Et3N = 85:10:5) to afford the
title compound (4.87 g, 94%) as single diastereomer. 'H NMR (CDCls, 400.13
MHz): 6 1.25 (d, 3H, J = 6.7Hz); 1.85 (s, 6H); 3.69 (s, 5H); 3.76 (m, 1H), 4.17
(m, 1H), 4.29 (t, 1H, J = 2.4 Hz); 4.32 (m, 1H); 7.10 ~ 7.19 (m, 5H); 7.31 (m,
1H), 7.37~7.48 (m, 5H), 7.64 (m, 1H); 7.69 (m, 1H); 7.71 (m, 1H). *'P NMR
(CDCls, 162 MHz): 6 —-32.96

Example 8

(Rc, Sre, Sp)-2-[(1-N,N-Dimethylamino)ethyl]-1-

(methylphenylphosphino)ferrocene [(R;, Sre, Rp)-8]:
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Me Me
<C>>/'\NMez 1) t-BuLi, Et,0, -78 °C~rt NMe,
2) PhPCl,, -78 °C~rt _Ph
Fe Fe P\"’/,..

3) methylmagnesium Me
@ bromide, -78 °C~rt @
(R)'1 (RC .sFe. RP)-S

To a solution of (R)-N,N-dimethyl-1-ferrocenylethylamine [(R)-Ugi’s amine, (R)-
1] (2.57 g, 10 mmol) in Et,0 (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 sorlution 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,ClI
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 (MgSOs), and concentrated. The residue was purified by
chromatography (SiO,, hexane-EtOAc-Et;N = 85:10:5) to afford the title
compound (3.36 g, 89%) as red oil. '"H NMR (CDCls, 400.13 MHz): 6 1.24 (d,
3H, J = 6.7Hz); 1.56 (d, 3H, J = 4.4 Hz); 1.72 (s, 6H); 4.07 (m, 1H), 4.13 (s, 5H);



10

15

20

WO 2005/068477 PCT/GB2005/000112

-38 .
4.30 (m, 1H), 4.34 (m, 2H); 7.14 ~ 7.20 (m, 3H); 7.30~7.37 (m, 2H). *'P NMR

(CDCls, 162 MHz): 5 ~43.47
Example 9
(Re, Sre, Sp)-2-[(1-N,N-Dimethylamino)ethyl]-1-

(cyclohexylphenylphosphino)ferrocene [(R., Sre, Rp)-9]:

Me Me
@J\NMeZ 1) +-Buli, Et,0, -78 °C~rt NMe,

2) PhPCl,, -78 °C~rt _Ph

Fe Fe P\"/,,. .

3) cyclohexylmagnesium Cy
@ chioride, -78 °C~rt @

(R)-1

To a solution of (R)-N,N-dimethyl-1-ferrocenylethylamine [(R)-Ugi’'s amine, (R)-
11 (2.57 g, 10 mmol) in Et;O (20 mL) was added 1.5 M t-BuLi solution in
pentane (7.35 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 2.0 M solution of cyclohexymagnesium
chloride in Et20 (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,CI solution (20 mL). The organic layer was
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separated, and the aqueous layer was extracted with Et,0 (20 mL). The
combined organic layers were washed with brine (20 mL), dried (MgSOQy), and
concentrated. The residue was purified by chromatography (SiO,, hexane-
EtOAc-EtsN = 90:5:5) to afford the title compound (4.09 g, 92%) as red oil. H
NMR (CDCls, 400.13 MHz): 6 1.16 (d, 3H, J = 6.7Hz); 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 = 2.5 Hz); 4.37
(m, 1H), 7.12 ~ 7.150 (m, 3H); 7.18~7.23 (m, 2H). *'P NMR (CDCls, 162 MHz):

0 -14.86
Example 10
(Rc, Ske, Sp)-2-[(1-N,N-Dimethylamino)ethyl]-1-[methyl(tert-

butyl)phenylphosphino)ferrocene [(R¢, Sre, Rp)-10]:

Me Me

NMe, 1) t-BuLi, Et;O, -78 °C~rt NMe,
= 2) t-BuPCl,, -78 °C~rt _Bu-t
Fe Fe Ft':,,

@ 3)methyllithium, -78 °Crrt @ Me.

(R)1 (Rc-SkeRp)-10

To a solution of (R)-N,N-dimethyl-1-ferrocenylethylamine [(R)-Ugi’'s amine, (R)-
1] (1.29 g, 5 mmol) in Et,0 (15 mL) was added 1.5 M t-BuLi solution in pehtane
(3.7mL, 5.5 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,
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and tert-butyldichlorophosphine (875 mg, 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
1.6 M solution of methyllithium in Et;O (3.75 mL, 6.0 mmol) was added via a
5 syringe 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-Et3N = 90:5:5) to afford
the title compound (1.54 g, 86%) as red oil. "H NMR (CDCls, 250.13 MHz): &
1.09 (d, 9H, J = 12.0 Hz), 1.27 (d, 3H, J = 6.7Hz); 1.45 (d, 3H, J = 3.3 Hz); 2.08
10 (s, 6H); 3.92 (m, 1H), 4.10 (s, 5H);, 4.28 (m, 3H). 3'P NMR (CDCls, 101 MHz): &

-6.47

Example 11
(R, Sre, Sp)-2-(1-Acetoxyethyl)-1-[(2-
15 methoxyphenyl)phenylphosphino]lferrocene [(R;, Sre, Sp)-111:
Me Me
@Lr\u\ne2 @kom
_Ph Ac,0 Ph

P P.
L — > A

Fe Fe
@o-An it @o-An

Re-Sre-Sp-2 Re-Sre-Sp-11

A solution of (Re, Sre, Sp)-2 (1.18 g, 2.5 mmol) in acetic anhydride (10 mL) was

20  stirred for 60 h at room temperature. The excess acetic anhydride was removed
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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 (CDClz, 400.13 MHz): 8 1.19 (s, 3H); 1.64 (d, 3H, J = 6.5 Hz); 3.90 (s,
3H); 3.92 (m, 1H); 4.07 (s,'5H); 4.34 (t, 1H, J = 2.6 Hz); 5.55 (m, 1H);6.15 (m,
1H); 6.87 (id, 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 (CDCls, 162 MHz): 5 —39.30.

Example 12
(Rcy Sre, Sp)-2-(1-Acetoxyethyl)-1-[(1-naphthyl)phenylphosphinolferrocene
[(Rc; SFes SP)'1 2]:

@kNMeg @OAC
ACzo
Fe \ '/

rt
Rc-Sge-Sp-3 Rc-Spe-Sp-12
A solution of (R¢, Sre, Sp)-3 (1.47 g, 3.0 mmol) in acetic anhydride (20 mL) was
stirred for 60 h at room temperature. The excess acetic anhydride was removed
under reduced pressuré (<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 (CDCl3, 400.13 MHz): 6 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
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57 (m, 1H); 6.28 (m, TH); 7.13 ~ 7.22 (m, 5H); 7.38~7.43 (m, 2H), 7.53 (ddd,

1H, J = 8.0, 6.7 and 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 (CDCls, 162 MHz): 5 —39.81.

Example 13
(Rcs Sre, Rp)-2-(1-Acetoxyethyl)-1-[(1-naphthyl)phenylphosphino]ferrocene
[(Rc, Sre, Rp)-13]:

Me Me
@/L NMe, @k OAc
_A1-Np ACzo A-Np
Fe P\'"/,.. —_— Fe !‘3"’/,..
@ Ph t @Ph
Rc-Sg.-Rp-4 R¢=Sge-Rp~13

A solution of (R, Sre, Rp)-4 (1.47 g, 3.0 mmol) in acetic anhydride (20 mL) was
stirred for 60 h at room temperature. 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 (CDCls, 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 (CDCls, 162 MHz): & —31.33.

Example 14
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(Re, Ske, Sp)-2-(1-Acetoxyethyl)-1-[(2-naphthyl)phenylphosphino]ferrocene

[(Re, Sre, Sp)-141:

Rc-Sge-Sp-5 Rc-Sge-Sp-14
A solution of (R, Sre, Sp)-5 (1.47 g, 3.0 mmol) in acetic anhydride (20 mL) was
5 stirred for 60 h at room temperature. 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 (CDCls3, 400.13 MHz): 6 1.21 (s, 3H); 1.65 (d, 3H, J = 6.5 Hz); 3.83 (m,
1H); 4.03 (s, 5H); 4.33 (t, 1H, J = 2.6 Hz); 4.57 (m, 1H); 6.24 (m, 1H); 7.19 ~

10 7.27(m, 5H); 7.46~7.51 (m, 3H), 7.81 (m, 3H), 8.11 (d, 1H, J = 10.4 Hz); *'P
NMR (CDCl3, 162 MHz): & —22.89.

Example 15
(Re¢, Sre; Rp)-2-(1-Acetoxyethyl)-1-[(2-naphthyl)phenylphosphino]ferrocene
15 [(RC! sFe! RP)'15]:

@'\NM% @ox
2-Np Acgo -Np

rt

Re-Sre-Rp-6 Rc-Spe-Rp-15
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A solution of (R, Sre, Rp)-6 (1.47 g, 3.0 mmol) in acetic anhydride (20 mL) was
stirred for 60 h at room temperature. 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 (CDCl3, 400.13 MHz): 6 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 (CDCl3, 162 MHz): & —22.58.

