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ABSTRACT

The asymmetric hydroamination of alkenes, catalyzed by transition metals, is one of

the research's fields that up to date has not found a general solution for industrial

applications. Aim of this work was to demonstrate that nickel(II) complexes are able

to catalyze the addition of primary or secondary amines to a carbon-carbon double

bond in an enantioselective manner, as predicted by ab initio theoretical studies.

The first part of the thesis presents the bibliography (Chapter 1). The work on

asymmetric hydroamination is reviewed, followed by the use of the ionic liquids as

neoteric solvents in catalysis (specially for the hydroamination reactions), the

theoretical studies on the hydroamination (basis of this work) and, finally, the

synthesis and the applications of bidentate and tridentate ferrocenyl ligands.

The results (Chapter 2) have been subdivided into three sections reflecting the three

main investigation fields of this thesis: the synthesis of new chiral ligands with

ferrocenyl fragments (in particular the tridentate ones), the synthesis and

characterization of the nickel (II) complexes containing such ligands, and their use as

catalysts in intermolecular hydroamination reactions.

Three types of ligands have been synthesized and used in the hydroamination

catalysis (Chapter 2.1.2): the triphosphane ligands derived from Pigiphos, the new

Gipiphos and the ligands, which contain a different heteroatom (sulfur or nitrogen,

giving the S- or N-Pigiphos).

Pigiphos Gipiphos S -Pigiphos N -Pigiphos

The compounds [Ni(PPP)L]2+ (L = chloride, solvent or substrate) have been isolated.

From the characterization it is possible to assert that all these complexes display a

square-planar geometry, with the three phosphine coordinated to the metal center.

This arrangement was confirmed by the solid-state structures as determined by X-

ray diffraction analysis. Analogous results are presented also for the [Ni(PXP)L]2+

complexes (Chapter 2.2). The efficiency of these complexes in asymmetric catalysis

(Chapter 2.3) reaches high level when aliphatic or aromatic amines react with

electron-poor olefins, especially with acrylonitrile derivatives.

XI
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EWG = CN, COOR"

X = CH2,0, S, NH, NMe
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This hydroamination reaction affords up to 95% of enantioselectivity at -78 °C for the

addition of morpholine to methacrylonitrile (69% ee at room temperature). Scope

and limitations (reaction conditions, ligand effects, substrates) of the catalysis are

presented in Chapter 2.3.3.

The absolute configuration of the addition products of morpholine to

methacrylonitrile and of aniline to crotonitrile was determined. In both cases the

major enantiomer shows a (R) configuration for reactions that were conducted using

(R)-(S)~Pigiphos. Additionally, the hydroamination products were utilized for the

synthesis of optical active ß-aminoacids, following standard hydrolysis and

deprotection procedures.

Finally, in Chapter 2.3.4, the results of the catalytic addition of the amine to the

alkenes carried out in ionic liquids are presented. The dicationic nickel(II)

compounds are stabilized by the liquid salts, rendering the catalysis less sensitive to

air and moisture. The selectivity in ionic liquids and classical solvents are

comparable, whereas the activities are higher in the former solvents (TON's up to

300). Moreover, the nkkel(II) complex dissolved in ionic liquid may be recycled in

catalysis several times, thus increasing their total productivity.
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RIASSUNTO

L'idroamminazione asimmetrica di alcheni, catalizzata dai metalli di transizione, è

uno dei campi di ricerca che tuttora non ha trovato una soluzione applicabile a

livello industriale. Scopo di questo lavoro era dimostrare che i complessi di nickel(II)

sono in grado di catalizzare (in maniera asimmetrica) 1'addizione di ammine

primarie o secondarie a doppi legami carbonio-carbonio, come previsto da studi

teorici ab initio.

La prima parte è dedicata alia bibliografia (Capitolo 1). Vengono presentati

inizialmente i diversi lavori pubblicati riguardo l'idroamminazione asimmetrica,

seguiti dalla presentazione dell'uso in catalisi dei liquidi ionici come nuovi solventi

(in modo particolare in idroamminazione), gli studi teorici sull'idroamminazione

(base di questo lavoro) ed infine la sintesi e le applicazioni dei leganti ferrocenilici

(bidentati e tridentati).

