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Production-Scale Application of Ferrocenyl Ligands
in Catalytic Asymmetric Hydrogenations
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General Strategy for the Synthesis
of New Ferrocenyl Ligands

Ligand fragment 2
(achiral
nucleophilic

Ligand fragment 1 & 3
(achiral electrophilic Gezz2

synthon)
Step 1/2

\ Ferrocene fragment

I
Fe Me (carrier of the chiral information)

The assembly of the three components occurs
in two consecutive stereoselective (-specific) synthetic steps

An Easilv Accessible Class of Chiral Chelating Ferrocenyl Ligands

) High yields of

The prototype: crystalline products

C:> Many combinations

(S)-(R)-Josiphos of PR, and PR’




Synthesis of Pyrazole-Containing Ferrocenyl Ligands

O O
R1/u\|/u\ 3
Lo R™ H,NNH,
\ R2
=
I \ R3
Ar2 NMez /
AcOH, 70-90 °C

38-82 % yield  geveral combinations of

é‘ Ar, R'. B2, and R

A. Togni et al., Organometallics 1995, 14, 5415.

New Ligands Prepared by the "Inverse Sequence"

Br PPh, - Br NMe, W Br N—N

HPPh, HN—N
Fe Me —-— Fe Me —» o Me
AcOH @ AcOH @
1) BuLi 1) Buli
2) (RO),PCI 2) (N-indolyl),PCl

1)Buli | 2) CoF4Bry

NMe,
Fe  Me
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Josiphos and its Complexes

Very similar conformations in the solid state and in solution

X-ray structures of
5 different compounds:

Josiphos

and complexes with
M = Pd, Pt, Rh, Ru

Bite angle
P-M-P = 93°-96°

A. Togni et al., Inorg. Chim. Acta 1994, 222, 213

Conformation of Pyrazole-Containing Ferrocenyl Ligands

X-ray crystallographic and 2-D NMR studies in solution
confirm typical conformation in both free ligands and their complexes

X-ray structures of X-ray structures of
10 different ligands 4 different complexes




Pyrazolylphosphines in the Rh-Catalyzed Hydroboration of Olefins

Strong Electronic Effects on Enantioselectivity

1) 1 mol % [Rh(NBD),]BF4 / Ligand

OH
Catecholborane / THF / rt H
e N

—
2) NaOH / H202

+
Ph A >

OH
" Ph/\/

>5% - >99% <1% - <95%

—> 95% ee (R = Me) ——) 44%ee —> 91%ee
—— 92% ee (R = i-Pr)

(at low temp.)
A. Schnyder et al., Angew. Chem. 1995, 107, 996

Different Stereoselectivity in the Rh-Catalyzed Hydroboration of
Styrene Utilizing Ferrocenyl and Ruthenocenyl Ligands

& ; v Higher conformational
flexibility because of
ap ab increased Cp-Cp* distance ?

95% ee

87% ee

A. Togni et al. Organometallics 1996, 15, 1614




Ligand Electronic Tuning: From 5% to 98.5% ee in the
Rh-Catalyzed Hydroboration of Styrene with Catecholborane
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the worst... A. Schnyder et al., Organometallics 1997, 16, 255.

Avoiding the Problem of Regioselectivity
in the Rh-Catalyzed Hydroboration...

1) 1 mol% [Rh(COD),]BF4/L*
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O -~
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'yrazole-Phosphine Ligands in the Pd-Catalyzed Hydrosilylation of Olefins

Steric and electronic tuning of pyrazole and phosphine ligand fragments

1) HSICls
0.1 mol % PdCl,(L") OH
T

2) Oxidative Workup

O Me Me Me
OMe Me Me

I::> 39%ee L__> 76%ee I:> 82%ee L'_'> 91%ee L'_'> 99%ee

”
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Catalytic activity

Linear Free-Energy Relationship
for the Hydrosilylation of p-Substituted Styrenes

Correlation of log[(S)/(R)] with (Sp+ indicates the development of a positive
charge in the transition state of the enantioselectivity-determining step

log[(S)/(R)]

OH
1) cat. PdCly(L*)
N —>
2) Oxidation
X
X=Cl; 67% ee (S)
X=NMe,; 64% ee (R)

7 Mes




Br=N
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Twelve Equivalent Ligands on a Dendrimer

Nanoscopic Catalysts for Asymmetr

G. van Koten et al. Nature 1994, 372, 659
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Dendrimers with Peripheral Catalyst Units

Me\ IBr ,Me
Me~N—Ni—N—Me

D. Seebach et al. Helv. Chim. Acta 1996, 79, 1710
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Possible Anchoring Points for Spacer on Ferrocenyl Ligands

Critenia:

- Synthetic accessibility

- Possible interactions
with chelate ring

Remote anchoring is best
but more difficult

Remote

Anchoring

Synthesis of a Functionalized Josiphos for Dendritic Derivatives

NMez 1) Buli Br NMe, 1)Buli P! Ph2 NMez oo PPhy PCys

2) CoF4Br2 & 2) PPh,Cl S AcOH
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B. Pugin, Novartis Ltd. WO 96 32,400 / EP 729969
C. Kéllner, ETH




A Typical Convergent Synthesis of a G1-Josiphos Dendrimer
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® Remote anchoring
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NEta / Toluene
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85%
C. Koliner, B. Pugin, A. Togni J. Am. Chem. Soc. 1998, 120, in the press

300 MHz 'H NMR Spectrum of G1-8-JE in DMSO-dg at 120°C
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31p NMR spectroscopy indicates “full loading

5(PPh,)=20.7 ppm
2 4,p=29.4 Hz; ' ppn=144 Hz
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Application of Dendrimeric Josiphos Ligands

in Asymmetric Rh-Catalyzed Hydrogenation and Hydroboration

Josiphos

Very similar results, as compared to corresponding mononuclear catalyst

1 mol % Rh/ Ligand

,COOMe MeOH, rt, 40 min Me COOMe
-
Ha

COOMe COOMe

OH
& 0 , OH
1 mol % Rh/ Ligand
THF, 20°C, 12h
- +
Catecholborane

G0-3-J G0-4-J G1-6-JE G1-8-JA G2-12-JA
=>99% ee —>99%ece —>99%ee —>98% ee —)98% ee ) 98% ee

2) Hy0,
Josiphos - G1-6-JE G1-8-JA
63% ee —) 61%ee —p 67%ee
99% branched 89% branched 95% branched

Comparison of Monomeric and Dendritic Catalysts

in the Rh-Catalyzed Hydrogenation of Dimethyl itaconate
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Synthesis of a Functionalized Josiphos Precursor

- for Dendritic Derivatives
NMe, 1) Buli Br  NMe, 1) BuLi PPhy NMe,
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Synthesis of a Branched PPFA Derivative
for "Terminal" Functionalization
Principle: Completion of ligand synthesis after dendrimer synthesis
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Synthesis of a G1-PPFA Derivative

® Remote anchoring |
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An Example of "Terminal" Functionalization of a Dendritic Ligand
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Synthesis of Olefin-Free Ir(l) Diphosphine Complexes

[IrCI(COE)2]> A Diphosphine

(COE = Cyclooctene) Toluene / r.t.

Ethylene | 84 - 88%
Toluene / -78°C

“ I _ _ Very reactive
AN r—cl B Dlphosphmeo dinuclear complexes
“/ Toluene / -78°C (rare forir!)

cis/trans mixture
for asymmetric
diphosphines

Pathway B needed for
more basic diphosphines

Clean O-H and N-H Bond Activation NHIOH-AGt
by a Dinuclear Ir(l)-Ferrocenyl Diphosphine Complex

cis/trans \ / \ ) NP < \ / NFGPh
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/ \ / \ heptane
2.2 eq HQO
toluene o
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"" I \\CI P"'o s‘N", ,\‘P
. Sl + b '.
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Cl II-I clt -
P,‘.. \\\O'I, |,."\P
o I‘ I
H H
R. Dorta, A. Togni
X-ray Organometallics 1998, 17, 3423.




C-H Act. DMA

Reversible C-H Activation in 2,6-Dimethylaniline

No N-H oxidative addition observed

NH,

Ph2 Ph2
Me
/Fe Ph2 Phg%
QQ Fe\@

+ cis-isomer

Toluene A
quant.
Ph2 i
Q/Fe \
M! Ph2 Me

Single isomer

(also in solution)
R. Dorta, A. Togni

Organometallics 1998, 17, 3423.

1-(ICOD)HI

Reactivity of Ir()-COD Complexes with lodine
Enantiospecific C-H Activation / lodination

| R(Xyl)
Me P\(Xy|)2 ‘-‘+ |2, THF, -78°C ( y ‘l
@ Al 54%
—It PP
Fe “PPh; \I\ | ) Fe 2 |
. or OQ(_Njéo
2, CHClp, -78°C THF, rt
80% quant

The product of an Ir-mediated
enantiospecific iodination of
1,5-cyclooctadiene

The actual |, adduct




A Possible Mechanistic Scheme
Accounting for Allylic C-H Activation / lodination

Xyl o J* 2 ey B |
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Attempted Hydrophenoxylation of Norbornene
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100°C / 3d
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13%
+
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Milstein

A Well Studied Achiral Hydroamlnatlon System

The Addition of Aniline to Norbornene via N-H Activation
Calabrese, Casalnuovo, Milstein, J. Am. Chem. Soc. 1988, 110, 6738