Example 16
(Re, Ske, Sp)-2-(1-Acetoxyethyl)-1-[(2-biphenyl)phenylphosphino]ferrocene
[(Rc, Ske, Sp)-16]:

@/'\ NMeZ @LOAC
ACZO

Fe I ) Fe \ vy
@ 2Biph ot @ Biph
Re-Sge-Sp-7 Rc-Ske-Sp-16

A solution of (Rc, Sre, Sp)-7 (1.47 g, 3.0 mmol) in acetic anhydride (20 mL) was
stirred for 60 h at room temperature. 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 (CDCls, 400.13 MHz): & 1.25 (s, 3H); 1.52 (d, 3H, J = 6.5 Hz); 3.73 (s,
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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). *'P NMR (CDCls, 162

MHz): 6 —35.03.

Example 17
(Rc, Sre, Sp)-2-[(1- N-Methylamino)ethyl]-1-[(2-

methoxyphenyl)phenylphosphino]ferrocene [(R., Sre, Sp)-171:

Me Me
@om @NHMe

_Ph 40% MeNH, (aq.) _Ph

Fe 'AD"I,/., 2 - Fe T"'/,..

©O-An THF-MeOH (4:1) ©°'A”

Rg-Sge-Sp-11 Rc-Sge-Sp-17

A solution of (R, Sre, Sp)-11 (1.21 g, 2.5 mmol) and 40% methylamine aqueous
solution (6.0 mL) 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 (Na2S0O.), and evaporated under reduced pressure. The
crude product was purified by chromatography (SiO,, hexane-EtOAc-Et3N =
80:15:5) to give the title compound (1.07 g, 94%) as orange crystals. '"H NMR
(CDCls, 250.13 MHz): & 1.44 (d, 3H, J = 6.5 Hz); 1.94 (s, 3H); 3.91 (m, 2H);
3.95 (s, 3H); 4.05 (s, 5H); 4.29 (t, 1H, J = 2.5 Hz); 4.46 (m, 1H); 7.90 (dt, 1H, J
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= 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),. *'P

NMR (CDCl3, 101 MHz): 6 —41.43.

Example 18
(Re, Ske, Sp)-2-[(1- N-Methylamino)ethyl]-1-[(1-

naphthyl)phenylphosphino]ferrocene [(Rc, Sre, Sp)-18]:

Me Me
@éﬁm" 40% MeNH, (aq.) @JWHMG
. _Ph
Fe l?"’/, . > Fe P‘"/, .
Np THF-MeOH (4:1)

& S

Rc-Sre-Sp-12 Rc-Spe-Sp-18

A solution of (R, Sre, Sp)-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.S0O,), and evaporated under reduced
pressure. The crude product was purified by chromatography (SiOg, hexane-
EtOAc-Et3N = 85:10:5) to give the title compound (549 mg, 92%) as orange
crystals. 'H NMR (CDCls, 400.13 MHz): 8 1.49 (d, 3H, J = 6.6 Hz); 2.07 (s, 3H);
3.69 (s, 5H); 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 (CDCls, 162 MHz): 5 —

39.91.
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Example 19
(Rc; Ske, Rp)-2-[(1- N-Methylamino)ethyl]-1-[(1-

naphthyl)phenylphosphino]ferrocene [(R;, Sre, Rp)-19]:

Me ) Me
©)\ OAC  40% MeNH, (aq.) @\ NHMe
/1'Np - /1-Np
Fo Lo THF-MeOH (4:1) Fe R,
RC'sFe'RP"1 3 Rc-sFe'Rp-1 9

A solution of (R¢, Sre, 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,0O (20 mL),
washed with brine (10 mL), dried (Na,S0O,), and evaporated under reduced
pressure. The crude product was purified by chromatography (SiO2, hexane-
EtOAc-Et3N = 85:10:5) to give the title compound (537 mg, 90%) as orange
crystals. "H NMR (CDCls, 400.13 MHz): & 1.45 (d, 3H, J = 6.5 Hz); 1.83 (s, 3H);
3.82 (m, 1H); 3.97 (m, 1H); 4.07 (s, 5H); 3 4.35 (1, 1H, 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
(t, 2H, J = 8.2 Hz), 8.38 (m, 1H). 3'P NMR (CDCl3, 162 MHz): 8 —32.25.
Example 20

(Rc; Sres Sp)-2-[(1- N-Methylamino)ethyl]-1-[(2~

naphthyl)phenylphosphino]ferrocene [(Rc, Sre, Sp)-20]:
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Me Me
@éﬁ’ AC " 40% MeNH, (aq.) @é L\IHMe
Fe Ru,. — > Fe R.,.
@_Np. THF-MeOH (4:1) @_Np.
Rc-Sre-Sp-14 Rc-Sre-Sp-20

A solution of (R, Sre, Sp)-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.S0O,), and evaporated under reduced
pressure. The crude product was purified by chromatography (SiO», hexane-
EtOAc-Et3N = 85:10:5) to give the title compound (513 mg, 86%) as orange
crystals. 'H NMR (CDCls, 400.13 MHz): 6 1.47 (d, 3H, J = 6.7 Hz); 1.98 (s, 3H);
3.82 (m, 1H); 3.98 (m, 1H); 4.02 (s, 5H); 4.27 (t, 1H, J = 2.5 Hz); 4.47 (m, 1H);
7.27~7.34 (m, 5H); 7.50 (m, 2H); 7.55 (m, 1H); 7.83 (m, 3H); 8.12 (d, 1H, J =
10.0 Hz). *'P NMR (CDCls, 162 MHz): 8 —22.68.

Example 21

(Res Sre, Rp)-2-[(1- N-Methylamino)ethyl]-1-[(2-

naphthyl)phenylphosphino]ferrocene [(R;, Sre, Rp)-211:

Me Me
@/L OAc  40% MeNH, (aq.) Q/L NHMe
P, 2-Np - P 2'Np
Fe 1 THF-MeOH (4:1) Fo T
Ph - Ph’

~=

Re-Spe-Rp15 Rc-Spe-Rp-21
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A solution of (Rc, Sre, Rp)-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 (NazS0O,), 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.

Example 22
(Re, Sres Sp)-2-[(1- N-Methylamino)ethyl]}-1-[(2-
biphenyl)phenylphosphino}ferrocene [(Rc, Ske, Sp)-22]:

Me Me

@/kop\c 40% MeNH, (aq.) @/LNHMe

Ph .Ph

Fe Fi"/, . > Fe PK"I, .
©Q-Bi§h THF-MeOH (4:1) @2-51&,
Rc-Sg-Sp-16 R¢-Sge~Sp-22

A solution of (R¢, Sre, Sp)-16 (1.063 g, 2 mmol) and 40% methylamine aqueous
solution (5.0 mL) 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 (Na2S0O4), and evaporated under reduced pressure.
The residue was recrystallized from hexane to give the title compound (621 mg,
62%) as orange crystals. 'H NMR (CDCls, 400.13 MHz): 5 1.34 (d, 3H, J = 6.6

Hz); 1.93 (s, 3H); 3.60 (m, 1H); 3.74 (s, 5H): 4.08 (m, 1H); 4.30 (t, 1H, J=2.5
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Hz); 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 (CDCls, 162 MHz): &
~34.29. |

Example 23
(Rc, Ske, Sp)-2-[1-[(N-Methyl-N-diphenylphosphino)amino]ethyl]-1-[(2-
methoxyphenyl)phenylphosphino]ferrocene [(R¢, Sge, Sp)-23]:

Me Me

e Vo
_Ph Ph,PCl, Et3N _Ph PPh,
Fe Ii""/, . > Fe I‘D"’/, .
©O-Ah toluene, rt, 16 h ©O-A'n
R¢-Sge-Sp-17 Rc-Sge-Sp-23

To a solution of (R, Sre, Sp)-17 (457 mg, 1.0 mmol) and Et3N (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. "H NMR (CDCls, 400.13 MHz): &
1.55 (d, 3H, J = 6.9 Hz); 2.17 (d, 3H, J = 3.4 Hz); 3.87 (s, 8H, overlap); 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): 5 56.93,
—38.64.
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Example 24
(R¢; Ske, Sp)-2-[1-[(N-Methyl-N-diphenylphosphino)amino]ethyl]-1-[(1-

naphthyl)phenylphosphiho]ferrocene [(Rc, Ske, Sp)-24]:

Me Me
M
NHMe NS
_Ph PhoPCI, EtzN _Ph PPh,
Fe P["/, . > Fe PK"// .
@1-Np’ toluene, rt, 16 h @-Np’
Rc-Sg.-Sp-18 Rc-Sge-Sp-24

To a solution of (R¢, Sre, Sp)-18 (477 mg, 1.0 mmol) and Et3N (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. 'H NMR (CDCls, 400.13 MHz): 6
1.53 (d, 3H, J =6.8 Hz); 2.22 (d, 3H, J = 3.3 Hz); 3.44 (s, 5H); 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 (CDCls, 162 MHz): & 59.59, —-41.03.

Example 25



10

15

20

WO 2005/068477 PCT/GB2005/000112

-52-
(R¢, Sres Rp)-2-[1-[(N-Methyl-N-diphenylphosphino)amino]ethyl]-1-[(1-

naphthyl)phenylphosphino]ferrocene [(R¢, Sre, Rp)-25]:

Me Me
Me
NHMe N~pph
Q _A-Np Ph,PCl, EtsN Q ANp 2
Fe F{'"/, . > Fe I?"’/, .
@ Ph" toluene, rt, 16 h @Ph )
Rc-Sge-Rp-19 Rc-Sge-Rp-25

To a solution of (R¢, Ske, Rp)-19 (239 mg, 0.5 mmol) and Et3N (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. "H NMR (CDCls, 400.13 MHz): &
1.51 (d, 3H, J = 6.8 Hz); 2.08 (d, 3H, J = 3.5 Hz); 3.90 (s, 5H); 4.15 (m, 1H),
4.44 (t, 1H, J = 2.4 Hz); 4.58 (m, 1H); 5.02 (m, 1H); 6.44 (td, 2H, J=8.0 and 1.8
Hz); 6.62 (id, 2H, J = 8.0 and 1.2 Hz); 6.80 (it, 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): 6 68.81, -31.16.