I risultati, presentati nel Capitolo 2, sono stati suddivisi in tre sezioni che riflettono i

tre ambiti principali di ricerca di questa tesi: la sintesi di nuovi leganti chirali

ferrocenilici (soprattutto nel campo dei leganti tridentati), la sintesi e

caratterizzazione di complessi di nickel(II) con i leganti sintetizzati e l'applicazione

pratica di questi complessi nell'idroamminazione catalitica intermolecolare.

Tre tipi di leganti tridentati sono stati sintetizzati ed utilizzati in catalisi (Capitolo

2.1.2): i derivati del legante trifosfinico Pigiphos, il nuovo Gipiphos ed i leganti

contenenti un eteroatomo diverso dal fosforo, sia esso S o N (S- o N-Pigiphos).

Pigiphos Gipiphos S -Pigiphos N -Pigiphos

I complessi [Ni(PPP)L]n+ (dove L è cloro, una molecola di solvente o una molecola di

un substrato) sono stati isolati, e dalla caratterizzazione si puö concludere che tutti

questi complessi hanno una geometria quadrato planare, con le tre fosfine coordinate

al centro metallico. Questa configurazione è stata confermata tramite

caratterizzazione strutturale a raggi X. Risultati analoghi si presentano anche nel

caso di [Ni(PXP)L]n+ (Capitolo 2.2).

xm



L'utilizzo di questi complessi nella catalisi asimmetrica (Capitolo 2.3) risulta efficace

quando ammine alifatiche o aromatiche reagiscono con olefine elettronpovere,

specialmente con i derivati dell'acrilonitrile.

R

catalizzatore

R, R' = H, Me

EWG = CN, COOR"
X = CH2, O, S, NH, NMe

R" = Me,OMe,CFj

H2N^

EWG

catalizzatore

B ^"

Fe P Ni P

Ph2 | Fhj
THF

catalizzatore

Rese fino a 99%

ee fino a 95%

/^
Rese fino a 99%

ee hno a 23%

EWG

EWG

La idroamminazione è asimmetrica e raggiunge il 95% di enantioselettività a -78 °C

nella reazione del metacrilonitrile con la morfolina (69% ee a temperatura ambiente).

Studi sulla reattività, sull'effetto dei leganti e sui possibili diversi substrati sono

descritti nel seguente Capitolo 2.3.3.

E' stata determinata la configurazione assoluta dei prodotti dell'addizione della

morfolina a metacrilonitrile e dell' anilina a crotonitrile. Nei due casi l'enantiomero

prodotto in maggior quantité ha la configurazione assoluta (R) utilizzando (R)-(S)-

Pigiphos. I prodotti della idroamminazione sono stati inoltre utilizzati per la sintesi di

ß-aminoacidi otticamente attivi seguendo procedure standard di idrolisi e

deprotezione délie ammine.

Infine, nel Capitolo 2.3.4, si presentano i risultati dell'addizione catalitica di ammine

ad alcheni usando i liquidi ionici corne solventi. Il complesso dicationico di nickel(II)

viene stabilizzato nei sali liquidi, rendendo la catalisi meno sensibile ad aria ed

acqua. La selettività délie catalisi in liquidi ionici è paragonabile a quella riscontrata

utilizzando solventi organici, mentre l'attività è maggiore (TON fino a 300). Inoltre, il

complesso di nickel sciolto nel liquido ionico puö essere riciclato più volte in catalisi,

aumentando di fatto la produttività del catalizzatore.
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Preface

Preface

In order to better understand the structure and the themes of this thesis, we present here the

general ideas that are the starting points for the developing of topics in the first Chapter

(introduction) and, consequently, in the Results and Discussion-part (Chapter 2).

The "fil rouge" in our research group is the use of asymmetric catalysis for the synthesis of

chiral non racemic organic molecules.

Among catalytic asymmetric reactions, hydroamination, the addition of an N-H bond to an

unsaturatedd C-C bond, is underdeveloped. For example, no practical synthetic method is

known. The asymmetric hydroamination reaction, catalyzed by transition-metals, would be

useful also for the synthesis of industrially valuable molecules, such as ß-aminoacids or

secondary and tertiary chiral amines.

Therefore, we have decided to focus on the development of new methodologies for catalytic

asymmetric hydroamination.

Our strategy is based on computational investigations, which identified Ni(II)-

bis(phosphine) complexes as effective catalysts for the reaction of ethylene and ammonia.

Starting from this, we have successfully developed an enantioselective catalytic addition of

secondary amines to electron deficient olefins. The catalyst involves a tridentate

bis(ferrocenyl)phosphine nickel(II) complex. Our studies include systematic variation of

phosphine ferrocenyl ligands.