33;"“"}"“)——0 HaN—Ph
h"N Y 8 N-H oxidative Addition
|+/CI .
t3P--.., m)_
5 B_l 'Ir( N
EtgP--..., |||) EtSP/l ~Ph
] r( il

EtsP™  ~N—pp,

" ék
| ék
Et P-..., I Et3P ll e

isolated, X-ra [
= P/l N ~Ph Et3P/I\N—Ph

S N H

Olefin insertion into Ir-N bond

Marks

Lanthanide-Catalyzed Asymmetric Olefin Hydroamination/Cyclization
T.J. Marks et al. J. Am. Chem. Soc. 1994, 116, 10241

ZNW

H R
SiMe
\ / 3 R R
~ Q{? Si Ln

\ - NS

R* *
E=CH,N R
Ln=La,Nd,Sm, Y, Lu

Up to 69% ee at;v:q

(74% ee at -30°C) <si N NH

TOF up to 93 b’




{IrCI(PP)]2-cpix

.ome of the Catalyst Precursors Used in Asymmetric Hydroamination

Ph, CYz Me th Pha
\,r\C\ e 4 \,r/ \ / J:é%
F%/PCVZ Phg%ﬁ%@ %Fe PCy2 CI/CQ
Me
trans-[IrCI(( R)-(S)-Josiphos)lz cis{IrCl((R)-(S)-Josiphos)ln
Ph, th Phy th
CQ \/\/ OQ Q \lr /N Ir O
pbh, c|/ PP OO PPhy CI” PhyF O
[IrCI((S)-BINAP)], (X-ray) [IrCI((R)-Biphemp)],

see also: K. Tani et all. Chem. Lett. 1997, 1215
( ) R. Dorta

Hydroamination results

Ir-Catalyzed Asymmetric Hydroamination of Norbornene
Fluoride Effect on Activity and Selectivity

0.5mol% [h’CI(PP)]g
up to 4 mol% 25 _,NHPh
+ PhNH2 NHPh

no solvent

50 - 75°C
ee N, 1
Fluoride added as: (R)-(S)-Josiphos —) 60%(R) (1.11)
(R)-(S)-Josiphos —) 51 %(S) (0.17)

Me2N \Me2. no fluoride

MezN\P=N—P\sNMe2 F (R)-Biphemp —> 92%(S) (0.17)
Mez NMeo (S-BINAP  —> 95%(R) (0.15)

(S)-BINAP > 57%(R) (0.08)
no fluoride
R. Dorta et al. J. Am. Chem. Soc. 1997, 119, 10857




Anion Effects on Enantioselectivity in Pd-Catalyzed Allylic Amination

OCOzEt 3 mol % Pd-catalyst NHCH,Ph
+
PRS"TPh 40 oG/ THE/PRCHNH, P77 > PR
Catalyst Precursor %ee (er)

[Pd(dba), ]+ Ligand ——> 99.1(220)

[Pd(n3-PhAI(LIPFe ———p 6.7 (1.1)
PFg : Selectivity

[Pd(dba), ]+ Ligand

+ 10 Eq NH,PFg —> 33(2) "Killer"
[Pd(n®-PhAllyl)(L)JPFs T———p 98.7 (153) F : Selectivity
+2 Eq NBU4F

_ Enhancer
[Pd(dba), }+ Ligand ———> >99.5 (>400)
+2 Eq NBU4F

U. Burckhardt et al., Tetrahedron: Asymmetry 1997, 8, 155.

Fluoride role

A Possible Role of Fluoride in Ir-Catalyzed Hydroamination
Postulated formation of reactive fluoro complexes

R2N\ o-bond metathesis RN H | #
H  Process 2 :
| |
L Ir(—F LolreF
Ir(l)-Fluoro complex can .
bind amine via hydrogen bridge ¢ El%r::ctjluo; of an Ir(])
R,N
| RoN-oooo
LIy —F — —— / | /'H
| Llr(y——F
Oxidative addition of HF n (

Formation of an
Ir(lll)-amido(hydrido) complex




ormation of Amido Bridged Complexes via Amido Iridate(l) Derivatives

_ IVDhT
Cl PR i
RQ(P\” < >Ir < 2 4 LiINHPh] o RQ(P\[r <NH L(OE),
L Ph -
Protonolysis with +-BuOH or Soluble in pentane

- Robust complexes
- No catalytic activity in hydroamination
- X-ray structure of two derivatives

[I(NHPh)(PP)]2-cpl>

Structures of Dinuclear Iridium-Amido Complexes

A PPh, | Phe

/
% Ph
Mé

trans-[lr(NHPh)((R)-(S)-PPFPth)]z [Ir(NHPh)((S)-BINAP)]2
R. Dorta

[