Example 26
(Res Sre, Sp)-z-[1-[(N-MethyI-N-diphenylphosphino)amino]ethyl]-1-[(2-

biphenyl)phenylphosphino]ferrocene [(R¢, Sre, Sp)-26]:
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Me Me
M
NHMe N

_Ph PhQPCl, Et3N _Ph PPh2
Fe lDK"/, . —> Fe P\"'/, .
@243]&1 toluene, rt, 16 h ©2-Bip'h
Rg-SFe-Sp-22 Rc-Sge-Sp-26

To a solution of (R, Sre, Sp)-22 (XX mg, 1.0 mmol) and EtzN (0.28 mL, 2.0
mmol) in toluene (2.5 mL) was added dropwise chlorodiphenylphosphine (188
5 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 (CDCls, 250 MHz): & 1.50 (d,
3H, J=6.6 Hz); 2.16 (d, 3H, J = 3.0 Hz); 3.68 (s, 5H); 4.08 (m, 1H); 4.33 (m,

10 1H); 4.42 (m, 2H); 4.56 (m, 1H); 6.98~7.75 (m, 24H). *'P NMR (CDCls, 101
MHz): & 50.70, —35.51.

Example 27

(RCs SFe, SPsRa)'27:

15 i Ro-Sre-Spy Re-27
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To a solution of (R, Sre, Sp)-17 (229 mg, 0.5 mmol) and EtsN (209 uL, 1.5

mmol) in toluene (4 mL) was added (R)-4-chloro-3,5-dioxa-4-
phosphacyclohepta[2,1-a:3,4-a'lbinaphthalene (175 mg, 0.5 mmol) at 0 °C.
Then the mixture was warrhed 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 (CDCls, 250 MHz): 5 1.73 (d, 3H, J = 3.5 Hz); 1.79 (d,
3H, J=7.0 Hz); 3.71 (s, éH), 3.80 (m, 1H); 4.00 (s, 5H); 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=7.5Hz), 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 (CDCls,

101 MHz): 5 148.51 (d, J = 53.4 Hz); -35.37 (d, J = 53.4 Hz).

Example 28

(RC! SFe! SP,Ra)'Zs:

M
oy

i ve & 3« )
= e S &
N O
-Ph Q EtsN
W+

Fe 'f
-N A e

@ p OO o toluene, 1t, 16 h @-Np'

Rc-Spe-Sp-18 Rc-Ske-Sp, R,-28
To a solution of (R, Sre, Sp)-18(239 mg, 0.5 mmol) and EtsN (209 uL, 1.5

mmol) in toluene (4 mL) was added (R)-4-chloro-3,5-dioxa-4-
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phosphacyclohepta[2,1-a:3,4-a'Jbinaphthalene (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 (CDCls, 250 MHz): & 0.87 (d, 3H, J = 7.0 Hz); 1.82 (d,
3H, J = 3.5 Hz); 3.62 (s, 5H); 4.06 (m, 1H); 4.33 (t, 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 (CDCl3, 101 MHz): & 148.37 (d, J = 61.8 Hz); -41.59 (d, J =

61.8 Hz).

Example 29

(RC! SFe, SP,Sa)"Zg:

M
»

(]
< OO
- p-Ph Q EtsN

e . *
<00
Re-Sre-Sp-18 (s)- Rc-Sre-Sp, S,-29
To a solution of (Rc, Sge, Sp)-18(239 mg, 0.5 mmol) and EtsN (209 uL, 1.5
mmol) in toluene (4 mL) was added (S)-4-chloro-3,5-dioxa-4-
phosphacyclohepta[2,1-a:3,4-a'lbinaphthalene (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 bad of neutral aluminium oxide and

eluted with hexane-EtOAc (9:1) to afford the title compound (373 mg, 95%) as
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orange foam. "H NMR (CDCl3, 250 MHz): 6 1.71 (d, 3H, J = 7.0 Hz); 1.99 (d,

3H, J = 3.3 Hz); 3.51 (s, 5H); 4.27 (m, 1H); 4.42 (t, 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).

31p NMR (CDCls, 101 MHz): & 150.23 (d, J = 34.3 Hz); —44.84 (d, J = 34.3 Hz).

Example 30

(Rcs SFey RP,Ra)"30:

R¢-Sge~Rp=19 Rc-Sfe~Rps Ry~30

To a solution of (Re, Sre, Rp)-19(239 mg, 0.5 mmol) and Et3N (209 uL, 1.5
mmol) in toluene (4 mL) was added (R)-4-chloro-3,5-dioxa-4-
phosphacyclohepta[2,1-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 (371 mg, 95%) as
orange foam. "H NMR (CDCls, 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, 5H); 4.38 (t, 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
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(m, 21H), 8.44 (m, 1H). *'P NMR (CDCls, 101 MHz): & 148.18 (d, J = 54.5 Hz);

~32.43 (d, J = 54.5 Hz).

Example 31
(RC! SFe, RP,sa)'31:

Me X O
@ LI T
/1 NP Q EtsN Me

P~Cl ————m ———— Fe Pz1-Np

@ OO O, toluene, rt, 16 h @Ph *

Re-Sre-Rp-19 () Rc-Sge-Rp, S,-31

To a solution of (R;, Sre, Rp)-19(239 mg, 0.5 mmol) and Et;N (209 uL, 1.5
mmol) in toluene (4 mL) was added (S)-4-chloro-3,5-dioxa-4-
phosphacyclohepta[2,1-a:3,4-a'lbinaphthalene (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 (CDCls, 250 MHz): & 1.69 (d, 3H, J = 6.8 Hz); 1.86 (d,
3H, J = 3.5 Hz); 3.97 (s, 5H); 4.07 (m, 1H); 4.43 (t, 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): 6 150.64 (d, J = 21.8 Hz);
—-33.31(d, J = 21.8 Hz).

Example 32
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(Re, Sre, Sp,Ra)-32:

e OO

Y ve § < )
NHMe /P\ O
@éh OO N<me ©
Fe R bl N R~Ph
Za — 7
i * l g Fo oL

toluene, rt, 16 h ©2-Bip'h
Rc-Sre-Sp-22
To a solution of (R;, Sre, Sp)-22(252 mg, 0.5 mmol) and Et;N (209 ul, 1.5

po)

O.

Rc-Sre-Sp, R,-32

mmol) in toluene (4 mL) was added (R)-4-chloro-3,5-dioxa-4-
phosphacyclohepta[2,1-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 (392 mg, 96%) as
orange foam. 'H NMR (CDCls, 250 MHz): 8 1.63 (d, 3H, J = 7.0 Hz); 1.76 (d,
3H, J = 3.5 Hz); 3.69 (s, 5H); 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, 25 H). 3'P

NMR (CDCls, 101 MHz):  149.07 (d, J = 60.5 Hz); —36.59 (d, J = 60.5Hz).

Example 33
(R¢, Sre, Sp)-2-(1-Dicyclohexylphosphino)ethyl]-1-[(2-

methoxyphenyl)phenylphosphino]ferrocene [(R., Sre, Sp)-33]:
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Me
Ve L
o-An AcOH o An
rt, 16 h
Rc-Spe-Sp-11 Rc-sFe-s,,-33

A solution of (Rc, Sre, Sp)-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,COj3; aqueous solution (60 mL) with
stirring, extracted with Et,0 (2x25 mL). The combined ether layers were dried
(MgSO04) and concentrated. The residue was purified by chromatography (SiOo,
hexane-EtOAc = 9:1) to afford the title compound (601 mg, 96%) as orange
crystals. '"H NMR (CDCls, 250.13 MHz): & 1.08~1.68 (m, 25 H), 3.12 (m, 1H),
3.91 (s, 5H), 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, 6 H), 7.35 (t, 1 H, J = 7.3 Hz); 3'P NMR (CDCl;, 101.25

MHz): 6 15.58 (d, J = 23.2 Hz); -42.23 (d, J = 23.2 Hz).

Example 34
(R, Sre, Sp)-2-(1-Dicyclohexylphosphino)ethyl]-1-[(1-

naphthyl)phenylphosphino]ferrocene [(R;, Sre, Sp)-34]:

@/ko Ac CszH @/'\F’Cyg
K
@"Np

e \ (A

ACOH 1-Np’
t, 16 h @

Rc-Spe-Spr12 Rc-Sre-Sp-34
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A solution of (R¢, Sre, 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 into 10% K>COj3 aqueous solution (60 mL) with
stirring, extracted with Et,O (2x25 mL). The combined ether layers were dried
(MgS04) and concentrated. The residue was purified by chromatography (SiO,,
hexane-EtOAc = 9:1) to afford the title compound (613 mg, 95%) as orénge
crystals. "H NMR (CDCls, 400.13 MHz): 5 1.14 ~1.57 (m, 25 H); 3.22 (m, 1H),
3.40 (s, SH); 4.08 (m, 1H); 4.23 (t, 1H, J = 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 (CDCl3, 162 MHz): 5 17.46 (d, J = 27.7 Hz); —-42.43 (d, J = 27.7 Hz).