We have also attempted to develop the hydroamination catalysis in ionic liquids, in the hope

of increasing the enantioselectivity, rate and turnover number.

The introduction includes a discussion of general aspects of the hydroamination reaction, a

review of asymmetric catalytic hydroamination and a discussion of the computational studies

upon which our study is based.

Additionally, the use of ionic liquids in catalysis is reviewed.

Finally, a discussion about the ligands is presented. Only few examples in catalytic

asymmetric reactions imply catalysts containing tridentate ligands, which are briefly

reviewed. The previously reported ferrocenyl phosphine and their use as ligands in

asymmetric catalysis is also discussed.

Note that the numbering of the molecules used in the Results and Discussion chapter is

related to the experimental part. The organization order in this part is the following:

ferrocenyl precursors, bidentate ligands, tridentate ligands, catalysis products and, finally,

synthesis of substrates.

1
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1. Introduction

Introduction

The most useful application of organometallic chemistry is the development of

new catalysts for the synthesis of organic compounds. Recently, attention moved

from the well-known formation of C-C or C-H bonds to the (most) suitable formation

of C-N, C-O or C-X functional groups, contained in a large number of biologically

active species. The hydroamination is one of these atom economical, industrially

very interesting processes to build - without side products - secondary or tertiary

amines starting from the addition of primary or secondary amines to olefins (Scheme

l.l).1

% R3

r^=C + H-NRR'
_

/ \
Rf R4

Ri-CEEEC-R;. + H-NRR

H VR3

\ ^R4
,-c- Q

?Y
\
NRR'

R2

H R2
\ /
.O C

/ \
Kl NRR

Scheme 1.1. General hydroamination reaction, involving alkenes or alkynes.

1.1. Hydroamination

The uncatalyzed direct addition of simple amines (or ammonia) to alkenes is

thermodynamically feasible, with slightly negative ARG° (see Table l.l).2 This

transformation, depending on the substrates, is generally only weakly exergonic and

its reaction entropy is highly negative.3

A range of factors is responsible for the high activation barrier. An electrostatic

repulsion can occur between the electron rich multiple bond and the electron pair of

the amine nucleophile. Additionally, in the case of a concerted mechanism, there is

not a strong interaction between the reactants because of the symmetry forbidden

HOMO-LUMO overlap during the addition of the N-H bonds to the C-C double

bond. Also high energy differences between a(N-H) and jt(C=C) make the process

unfavorable.

Transition-metal based catalysis provides a possible solution to this problem. Efforts

to develop a highly active and selective catalytic system are very important. Also

from an industrial point of view the catalytic hydroamination reaction is very

attractive, because of the use of a large number of secondary and tertiary amines as

active components in drugs and agro chemicals.

3



1. Introduction

Table 1.1. Thermodynamic data for the hydroamination of ethylene.3

Reaction ARG° (KJ-mol1) ARH° (K^mol'1) ARS° (J-mol^K1)

C2H4 + NH3 -r— EtNH2 -14.7 -52.7 -127.3

QH4 + EtNH2 ^^ Et2NH -33.4 -78.7 -152.2

C2H4 + Et2NH — Et3NH -30.0 -79.5 -166.3

Generally, the hydroamination of unsaturated olefins can follow two different paths

(Scheme 2.1), involving the hydroamination and the oxidative amination. The

regioisomers resulting from the two different paths are the Markovnikov and

antiMarkovnikov products:4

R Hydroamination R R

\ + HNRR' + LnM »-
N

s
+ V

-LnM NRR' RTO/

anti

Markovnikov Markovnikov

Scheme 2.1. Regioisomers of the hydroamination of unsaturated defines.

A range of transition metals under various conditions have been reported to be able

to catalyze the addition of amines to alkenes or alkynes:5 from the early transition

metals (Ti,613 Zr14), over the lanthanides15,16 and actinides,17,18 to the late transition

metals19-20 (Ru,21'24 Rh,25"30 Ir,31'32 Pd,3335 Pt,36"38 Cu39'40 and Zn4144). There are also base-

catalyzed systems.45'50 The most efficient systems were developed with lanthanide

catalysts for the intramolecular hydroamination and with iridium and palladium

systems for the intermolecular reaction. However, no catalyst is active enough for