Example 35
(R, Skre, Rp)-2-(1-Dicyclohexylphosphino)ethyl]-1-[(1-

naphthyl)phenylphosphino]lferrocene [(Rc, Sre, Rp)-35]:

OAc PCy2
@iE N Cysz @é i

AcOH
rt, 16 h

Rc-Ske-Rp-13 Rc-Sre-Rp-35
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A solution of (R¢, Sre, 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>COj3; aqueous solution (60 mL) with
stirring, extracted with Et,O (2x25 mL). The combined ether layers were dried
(MgS0.) and concentrated. The residue was purified by chromatography (SiO5,
hexane-EtOAc = 9:1) to afford the title compound (618 mg, 95%) as orange
crystals. "H NMR (CDCls, 250.13 MHz): 5 0.84~1.85 (m, 25 H), 3.16 (m, 1H),
3.96 (s, 5H), 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, 4 H), 8.33 (m, 1H); *'P NMR (CDCls, 101.25 MHz): 5 14.93

(d, J = 22.8 Hz); -34.80 (d, J = 22.8 Hz).

Example 36
(Re, Ske, Sp)-2-(1-Dicyclohexylphosphino)ethyl}-1-[(2-

naphthyl)phenylphosphino]ferrocene [(R;, Sk, Sp)-36]:

@/‘\OAC CszH @/L PCy,

Fe \ '/, Fe \ ’/
AcOH
t, 16 h @
Rc=Sge~Sp-14 R¢-Sge-Sp-36

A solution of (R;, Sre, Sp)-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,COj3 aqueous solution (60 mL) with

stirring, extracted with EtO (2x25 mL). The combined ether layers were dried
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(MgSOQg4) and concentrated. The residue was purified by chromatography (SiO,,

hexane-EtOAc = 9:1) to afford the title compound (599 mg, 93%) as orange
crystals. "H NMR (CDCls, 250.13 MHz): 5 1.15~1.71 (m, 25 H), 3.26 (m, 1H),
3.79 (s, 5H), 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, 1 H), 7.50 (d, 1H, J = 9.5 Hz); 7.50 (dd, 1H, J=30and 15 Hz);
7.57 (ddd, 1H, J=8.3, 5.0 and 1.5 Hz); 7.81 (d, 1H, J = 8.5 Hz); 7.87 (m, 1H),
8.31(d, 1H, J = 9.5 Hz); *'P NMR (CDCls, 101.25 MHz): 5 15.67 (d, J = 30.9

Hz); -34.20 (d, J = 30.9Hz).

Example 37
(Re¢, Sre, Rp)-2-(1 -Dicyclohexylphosphino)ethyl]-1-[(2-

naphthyl)phenylphosphino]ferrocene [(R;, Sr., Rp)-37]:

OAc PCy,
@Z/ENP _onPH @in

AcOH
rt, 16 h

Rc"SFe'RP"1 5 Rc-sFe-Rp'37

A solution of (R, Sre, Sp)-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,CO3 aqueous solution (60 mL) with
stirring, extracted with Et,0 (2x25 mL). The combined ether layers were dried

(MgSO;) and concentrated. The residue was purified by chromatography (SiO,,
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hexane-EtOAc = 9:1) to afford the title compound (608 mg, 94%) as orange

crystals. "H NMR (CDCls, 250.13 MHz): 5 1.07~1.68 (m, 25 H), 3.26 (m, 1H),
3.85 (s, 5H), 4.07 (m, 1H), 4.34 (t, 1H, J = 2.3 Hz); 4.40 (m, 1H), 7.30~7.77 (m,
12H); *'P NMR (CDCl3, 101.25 MHz): & 15.56 (d, J = 33.1 Hz); -25.12 (d, J =

33.1 Hz).

Example 38
(Re¢, Sre, Sp)-2-(1-Dicyclohexylphosphino)ethyl]-1-[(2-

biphenyl)phenylphosphino]ferrocene [(Rc, Ste, Sp)-38]:

Fe \ iy
Blph AcOH -Biph
@ 1, 16 h @
- Rg-Sge-Sp-16 Rc'sFe'Sp'38

A solution of (Rc, Sre, Sp)-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.CO3; aqueous solution (60 mL) with
stirring, extracted with Et,0 (2x25 mL). The combined ether layers were dried
(MgSO0s) and concentrated. The residue was purified by chromatography (SiO,,
hexane-EtOAc = 9:1) to afford the title compound (650 mg, 97%) as orange
crystals. 'H NMR (CDCls, 250.13 MHz): & 1.02~1.72 (m, 25 H), 2.93 (m, 1H),
3.66 (s, 5H), 3.76 (m, 1H), 4.29 (t, 1H, J = 2.3 Hz); 4.32 (m, 1H), 7.14~7.69 (m,

{

}
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14 H); *'P NMR (CDCls, 101.25 MHz): & 18.44 (d, J = 36.7 Hz); -37.67 (d, J =

36.7 Hz).

Example 39
(Re, Sre, Sp)-2,2’-Bis[(1-N,N-dimethylamino)ethyl]-1,1-bis[(2-

methoxyphenyl)phenylphosphino]ferrocene [(R;, Sr., Sp)-40]:

Me Me
1) t-BuLli, Et,0, -78 °C~rt
©/v\ NMe2 ) PhPCl,, 78 oCrrt @;{:’Meﬁ
Fe s Fe P:'/, .
3) o-AnLi, -78 °C~rt A
L e MeaN
: b,
Me Me Ph’l ‘0-An
(R,R)-39 R¢-Spe-Sp-40

To a solution of (R,R)-1,1"-bis(1-N,N-dimethylaminoethyl)ferrocene [(R,R)-20]
(986 mg, 3.0 mmol) in Et,0 (30 mL) was added 1.5 M t-BulLi 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 dichlorophenylphosphine (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-BuLi solution in pentane
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(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 (CDCls, 400.13 MHz): 6 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 (t, 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); 7.03 ~ 7.11 (m, 10H); 7.17
(td, 2H, J=8.5 and 1.6 Hz); *'P NMR (CDCl3, 162 MHz): 5 -39.53 (s).

Example 40
(Re, Sre, Sp)-2,2"-Bis[(1-N,N-dimethylamino)ethyl]-1,1 "-bis[(1-

naphthyl)phenylphosphino]ferrocene [(R;, Sk, Sp)-41]:

1) t-BuLi, Et,0, -78 °C~rt
©/LNM62 2) PhPCly, ~78 °C~rt @éﬁm%
Fe . > Fe P[T'//c
3) 1-NpLi, -78 °C~rt 1-Ng
= P,,,
Me Me Ph'L “1-Np
(Rs R)'20 RC'SFe'SP'41

To a solution of (R,R)-1,1 -bis(1-N,N-dimethylaminoethyl)ferrocene [(R,R)-20]
(986 mg, 3.0 mmol) in Et,0 (30 mL) was added 1.5 M -BuLi 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
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at room temperature. The resul'ting red solution was cooled to —78 °C again,
and dichlorophenylphosphine (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-
bromonaphthalene (2.07 g, 10 mmol) and 1.5 M t-BuLi 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-EtsN = 80:15:5) to afford the title
compound (827 mg, 35%) as yellow crystals. '"H NMR (CDCls, 400.13 MHz): &
1.28 (d, 6H, J = 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 (t, 2H, J = 7.1 Hz); *'P NMR (CDCls, 162

MHz): & —39.47 (s).

Example 41
(Rc, Sre, Sp)-2,2’-Bis[(a-N,N-dimethylamino)phenylmethyl]-1,1’-bis[(1-

naphthyl)phenylphosphino]ferrocene [(R;, Sre, Sp)-43]:
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eh Ph
1) t-BuLi, Et,0, -78 °C~rt
@NMeZ 2) PhPCly, -78 °C~rt Pr';‘“"ez
Fe . Fe P‘”/, .
3) 1-NpLi, -78 °C~rt i
LN, VN p
H =
Ph Ph PH'| “1-Np
(R,R)-42 RS- Sond3

To a solution of (R,R)-1,1 -bis[(a-N,N-dimethylamino)phenylmethyljferrocene
[(R,R)-23] (903 mg, 2.0 mmol) in Et,0 (20 mL) was added 1.5 M t-BuLi 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 [prebared from
1-bromonaphthalene (1.45 g, 7 mmol) and 1.5 M t-BuLi solution in pentane (9.3
mL, 14 mmol) in Et2O (40 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 = 3:1) to afford the title compound (369
mg, 20%) as orange crystals. 'H NMR (CDCl3, 250.13 MHz): 5 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 =
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8.3 Hz); 7.66 (d, 4H, J= 8.3 Hz); 7.81(d, 2H, J= 7.8 Hz); 9.20 (t, 2H, J=7.8

Hz); *'P NMR (CDCls, 162 MHz): 5 — 41.73 (s).

Example 42
(2’S, 4’S, Sk, Re)-2-[4’-(methoxymethyl-1,3-dioxan-2’-yl]-1-[(2-

methoxyphenyl)phenylphosphino]ferrocene [(2’S, 4’S, Sk, Rp)-46]:

12 o o
@ gt Me 1) tBuLi @ o)
H 2) PhPCl ,GAn - Ph

Fe i Do
@ 3) o-AnLi @ @o Ari
(2S,45)-45 (2'S, 4'S, Sg, Rp)-46

To a solution of (2S,48)-4-(methoxymethyl)-2-ferrocenyl-1,3-dioxane [(2S5,4S)-
45] (1.58 g, 5 mmol) in Et,O (20 mL) was added 1.7 M t-BuLi 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-
methoxyphenyllithium [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;O (40 mL) at —78 °C]

was added slowly via a cannula. The mixture was warmed to room temperature
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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). Recrystallising from hexane, the major product [(2'S, 4'S, Sre,
Rp)-46] (1.41 g, 53%) was obtained. The absolute configuration of (2'S, 4'S,
Sre, Rp)-46 was determined by single-crystal X-ray diffraction analysis. '"H NMR
(CDCl3, 400.13 MHz): 6 1.42 (dm, 1H, J = 13.3 Hz); 1.74 (m, 1H,); 2.89 (d, 2H,
J=15.1Hz); 3.03 (s, 3H); 3.59 (m, 1H); 3.60 (s, 3H); 3.74 (m, 1H); 3.91 (td, 1H,
J=12.2and 2.5 Hz); 4.08 (s, 5H); 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 (CDCl3, 162 MHz): & —

31.46 (s).

Example 43
(2’S, 4'S, Sre, Rp)-2-[4-(methoxymethyl-1,3-dioxan-2’-yl]-1-[(1-

naphthyl)phenylphosphino]ferrocene [(2’S, 4’S, Sge, Rp)-47]:

0 o) o)
H, /j\/ 1) tBuLi H/" /j\/OM HI" /j\/
AN : e AN-OM
O |:| OMe 2) PhPCl, O I:i @O FI e
- —1-N —Ph
Fe 3)1-NpLi  Fe kb + Fe Ry,
() N, -
(25,4S)-45 (2'S, 4'S, Sge, Rp)-47
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To a solution of (2S,4S)-4-(methoxymethyl)-2-ferrocenyl-1,3-dioxane [(2S,4S)-

45] (3.16 g, 10 mmol) in Et,O (40 mL) was added 1.5 M t-BuLi 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 temperature, and stirred for
1.5 h at room temperature. The resuiting orange suspension was cooled to —78
°C, and dichlorophenylphosphine (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 stil;red for 1.5 h at room temperature. The
mixture was cooled to —78 °C again, a solution of 1-naphthyllithium [prepared
from 1-bromonaphthalene (1.67 mL, 12 mmol) and 1.5 M t-BuLi solution in
pentane (16 mL, 24 mmol) in Et,O (60 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 = 6:1) to afford the title compound
(4.95 g, 90%) as a mixture of two diastereomers (in about 3.4:1 ratio), which
was recrystallised from hexane to give the pure major product [(2’S, 4'S, Sk,
Re)-47 ] (2.53 g, 51%) as yellow needles. The absolute configuration of (2'S,
4'S, Sre, Rp)-47 was determined by single-crystal X-ray diffraction analysis. 'H
NMR (CDCls, 400.13 MHz): 6 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 ~
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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): 5 — 28.03 (s).

Example 44
(Sre, Rp)-2-[(2-Methoxyphenyl)phenylphosphino]ferrocenecarboxaldehyde
[(Sre, Rp)-48]:

O/j\/

H,

; -OMe

Sl p-TsOH (cat.) @ CHO
—0-An N - ,0-An

Fe A, R.
CH,Cly-H,0 Fe Rw, .,
Ny N
(2'S, 4's, Skes Rp)-46 (Sges Rp)-48

A mixture of acetal [(2'S, 4'S, Sge, Rp)-46] (4.0 g, 7.5 mmol), p-TsOH.H20 (2.0
g), CH2CI2 (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 pressure to give the crude
product (3.20 g, 100%) as red crystals, which was used directly in next step. H
NMR (CDCls, 250.13 MHz): 8 3.66 (s, 3H); 3.96 (m, 1H); 4.22 (s, 5H); 4.71 (1,
1H, J = 2.3Hz); 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 (CDCls, 101
MHz): 8 — 34.66 (s).

Example 45

(Sre; Rp)-2-[(1-Naphthyl)phenylphosphino]ferrocenecarboxaldehyde [(Sre,
Rp)-49]:
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H,,O
NoroN-OMe CHO
H p-TsOH (cat.) 1-N
Fe R NP ———  Fe Ko7
@Ph . SHZCIZ-HZO @Ph .
(2'S, 4'S, S, Rp)-47 ( Skes Rp)-49

A mixture of acetal [(2'S, 4'S, Sre, Rr)-46] (4.73 g, 7.5 mmol), p-TsOH.H,0 (2.0
g), CH2Cl> (50 mL) and H20 (30 mL) was stirred for 24 h at room temperature.
The organic layer was separated, washed with saturated NaHCOj3 solution (20

5 ml), dried (MgSOg), and evaporated under reduced pressure to give the crude
product (3.36 g, 100%) as red crystals, which was used directly in next step. 'H
NMR (CDCls, 250.13 MHz): & 4.04 (m, 1H)} 4.28 (s, 5H); 4.76 (t, 1H, J = 2.3Hz);
5.17 (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 (CDCls, 101

10 MHz): 6 — 30.50 (s).

Example 46
(Sre;Rp,0a8)-2-[(2-Methoxyphenyl)phenylphosphino]-1-

[(diphenylphosphinophenyl)lferrocenemethanol [(Sp,aS)-51]:
©:M95' OH PPh,
@io A PPhi @ O
@ " THF,-78 Crt : . 70An

15 (Sre, Rp)-48 (Skes Rps8)-51

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
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refluxed until magnesium was dissolved (about 30 min). The resulting Gragnard
reagent solution was cooled to -78 °C, and a solution of (Sge, Rp)-2-[(2-
methoxyphenyl)phenylphosphino]ferrocenecarbaoxaldehyde [(Sre, Rp)-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,4CI solution, and extracted with CH2Cl, (2%20 mL). The combined extracts

‘were washed with brine (20 mL), dried (MgSO4), and evaporated under

reduced pressure. The residue was purified by flash chromatography (SiOa,
hexane-EtOAc = 6:1) to give yellow crystals (1.297 g, 96%) as a mixture of two
diastereomers (~9:1). Major product: "H NMR (CDCls, 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 (CDCl3, 101 MHz): 5 -18.69 (d, J =

14.6 Hz), -32.85 (d, J = 14.6 Hz).

Example 47
(Sre;Rp,a8)-2-[(1-Naphthyl)phenylphosphino]-1-[a-

[(diphenylphosphinophenyl)lferrocenemethanol [(Sge,Rp,aS)-52]:

@EMQ& OH PPh,
@ PPh
p 1o 2
@ 3 THF, -78 Crt @:1 -Np
(Sres Rp)-49 (Skes Rp,aS)-52
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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 (Sre, Re)-2-{(1-
naphthyl)phenylphosphino]ferrocenecarbaoxaldehyde [(Sre, Rr)-49] (897 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.CI solution, and extracted with CH.Cl, (2x20 mL). The combined extracts
were washed with brine (20 mL), dried (MgSQ,), and evaporated under reduced
pressure. The residue was purified by flash chromatography (SiOz, hexane-
EtOAc = 6:1) to give yellow crystals (1.322 g, 93%) as a mixture of two

diastereomers (~9:1). Major product: "H NMR (CDCl3, 250 MHz): & 2.39 (br. s,

1H), 3.66 (m, 1H), 4.24(s, 5H), 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): 5 -

18.54 (d, J = 21.0 Hz), -29.56 (d, J = 21.0 Hz).

Example 48
(SFe,Rp,aS)-2-[(2-Methoxyphenyl)phenylphosphino]-1-[a-methoxy-(2-

diphenylphosphinophenylmethyli)lferrocene [(Sre,Rp,aS)-53]:



10

15

WO 2005/068477 PCT/GB2005/000112

-75-

OH PPh, OMe PPh,
-, O KH,Mel  <C_7 O
Fe l?‘?,/o-An THF Fe Pro.An
(Sres Rpy0S)-51 (Srer Rpy0S)-53

To a suspension of KH (30%, 174 mg, 1.3 mmol washed with hexane) in THF
(10 mL) was added alcohol [(Sp,aS)-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 dissolved in CH,Cl, (20 mL), washed with water (10 mL) and brine (10 mL),
dried (MgSOy), and evaporated under reduced pressure. The residue was
purified by flash chromatography (SiO,, hexane-EtOAc = 10:1) to give yellow
crystals (463 mg, 66%). "H NMR (CDCls, 250 MHz): 5 2.82 (s, 3H), 3.50 (m,
1H), 3.57 (s, 3H), 4.11 (t, 1H, J = 2.3 Hz), 4.17 (s, 5H), 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 (CDCl3, 101

MHz): 6 -18.44 (d, J = 18.7 Hz), -31.19 (d, J = 18.7 Hz).

Example 49
(Sre,aS)-2-Bromo-1-[a-(2-diphenylphosphinophenyl)lferrocenemethanol

[(Sre,aS)-55]:
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THF, -78 C~tt

MgBr
e UL
PPh,

0:(;
v

(Sro)-54 (Sre,08)-65
A suspension of Mg (729 mg, 30 mmol) in THF (10 mL) was added dropwise a
solution of 2-bromophenyldiphenylphosphine (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 (Sre)-2-
bromoferrocenecarboxaldehyde [(Se.)-541(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 overnight at room temperature. The reaction was
guenched with saturated NH,Cl solution (50 mL), and diluted with EtOAc (100
mL). The organic layer was separated, washed with brine (50 mL), dried
(Na2S0y), and evaporated under reduced pressure. The residue was purified by
chromatography (SiO,, hexane-EtOAc = 5:1) to give yellow crystals (12.51 g,
98%) as a single diastereomer. "H NMR (CDCl3, 250 MHz):  2.67 (dd, 1H, J =
3.5and 2.0 Hz), 4.04 (t, 1H, J = 2.5 Hz), 4.18 (m, 1H), 4.27 (s, 5H), 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); 3'P NMR (CDCls, 101 MHz): 5 -17.30.