industrial application (TOF = 100-10000 h"1).51"53

1.1.1. Asymmetric hydroamination

Noyori, in his Nobel Lecture, presented the importance of the molecular

chirality.54

„Chirality (handedness; left or right) is an intrinsic universal feature of

various levels of matter.55'58 Molecular chirality plays a key role in science

and technology. In particular, life depends on molecular chirality, in that

many biological functions are inherently dissymmetric. Most physiological

phenomena arise from highly precise molecular interactions, in which chiral

host molecules recognize two enantiomeric guest molecules in different

4



1. Introduction

ways. There are numerous examples of enantiomer effects, which are

frequently dramatic. Enantiomers often smell and taste different. The

structural difference between enantiomers can be serious with respect to the

actions of synthetic drugs. Chiral receptor sites in the human body interact

only with drug molecules having the proper absolute configuration, which

results in marked differences in the pharmacological activities of

enantiomers. A compelling example of the relationship between

pharmacological activity and molecular chirality was provided by the tragic

administration of thalidomide to pregnant women in the 1960s. (R)-

Thalidomide has desirable sedative properties, while its (S) enantiomer is

teratogenic and induces fetal malformations5.59"

Access to synthetic routes that efficiently lead to enantiomerically pure material is

becoming increasingly important.60 Also for hydroamination reactions, the

asymmetric approach to the synthesis is particularly attractive, because chiral amines

are valuable.61 Currently, catalysts that allow the formation of enantiomerically pure

hydroamination products are extremely rare. There are based on lanthanide

catalysts, usefull for cyclization reactions, and on iridium and palladium systems,

used for the intermolecular asymmetric hydroamination catalysis.

1.1.1.1. Lanthanide catalysts for intramolecular reactions

Pioneering work in enantioselective hydroamination began only in

1992.62,63 Marks and coworkers reported the first enantioselective intramolecular

hydroamination reaction, catalyzed by organolanthanide complexes (Figure 1.1a).

Based on the organolanthanide complexes used previously in asymmetric

hydrogénation catalysis,64 they developed a catalytic system that afford

enantioenriched pyrrolidines and piperidines using

Me2Si(C5Me4)(C5H3R*)SmCH(SiMe3)2 (R* = (-)-menthyl or (+)-neomenthyl) as

catalysts precursors (Figure 1.1b).

The application of these chiral ansa-metallocene complexes for the intramolecular

hydroamination of amino-4-pentene derivatives gives good activities (TOF up to 84

h"1, when Ln = Sm, at 25 °C). Moderate enantioselectivities up to 74% ee were

observed for the formation of 2,4,4-trimethylpyrrolidine.

Note that the ee increases as the temperature decreases (62% ee at 25 °C, 72% ee at

0 °C for the production of 2-methylpyrrolidine). The enantioselectivity also increases

This interpretation must be considered carefully, because the R enantiomer racemizes in vivo.

5



1. Introduction

as the lanthanide ionic radius decreases. For example, 58%ee was observed for the

catalysis with (+)-neomenthyl(Cp)-Sm3+-complexes, whereas 31%ee was observed

with (+)-neomenthyl(Cp)-La3+-complexes as catalyst.

a) b)

''*•..

R R

Si ' Ln—E(SiMe3)2

catalyst

R*

Ln = Sm, La

E = CH, N

R* = (-)-menthyl, (+)-neomenthyl

Figure 1.1. a) Organolanthanide precatalysts for hydroamination/cyclization

reactions, b) Cyclization reactions of aminoolefins to chiral pyrrolidines and

piperidines.

A mechanism was proposed based on kinetic studies of the reaction, in situ aH-NMR

measurements,65 and variations on the lanthanide metal center (for example, Nd, Lu

and Y- complexes were tested in the catalysis). The precatalyst Cp'2LnE(TMS)2

(E = CH, N) and aminoalkene react via protonolysis to give a labile amine-amido

adduct. Intramolecular olefin insertion into the Ln-N bond (rate determining step)

generates a new Ln-C bond. Subsequent protonolysis in the presence of the substrate

produces the heterocyclic product and regenerates the catalyst.

H

.**

R

(minor)

pro-R

^K

pro-S

Ev i Lri

Scheme 1.3. Proposed transition states of the Ln-complexes.62

H

(major)



1. Introduction

The proposed mechanism (Scheme 1.3) is based on a pseudo-chair seven-membered

transition state, in which the differentiation of the enantiomers takes place via steric

interaction between either the substrate and R* or the a-CHaxia| group and the

tetramethylcyclopentadienyl group (Cp*).' Therefore, a smaller radius of the metal

center would increase the Ha/R* interaction. This assumption is confirmed by the

increase in catalytic enantioselectivity, which occur on traversing the lanthanide

series from La3+ through the smaller Sm3+ complex.