Example 50
(Ske,aS)-2-Bromo-1-[a-methoxy-(2-

diphenylphosphinophenylmethyi)jferrocene [(Sg.,aS)-56]:



10

15

WO 2005/068477 PCT/GB2005/000112

-77 -
OH Pth OMe PPh2
. “Br O KH, Mel e “Br O
- e D
(SFe,0S)-55 (SEge,08)-56

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,aS)-2-Bromo-1-[a-(2-
diphenylphosphinophenyl)iferrocenemethanol [(Sre,aS8)-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. The reaction 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 (MgSOs), and
evaporated under reduced pressure. The residue was purified by flash
chromatography (SiO,, hexane-EtOAc = 5:1) to give yellow crystals (12.10 g,
98%). '"H NMR (CDCls, 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
(Sre,Sp,a8)-2-[(2-Methoxyphenyl)phenylphosphino]-1-[a-methoxy-(2-

diphenylphosphinophenylmethyl)]ferrocene [(Sg.,Sp,aS)-57]:
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OMe PPh, OMe PPh,
tBui
Fe Br 2)PhPCl,  Fe PPN
@ 3) o-AnLi @6_;\},
(SresSp» 15)-56 (Sfe,SP, aS)-56

To a solution of bromide [(Sge,0S)-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, PhPClI, (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 fo -
78 °C again, and a suspension of o-AnLi [prepared from 2-bromoanisole (805
ul., 6.5 mmol) and 1.7 M t-BuLi (7.6 mL, 13 mmol) in Et,O (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 (MgSOy), and
evaporated under reduced pressure. The residue was purified by flash
chromatography (SiO,, hexane-EtOAc = 10:1) to give yellow crystals (3.21 g,
91%) as a single diastereomer. 'H NMR (CDCls, 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 (CDCls, 101 MHz): 8 -17.98 (d, J = 10.0 Hz), -33.15 (d, J = 10.0 Hz).

Example 52
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(Sre,Sp,a8)-2-[(1-Naphthyl)phenylphosphino}-1-[a-methoxy-(2-

diphenylphosphinophenylmethyl)]lferrocene [(Sre,Sp,aS)-58] and
(SkesRp,08)-2-[(1-Naphthyl)phenylphosphino]-1-[a-methoxy-(2-

diphenylphosphinophenylmethyl)Jferrocene [(Sre,Rp,aS)-59]:

OMe PPh, OMe PPh, OMe PPh,
IR g sl =
Fe Br PR, e RPN P A-ND

@ 3)1-NpLi -Np @
(Ske,Sp, 0.S)-56 (Ske:Sp, 0S)-58 (Sre:RP, 0S)-59

To a solution of bromide [(Sr.,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, PhPClI; (746 uL, 5.5 mmolL) was added via a
syringe, After stirring for 30 hin at -78 °C, the mixture was warmed to room
temperature and stirred for 1 h at room temperature. Tthe 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-BuL.i (7.6 mL, 13 mmol) in Et,O (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 (MgSOQy), and
evaporated under reduced pressure. The residue was purified by flash
chromatography (SiO,, hexane-EtOAc = 10:1) to give yellow crystals (3.30 g,
91%) as a mixture of two diastereomers (ratio: ~9:1), which was recrystallised
from hexane to give pure major product [(Sre,Sp,08)-58] (2.83 g, 78%) as

yellow crystals. The mother liquor was concentrated, and the residue was
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recrystallized from MeOH to afford pure minor product [(Sge,Rp,aS8)-59] (217

mg, 6%) as yellow crystals. Major product [(Sre,Sp,aS)-58] : 'H NMR (CDCls,
250 MHz): 8 2.96 (s, 3H), 3.74 (m, 1H), 3.84 (s, 5H), 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 =
8.0, 6.8 and 1.3 Hz), 7.64 (dd, 1H, J = 6.8 and 1.5 Hz), 7.69 (ddd, 1H, J = 5.3,
3.5and 1.7 Hz), 7.89 (t, 2H, J = 8.0 Hz), 9.32 (dd, 1H, J = 7.5 and 6.8 Hz). *'P
NMR (CDCls, 101 MHz): 5 -18.83 (d, J = 21.3 Hz), -35.08 (d, J = 21.3 Hz).
Minor product [(Sre,Re,aS)-59]: 'H NMR (CDCls, 250 MHz): 5 2.73 (s, 3H), 3.61
(m, 1H), 4.21 (t, 1H, J = 2.5 Hz), 4.22 (s, 5H), 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, J = 8.0 Hz), 8.29 (m, 1H). *'P NMR (CDCl3, 101 MHz): 5 -18.52 (d, J = 18.4

Hz), -27.69 (d, J = 18.4 Hz),

Example 53
(Sre, Rp)-2-[(2-Methoxyphenyl)phenylphosphino]ferrocenemethanol [(Sk.,
Rp)-60]:

- ==
p’o- n NaBH4 /O'An

K. " 3 Fe Ru,,

Fe
() P THF-MeOH &) Ph*

(Skes Rp)-48 (Sres Rp)-60
To a solution of aldehyde [(Sr., Rp)-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 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
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NH4CI solution (5 mL), and diluted with EtOAc (10 mL). The organic layer was

separated, washed with brine (10 mL), dried (MgSQO4), 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 (CDCl3, 250 MHz): 8 3.63 (m,
1H), 3.66 (s, 3H), 4.10 (s, 5H), 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 (CDCl3, 101 MHz): 5 -

35.05.

Example 54
(Sre; Rp)-2-[(1-Naphthyl)phenylphosphino] ferrocenemethanol [(Sg., Rp)-

61]:
—1-N NaBH A
Fe P\"'o_. P _____>4 Fe P;,,1 .Np
@ Ph THF-MeOH @ Ph
(Skes Rp)-49 (Ske: Rp)-61

To a solution of aldehyde [(Sre, Rp)-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,4Cl solution (5 mL), and diluted with EtOAc (10 mL). The organic layer was
separated, washed with brine (10 mL), dried (MgSQ,), 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 (CDCls, 250 MHz): 6 3.71 (m,
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1H), 4.16 (s, 5H), 4.36 (t, 1H, J = 2.5 Hz), 4.41 (d, 1H, J = 12.5 Hz), 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 (CDCl3, 101 MHz): 5 -

31.14.

Example 55
(Sre, Rp)-2-[(2-Methoxyphenyl)phenylphosphinolferrocenemethanol

acetate [(Sre, Rp)-62]:

AOH AOAc
0-An - 0-AN
Fo F{,,,, . Ac,0, pyridine Fe p‘,/, .
: Ph° @ Ph*
(Sres Rp)-60 (Sres Rp)-62

A solution of alcohol [(Sge, Rp)-60] (857 mg, 2.0 mmol), Ac20 (2 mL) and
pyridine (2 mL) in CH2Cl, (10 mL) was stirred overnight at room temperature.
The volatile matters 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 (CDCls, 250 MHz): 5 1.62 (s, 3H), 3.64(s, 4H, overlapped),
4.‘10 (s, 5H), 4.30 (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, J = 7.5 Hz), 7.25

(m, 1H), 7.37 (m, 3H), 7.51 (m, 2H). *'"P NMR (CDCl3, 101 MHz):  -34.60.

Example 56
(Sre, Rp)-2-[(1-Naphthyl)phenylphosphino]ferrocenemethanol acetate [(Ske,

Rp)-63]:
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Fe R NP Ac,0, pyridine Fe Ro NP
@ Ph* > @ Ph*
(Sres Rp)-61 (Sres Rp)-63

A solution of alcohol [(Sre, Re)-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 matters 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 (CDCls, 250 MHz): 8§ 1.46 (s, 3H), 3.74(m, 1H), 4.15 (s, 5H),
4.38(t, 1H, J = 2.5 Hz), 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 (CDCls, 101 MHz): 5 -30.85.

Example 57
(Sre, Rp)-1-[(Dicyclohexylphosphino)methyl]-2-[(2-

methoxyphenyl)phenylphosphino]ferrocene [(Sge, Rp)-64]:

OAc @\Pc:y2
@;An Cy2 PH , 0- An

Fe F;P’I‘lll' _ Fe F{w,, .
@ AcOH, rt @ .

(Sre: Rp)-62 (Sre: Rp)-64

A solution of (Sge, Rp)-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 into 10% K,CO3 aqueous solution (60 mL) with stirring, extracted
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with Et,0 (2x25 mL). The combined ether layers were dried (MgSO4) and

concentrated. The residue was purified by chromatography (SiO,, hexane-
EtOAc = 9:1) to afford the title compound (573 mg, 94%) as orange crystals. 'H
NMR (CDCl3, 250.13 MHz): 8 0.99~1.79 (m, 22 H), 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, 5H), 4.20 (m, 1H), 4.57
(m, 1H); 4.32 (m, 1H), 6.74~7.58 (m, 9 H); *'P NMR (CDCl3, 101.25 MHz): & -

2.93; -35.19.