This interpretation of the Stereodifferentiation appears to be confirmed by the low

enantioselectivity given by aminohexene, which requires formation of an 8-member-

ring in the transition state.

The same catalysts Me2Si(C5Me4)(C5H3R*)LnE(SiMe3)2 can be used in the

hydroamination/cyclization of aminoalkynes66,67 and show very good activities. For

example, the turnover frequencies for the cyclization of 5-(trimethylsilyl)-4-

pentynamine are in the range up to >7600 h'1. This is in agreement with the

stabilization of a-carbanions and ß-carbocations by silyl functional groups. For the

hydroamination/cyclization of 4-pentynamine the TOF reaches 580h'1. These

turnover frequencies are in the range of 10-100 times higher than for the

intramolecular hydroamination of the corresponding aminoolefin.

Using the properties of ansfl-metallocenes with Lewis base functionalities tethered to

the ansa bridge linking groups (Figure 1.2a) it is possible to increase the activity of

the catalysts (2-5 times faster than the Me2Si(C5Me4)(C5H3R*)LnE(SiMe3)2, see above;

TOF up to 118 h"1). The substrates have here a higher Lewis basicity than the

methoxy group, which in this case does not block the metal center, but was proposed

to modify the polarity in proximity of the metal center to stabilize the polar

transition state for olefin insertion (Figure 1.2b).68

(CH2)n

Figure 1.2. a) önsa-metallocene with bridge tethered donor.68 b) Hypothetic transition

state for olefin insertion.

11
Cp* is here presented as the tetramethylcyclopentadienyl (C5Me4 )-group

7



1. Introduction

The [Me2Si(Cp*)(C5H3R*)]LnER2 or [Me2Si(C5Me4)('BuN)]LnCH(TMS)269 derivatives

are also able to catalyze the hydroamination/cyclization of aminoallenes70, 1,2-

disubstituted alkenes71, conjugated aminodienes72,73 and vinylarenes.74

In order to improve the selectivity and to increase the top-bottom ligand-substrate

steric discrimination, Douglass et al. investigated the application of chiral C2-

symmetric octahydrofluorenyl organolanthanide (Figure 1.3a) complexes in

hydroamination catalysis.75 The octahydrofluorenyl ligand can potentially allow

better enantiofacial distinction in prochiral substrate activation because of the bigger

steric transverse discriminatory demands (Figure 1.3b).

a) b)

;si LnN(SiMe3)2

R*

Ln - Sm, Y, Lu

R* = (-)-menthyl, (+)-neomenthyl

6.76(2) A

[" )

5 18(2) A

I )

n Q
UZZZi

Ü

Figure 1.3. a) The new Ln-complex, catalyst for hydroamination/ -phosphination. b)

Octahydrofluorenyl lanthanide vs. Cp*-Lanthanide systems.75

An epimerization process in the presence of amines was observed, as shown in

Scheme 1.4, giving a 70:30 S:R epimer ratio. Note that in the Cp*-Ln-derivatives the

epimer equilibrium ratio is >95:5. This ratio in the fluorenylsystem appears to give

lower selectivities. For example, 67% ee was observed for the hydroamination/

cyclization of hexenylamine derivatives. Also, the gem-dimethyl groups may play an

important steric role for the improvement in the enantioselectivity with respect to the

catalysis with the Cp*-Ln-complexes. Additionally, turnover frequencies were lower

than those observed for the catalysis with flws«-Cp*cp(R*)Ln-systems.

As in the original system, reaction kinetics show zero-order in substrate

concentration and first order in catalyst concentration.

+nH2NR
-NHR

,

-— ^Si

^NH2R
_nH2NR

\J>

NHR

NHR

NH2R

-nH2NR

^Si

| 'NHR
+nH2NR

"

V/ "-NH2R

NHR

R*

(S) R* (R)

Scheme 1.4. Proposed mechanism for the epimerization of octahydrofluorenyl-Ln

catalysts.75
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1. Introduction

Bis(oxazolinato)lanthanide (Figure 1.4a) give enantioselectivities up to 67% for the

cyclization of 2,2-dimethyl-4-pentenamine (Figure 1.4b; TOF up to 660 h'1). Model

studies of the possible approaches of the olefin to the metal center (Scheme 1.5)76

illustrate that the equatorial approach (leading to the S isomer) implicates

unfavorable steric interaction between the substrate and the phenyl groups of the

ligand. Consequently, the major product has to be the R isomer for the absolute

configuration of the catalyst shown in Figure 1.4a. In the apical approach, the minor

S product formation seems to be a little more favorable than the major R isomer

formation. The observed 67% ee (R) should indicate that the equatorial approach has

to be preferential for the cyclization of the substrate.

a) b)

R'
catalyst

* / \ R

(TMS)2N N(TMS)2

NH, \. ./£?""•
N't«)

H

67% ee for Ln = La

Ln= Sm. Nd, La, Lu

R,R'= H, Ph, Tr, ^u

Naph, p-*BuPh

Figure 1.4. a) Bis(oxazolinato)lanthanide complexes for the cyclohydroamination of

b) 2,2-dimethyl-4-pentenamine.

Equatorial Olefin V\
Approach

l-— n

Q

t

-Op
Apical Olefin N—Ln'N^
Approach V—^i=,' -N_^

\<\H U-=Ä

Scheme 1.5. Stereochemical models for ((4R,5S)-Ph2Box)La(N(TMS)2)2-catalyzed

intramolecular hydroamination of 2,2-dimethyl-4-pentenamine; in the apical olefin

approach one amide is omitted for clarity.76
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1. Introduction

For the asymmetric cyclization of conjugated aminodienes (Scheme 1.6) the

enantioselectivities, compared to those of the homologous aminoalkene

intramolecular hydroamination, decrease for 5-member ring formation (i.e., from

69% ee for the formation of 2,4,4-trimethylpyrrolidine to 41% ee for the formation of

2-(prop-2-enyl)pyrrolidine, catalyzed by flns«-(Cp')(cpR*)Y). Interestingly, for the

reactions catalyzed by (octahydrofluorenyl)Sm-derivatives, the enantioselectivities

increase for 6-membered ring formation (from 10%ee for the formation of 2,5,5-

trimethylpiperidine to 64%ee for the fomation of 2-[(E)-prop-l-enyl]piperidine,).

H

Scheme 1.6. Enatioselective cyclohydroamination of aminodienes

The use of similar lanthanide-complexes77 has also allowed to obtain interesting

results in hydroamination/cyclization of alkynes and vinylarenes,74 as well as in

other applications in asymmetric catalysis, not discussed here.78

The compound meso-{[ethylenebis(r|5-indenyl)]ytterbium(III)}[N(TMS)2] is able to

catalyze the cyclization /hydroamination of aminopentene- and aminohexene

derivatives (S/C=50, 25-80 °C, TOF up to 1.9 h"1), affording also a good

diastereoselectivity (10:1 transxis) in the formation of 2,5-dimethyl pyrrolidines

(Scheme 1.7).79

-^_ ^^"^^^^ catalyst

^NH2
H

90%deforLn = Y(IH)

Scheme 1.7. Diastereoselective cyclization/hydroamination.

Molander and coworkers extended Ln-catalyzed intramolecular hydroamination to

highly hindered substrate classes allowing in this manner the rapid construction of

various mono- and bicyclic heterocycles.80 The application of the catalysts

[Cps2LnMe]2§ or Cp*2NdCH(TMS)2 can be used also for the diastereoselective

synthesis of important biologically active species.81 For example, (-)-pinidinol82

(Scheme 1.8) or the tetracycloamine MK-801,83 an anticonvulsant and neuroprotective

g CpTMs = c5H4SiMe3

h.
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1. Introduction

agent (Scheme 1.9)15 are produced with high diastereoselectivity (>100:1)81 The use of

Cp*2NdCH(TMS)2-catalyst gives better diastereoselivities for the formation of

quinolizidines and indolizidines (dr >50:1) than the analogous Cp*2SmR-catalyst or

than the ßnsa-Cp'Cp*LnER derivatives.84

NH2 OTBDPS
OH

H

(-)-pinidinoI

Scheme 1.8. Last steps of the total synthesis of the alkaloid (-)-pinidinol.