Example 58
(Sre, Rp)-1-[(Dicyclohexylphosphino)methyl]-2-[(1-
naphthyl)phenylphosphino]ferrocene [(Sg., Rp)-65]:

&= & o
R 1-Np Cy,PH R 1-Np

Fe

Fe . N
- Ph .
@ AcOH, rt @

(Skes Rp)-63 (Skes Rp)-65
A solution of (Sre, Rp)-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% K2CO3 aqueous solution (60 mL) with stirring, extracted
with Et;O (2x25 mL). The combined ether layers were dried (MgSO,) and
concentrated. The residue was purified by chromatography (SiO,, hexane-
EtOAc = 9:1) to afford the title compound (599 mg, 95%) as orange crystals. 'H
NMR (CDCl3, 250.13 MHz): & 0.83~1.76(m, 22 H), 2.57 (dm, 1H, J = 12.5 Hz),

2.70 (dm, 1H, J = 12.5 Hz), 3.67 (m, 1H), 4.06 (s, 5H), 4.27 (t, 1H, J = 2.5 Hz),
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4.60 (m, 1H); 7.12 (m, 1H), 7.31~7.82 (m, 10 H);8.28 (m, 1H). *'P NMR (CDCls,

101.25 MHz): 6 -2.19; -31.85.

Example 59
(Sc, Sre, Rp)-67:

0
@/43 ( 1) n-BuLi, TMEDA @(\j
2) PhPCl, N (

Fe 'R T-NP
@ 3 1-NpL LM
(5)-66 (Sc, Sre: Rp)-67

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, PhPCI, (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 temberature. The mixture was cooled to -78 °C again, and a suspension
of 1-NpLi [prepared from 1-bromonaphthalene (1.39 mL, 10 mmol) and 1.7 M t-
BuLi (11.8 mL, 20 mmol) in Et,0 (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,
washwd with brine (40 mL), dried (MgSQ,), and concentrated. 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 (CDCl3, 400.13 MHz): 5 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,
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1H), 3.78 (m, 1H), 4.29 (s, 5H); 4.4 (t, 1H, J = 2.6 Hz); 5.05 (m, 1H); 7.08(dd,

1H, J = 7.0 and 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 (CDCls, 162 MHz):

0 —23.52 (s).

Asymmetric Hydrogenation-General Procedure:

Bis(1,5-cyclooctadiene)rhodium trifluoromethanesulfonéte [Rh(COD),TfO] (2.3
mg, 5 umol) and the desired ligand (6 umol)) were placed in a vessel which was
purged with argon. The desired solvent was degassed with Ar for 15 minutes, |
then 5.0 mL was added to the reaction vessel via syringe. This solution was
stirred at 25 °C. under argon for 15 minutes. The desired substrate (1.0 mmol)
was then added to the catalyst solution. The solution was then purged five times
with argon and pressurized with hydrogen to the desired pressure and stirred at
room temperature. The reactions were run for the desired time at the desired
pressure, and then depressurized. Samples were taken and analyzed for

enantiomeric excess using standard analytical techniques.

Example 60 N-Acetyl L-alanine methyl ester via Hydrogenation in THF:
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Hs (50 psi)
NHAC Rh(COD),OT/L*

~ " CoMe
COzMe solvent, rt, 2.5 h 2

HAc

1z

Methy 2-acetamidoacrylate (143 mg, 1.0 mmol) was hydrogenated according to
General Procedure under 50psi of hydrogen in THF using bis(1,5-
cyclooctadiene)rhodium trifluoromethanesulfonate (2.3 mg; 5 umol; 0.01 equiv)
and ligand (R;, Ske, Sp)-23 (3.8 mg; 6 umol; 0.012 equiv) for 2.5 hour to afford
18.6% conversion to amino acid derivative with 88.6% ee as determined by

chiral GC analysis.

Example 61 N-Acetyl L-alanine methyl ester via Hydrogenation in THF:

Ho (50 psi)
NHAc Rh(COD),OT#L*

~ " coM
COzMe solvent, rt, 2.5 h CO.Me

NHAc

Methy 2-acetamidoacrylate (143 mg, 1.0 mmol) was hydrogenated according to
General Procedure under 50psi of hydrogen in THF using bis(1,5-
cyclooctadiene)rhodium trifluoromethanesulfonate (2.3 mg; 5 umol; 0.01 equiv)
and ligand (R, Sre, Sp)-24 (4.0 mg; 6 umol; 0.012 equiv) for 2.5 hour to afford
100% conversion to amino acid derivative with 98.3% ee as determined by

chiral GC analysis.
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Example 62 N-Acetyl L-alanine methyl ester via Hydrogenation in THF:

H, (50 psi)
NHAC Rh(COD),OTf/L*

> Co,Me
COMe solvent, rt, 2.5 h 2

NHAc

Methy 2-acetamidoacrylate (143 mg, 1.0 mmol) was hydrogenated according to
General Procedure under 50psi of hydrogen in THF using bis(1,5-
cyclooctadiene)rhodium trifluoromethanesulfonate (2.3 mg; 5 umol; 0.01 equiv)
and ligand (R, Sre, Rp)-25 (4.0 mg; 6 umol; 0.012 equiv) for 2.5 hour to afford
100% conversion to amino acid derivative with 92.3% ee as determined by

chiral GC analysis.

Example 63 N-Acetyl L-alanine methyl ester via Hydrogenation in MeOH:

Hy (50 psi)
)‘TAC Rh(COD),OTf/L*
C02 e

solvent, rt, 2.5 h

NHAc
-~ >Cco,Me

Methy 2-acetamidoacrylate (143 mg, 1.0 mmol) was hydrogenated according to
General Procedure under 50psi of hydrogen in MeOH using bis(1,5-
cyclooctadiene)rhodium trifluoromethanesulfonate (2.3 mg; 5 umol; 0.01 equiv)
and ligand (R, Sre, Sp)-24 (4.0 mg; 6 mumol; 0.012 equiv) for 2.5 hour to afford
100% conversion to amino acid derivative with >99% ee as determined by chiral

GC analysis.
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Example 64 N-Acetyl L-alanine methyl ester via Hydrogenation in THF wit

(R¢, Ske)-BoaPhoz:

Hs (50 psi)
NHAc  Rpcop)oTiLs  NHAC

- " co,Me
COMe = oivent, rt, 2.5 h 2

Methy 2-acetamidoacrylate (143 mg, 1.0 mmol) was hydrogenated according to
General Procedure under 50psi of hydrogen in THF using bis(1,5-
cyclooctadiene)rhodium trifluoromethanesulfonate (2.3 mg; 5 umol; 0.01 equiv)
and ligand (Rc, Ske)-BoaPhoz (3.7 mg; 6 umol; 0.012 equiv) for 2.5 hour to
afford 99% conversion to amino acid derivative with 94.5% ee as determined by

chiral GC analysis.

Example 65 N-Acetyl L-phenylalanine methyl ester via Hydrogenation in

THF:
NHAc ~ Hz(100 psi) . NHAc
Bh \/\co e Rh(COD),OTf/L* P Ao e
2 THF, rt, 2 h 2

Methy 2-acetamidocinnamate (219 mg, 1.0 mmol) was hydrogenated according
to General Procedure under 100 psi of hydrogen in THF using bis(1,5-
cyclooctadiene)rhodium trifluoromethanesulfonate (2.3 mg; 5 umol; 0.01 equiv)
and ligand (Rc, Sre, Sp)-23 (3.8 mg; 6 umol; 0.012 equiv) for 2 hour to afford
100% conversion to amino acid derivative with 88.0% ee as determined by

chiral GC analysis.
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Example 66 N-Acetyl L-phenylalanine methyl ester via Hydrogenation in

THF:
NHAc H, (100 psi) NHAc
Bh \/\co e Rh(COD)ZOTf/LV P cotte
2 THF, rt, 2 h 2

Methy 2-acetamidocinnamate (219 mg, 1.0 mmol) was hydrogenated according
to General Procedure under 100 psi of hydrogen in THF using bis(1,5-
cyclooctadiene)rhodium trifluoromethanesulfonate (2.3 mg; 5 umol; 0.01 equiv)
and ligand (R;, Sre, Sp)-24 (4.0 mg; 6 mumol; 0.012 equiv) for 2 hour to afford
100% conversion to amino acid derivative with 97.0% ee as determined by

chiral GC analysis.

Example 67 N-Acetyl L-phenylalanine methyl ester via Hydrogenation in

THF:
NHAc ~ Hp(100ps) NHAc
DN Rh(COD)ZOTf/LV Ph\/:\co e
2 THF, rt, 2 h 2

Methy 2-acetamidocinnamate (219 mg, 1.0 mmol) was hydrogenated according
to General Procedure under 100 psi of hydrogen in THF using bis(1,5-
cyclooctadiene)rhodium trifluoromethanesulfonate (2.3 mg; 5 umol; 0.01 equiv)

and ligand (R, Sre, Rp)-25 (4.0 mg; 6 mumol; 0.012 equiv) for 2 hour to afford
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100% conversion to amino acid derivative with 92.4% ee as determined by

chiral GC analysis.

Example 68 N-Acetyl L-phenylalanine methyl methyl ester via

Hydrogenation in THF with (R¢, Sr.)-BoaPhoz:

o e
2 <
Ph\/kCOZMe S Ph"come

Methy 2-acetamidocinnamate (219 mg, 1.0 mmol) was hydrogenated according
to General Procedure under 100 psi of hydrogen in THF using bis(1,5-
cyclooctadiene)rhodium trifluoromethanesulfonate (2.3 mg; 5 umol; 0.01 equiv)
and ligand (Rc, Sre)-BoaPhoz (3.7 mg; 6 umol; 0.012 equiv) for 2 hour to afford
100% conversion to amino acid derivative with 95.7% ee as determined by

chiral GC analysis.
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1. A metallocene-based phosphine or arsine ligand chiral at

phosphorus or arsenic having the Formula (1), (i) or (H1):

R%, R3n R® R* Rs" R3n 4

=S50 < ="

Q 1 =2 R RE R

wR R R? W, ,

M B 0 D TR E T

m Q RS

N
) Rl R2 G

wherein

W is phosphorus or arsenic;

M is a metal,

R' and R? are different from each other, and are independently
selected from substituted and unsubstituted, branched- and straight-
chain alkyl, alkoxy, alkylamino, substituted and unsubstituted
cycloalkyl, substituted and unsubstituted cycloalkoxy, substituted and
unsubstituted cycloalkylamino, substituted and unsubstituted
carbocyclic aryl, substituted and unsubstituted carbocyclic aryloxy,
substituted and unsubstituted heteroaryl, substituted and
unsubstituted heteroaryloxy, substituted and unsubstituted
carbocyclic arylamino and substituted and unsubstituted
heteroarylamino, wherein the or each heteroatom is independently

selected from sulphur, nitrogen, and oxygen;
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R® and R* are the same or different, and are independently 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;

nis0to 3;

mis 0 to 5;

Q is selected from:

R8
QQ\WR‘W

wherein W is phosphorus or arsenic;

R® and R are the same or different, and are independently selected
from substituted and unsubstituted, branched- and straight-chain
alkyl, alkoxy, alkylamino, substituted and unsubstituted cycloalkyl,
substituted and unsubstituted cycloalkoxy, substituted and
unsubstituted cycloalkylamino, substituted and unsubstituted
carbocyclic aryl, substituted and unsubstituted carbocyclic aryloxy,
substituted and unsubstituted heteroaryl, substituted and
unsubstituted heteroaryloxy, substituted and unsubstituted
carbocyclic arylamino and substituted and unsubstituted

heteroarylamino, wherein the or each heteroatom is independently
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selected from sulphur, nitrogen, and oxygen; and 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; or
Q is selected from:

RQ

/

N
WROR’

wherein W is phosphorus or arsenic;
R®, R’ and R® are, independently, as previously defined; and 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; or
Q is selected from:

R8

R
R

@)
wherein R®, R’, R® and R®are, independently, as previously defined:;

and R" is selected from hydrogen, substituted and unsubstituted,
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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; or

Q is selected from:

wherein R%, R’, R® and R® are, independently, as previously defined:;
and 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; or

Q is selected from:

wherein W is phosphorus or arsenic;
R®, R’ are, as previously defined; R'" is selected from OR™, SR®,
NHR™, NR™R" wherein R" and R are the same or different and

are independently selected from hydrogen, substituted and
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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; R'? is selected from hydrogen, halogen, OR'®, SR™,
NR"R", 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; wherein R'?, R' are, as
previously defined and n’ is 0 to 4;

or Q is selected from:

wherein R® and R®are as previously defined;

R® is selected from:
R15 R16
H%Rw
wherein R'®, R" and R" are the same or different and are
independently selected from hydrogen, OR3, SR™, NR"*R",
substituted and unsubstituted, branched- and straight-chain alkyl,

substituted and unsubstituted cycloalkyl, substituted and
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unsubstituted carbocyclic aryl, and substituted and unsubstituted
heteroaryl wherein the or each heteroatom is independently selected
from sulphur, nitrogen, and oxygen; wherein R"™, R" are, as
previously defined; or

R® is selected from:
R18 o18

% NR'3R
wherein R'®, R" are as previously defined; the two geminal
substituents R'® together are a doubly bonded oxygen atom (i.e.
(R'®), is =0), or each substituent R on its own is hydrogen; and
G is selected from the group consisting of:
-CONH-R*-NHCO-, -CO-OR*0-CO-, -CO-R*CO-, -CH=N-R*-N=CH-,
-CH,NH-R*-NHCH-, -CH,NHCO-R*-CONHCH;-, -CH(R®)NH-R*-
NH(CH(R®)-, -CH(R®)NHCO-R*-CONHCH(R®)~, -CONH-R-NHCO-, -
CO-ORO-CO-, -CO-RCO-, -CH=N-R-N=CH-, -CH,NH-R-NHCH_-, -
CH,NHCO-R-CONHCH;-, -CH(R®)NH-R-NH(CH(R®)-, -CH(R®)NHCO-
R-CONHCH(R®)-; wherein R® is, independently, as previously

defined; -R*- and —R- are selected from the group consisting of:

19
& T
& R19
wherein R is as previously defined; R'® is selected from hydrogen,

substituted and unsubstituted, branched- and straight-chain alkyl,
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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; or (R"), is -(CHo)u-, 0" is 0 to 4;

andm’is 1to 8;

2. Enantiomers of the ligands according to claim 1 having the
Formulae (1V), (V) and (VI):

R% R!

wherein each of W, M, R™, Q, G, n, m, n’ and m’ have the same
meanings as assigned in claim 1, with chirality changes in the

substituent groups where required.

3. Diastereomers of the ligands according to claim 1 having the

Formulaé (vVin), (Vi) and (IX):
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RY R?
w

g WHJ g

\@

(Vi)

R22
R
R R

(Vi) )

wherein each of W, M, R, Q, G, n, m, n’ and m’ have the same
meanings as assigned in claim 1, with chirality changes in the

substituent groups where required.

4, A metallocene-based phosphine according to any one of
claims 1 to 3 having chirality at phosphorus (or arsenic) and at least
one other element of chirality (planar chirality and/or chirality at

carbon and/or axial chirality).

5. A metallocene-based diphosphine or diarsine Iigand according
to any one of claims 1 to 4 having three elements of chirality, namely
planar chirality, chirality at phosphorus (or arsenic), and chirality at

carbon.

6. A metallocene-based diphosphine or diarsine ligand according

to any one of claims 1 to 4 having four elements of chirality, namely

m
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planar chirality, chirality at phosphorus (or arsenic), chirality at carbon

and axial chirality.

7. A ligand according to any one of claims 1 to 6 wherein the

metallocene is ferrocene.

8. A ligand according to any one of claims 1 to 7 wherein W is

phosphorus.

10.  Use of the ligand of any one of claims 1 to 8 as a catalyst or
catalyst precursor in asymmetric transformation reactions to generate

high enantiomeric excesses of formed compounds.

11.  Atransition metal complex containing a transition metal

coordinated to a ligand according to any one of claims 1 to 8.

12.  Aftransition metal catalyst according to claim 11 wherein the

transition metal is a Group VIb or a Group VIl metal.

13. A method for preparing a ligand according to any one of claims
1 to 8 comprising providing a metallocene-based substrate having a
chiral directing substituent on one or both rings, and subjecting the

substituted metallocene to ortho-lithiation followed by converting the
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ortho-lithiated substituted metallocene to a phosphine chiral at

phosphorus (or to an arsine chiral at arsenic).

14. A method according to claim 13 for preparing the ligand of
Formula (I) or (lll) comprising providing a compound of the formula
(X) (optionally substituted on one or both cyclopentadiene rings with

R3, (top ring) and/or R*, (bottom ring)):
<
M

X)

wherein X* is a chiral directing group;

* ortho-lithiating the substrate; reacting the ortholithiated substrate with

an R substituted phosphine or arsine, and with an R%-bearing
Grignard reagent or organolithium compound, and converting X*to Q

or G as desired.

15. A method according to claim 14 wherein X* is selected from

the group consisting of :
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. R

0 0

v H,, O/g' N

!.,{'\NRaRb ?ZL’/S\Ra 1'2\/()\ 715/&\[\] nRA 7?_)1/\

OMe
OMe

R? .
za**)\\N_é] SHR\OR‘D N e Ve OO
OMe MGOIPh OO

wherein

R? and R® are 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 substituted and unsubstituted
heteroaryl wherein the or each heteroatom is independently selected

from sulphur, nitrogen, and oxygen.

16. A method according to claim 14 or claim 15 wherein the ortho-
lithiation step is conducted using n-butyllithium, sec-butyllithium

and/or tert- butyllithium.

17. A method according to claim 16 wherein the resulting
monolithium compound is reacted in situ with a dichlorophosphine of
the formula R'"PCl, wherein R is as defined in claim 1 to yield an

intermediate product.
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18. A method according to claim 17 comprising reacting the
intermediate product with an organometal reagent of the formula R?Z,
wherein R? is as defined in claim 1; Z is Li or MgY wherein Y is a

halide, to obtain phosphorus chiral compound having formula (XI):

(X
19. A method according to claim 18 comprising converting

compound Xl to compound (1) or (111).

20. A method for preparing the ligand of Formula () or ()
comprising providing a compound of the formula XXXVii:

<

Fe

<

(XXXVIT)
wherein X is an achiral directing group and subjecting the compound
to enantioselective mono-ortho-lithiation using n-butyllithium or sec-
butyllithium or tert- butyllithium in the presence of a homochiral
tertiary amine, and reacting the resulting chiral monolithium
compound in situ with a dichlorophosphine of the formula R'PClz
followed by reacting with an organometallic reagent of the formula

R?Z. wherein R! and R? are as defined in claim 1; Z is Li or MgY
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wherein Y is a halide, to obtain a phosphorus chiral compound

having formula XXXVIII:

(XXXViT)

and converting compound XXXVIiI to compound (1) or(lil).

21. A method according to claim 20 wherein X is selected from:

0
zf;j/\ NRaRbé—SOZRa 771’/U\NRaRb g—P(O)RaRb

wherein

R? and R® are 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 substituted and unsubstituted
heteroaryl wherein the or each heteroatom is independently selected

from sulphur, nitrogen, and oxygen;

22. A method for preparing the ligand of Formula (lI) comprising

providing a compound of the Formula XXXIX:
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<

Fe

S

(XXXIX)

PCT/GB2005/000112

wherein X* is as previously defined; and subjecting the compound to

bis-ortho-lithiation using n-butyllithium, sec-butyllithium or tert-

butyllithium, and reacting the resulting bislithium compound in situ

with a dichlorophosphine of the formula R'PCI, followed by reacting

with an organometallic reagent of the formula R?Z wherein R" and R

are as defined in claim 1; Z is Li or MgY wherein Y is a halide, to

obtain a phosphorus chiral compound having formula XXXX:

and converting compound XXXX to compound II.
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