1% [cpTMS2NdMe]2

TOF up to 50 h'1

NH, MK-801

Scheme 1.9. Last step of the total synthesis of MK-801, via cyclohydroamination

catalyzed by [cpTMS2NdMe]280

Livinghouse et al. reported another example of lanthanides systems in the

hydroamination/cyclization catalysis.85 Y- and Nd-complexes with diamide ligands

(Figure 1.5) are also able to catalyze the cyclization of 2-aminohex-5-ene with

complete conversion and high diastereoselectivity (dr 19:1). Also the corresponding

intramolecular hydroamination to form piperidine derivatives or pyrrolidine

derivatives shows activities comparable to those of the metallocene complexes.71

Ar
Ar

I
N

Ln-N(TMS)2Me,Si/ yY-N(TMS)2

Ar

Ln = Y, Nd Ar= 2-isopropylphenyl, 2,6-diethylphenyl

Figure 1.5. Amido Y- or Nd-complexes

R /
-N ^N

\
-^

\

Y—N(TMS), L

/ L /

N ^N

R \

Ar

Recently, Scott and coworkers presented a new organolanthanide complex with a

tetradentate Schiff base (ONNO)-ligand (Scheme 1.10)86 able to catalyze the

cyclization of 2,2'-dimethylaminopent-4-ene with 61% ee and TOF of 2.5 h'1:

comparable results to those of Marks's system with regard to selectivity, but

unfortunately lower activity.
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Bu'

NH9

[M(NR2)3(THF)J

R = SiMe2H
M * Y, Sm, La

catalyst

^M>M—m*

Scheme 1.10. Ln(ONNO)(NR2)-complexes,

enantioselective hydroamination86

Bu'

61% ee

catalysts for intramolecular

The cyclization/hydroamination of 2,2'-dimethylaminopent-4-ene catalyzed by

[Ln{N(SiMe2H)2}3(THF)2] (Ln = Y, Sm, La) or [Y(NTr2)3(THF)2] and chiral enantio-

enriched biaryldiamine ligand H2L convey further examples of non-metallocene

lanthanide catalysts (Figure 1.6). The results show significant enantioselectivities (18-

50%, La<Sm<Y) but only low activity (5-14 days at 35-60 °C, Nt = 0.1-0-3 h'1, Y < Sm <

La).86 These data follow the expected trend related to the ions radii.62,87

ArHN.

NHAr Ar = 2-ethylphenyl

2-cyclehexylphenyl
2-methyl-5-*butylphenyl
ß^-di-'butylphenyl

Figure 1.6. Biaryl-diamine

hydroamination/ cyclization.

ligands for the enantioselective

Higher activities (TOF up to 75 h'1) and also higher enantioselectivities (ee up to 83%,

the highest ee recorded for hydroamination/cyclization reactions to date) for this

intramolecular asymmetric reaction is reached if the catalyst is a binaphtholate

yttrium complex (Scheme l.ll).88 This catalyst was developed improving the 3,3'-

bis(2,4,6-triisopropylphenyl)binaphtholate-Y-complex (TOF 0.07 - 13.5 h"1, ee up to

57%).89
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R R'

NH,
2-4 mol% catalyst

R,R = H,Me,CH2CH=CH2 Catalyst:

r.t., l-24h

['""R

SiAr3

Ar = Ph, 3,5-Me2Ph

Scheme 1.11. Y-binaphtholate-catalyst for the asymmetric hydroamination reactions.

Binaphtyl diamido ligands (Figure 1.7) have been also tested in the asymmetric

cyclization of l-(aminomethyl)-l-allylcyclohexane.90 In this case, the good activity (Nt

up to 31.3 h'1) of the Yb-catalyst is accompanied by a moderate enantioselectivity

(40%), enhanced up to 53% by decreasing the temperature from 25 °C to -20 °C (and

parallel diminution of the activity to Nt = 0.09 h"1).

Li(THF)4+

Ln = Sm, Yb

Figure 1.7. Lanthanide catalysts based on binaphtyl diamido ligand.

Also non-metallocene zirconium complexes are able to catalyze intramolecular

hydroamination reactions showing good enantioselectivities and moderate turnover

frequencies (0.5-3.3 h"1; Scheme 1.12).91

^ /

5% cat

,
,3h, 100 °C

I

Catalyst:

Scheme 1.12. Zr-catalyst for the cyclohydroamination of aminohexene derivatives.
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In this case the best selectivity (82% ee) is presented by the cyclization of 1-(N-

methylarnino)-2,2-dimethylhex-5-ene, with S/C=10, at r.t., after 3 h time reaction.

The reaction mechanism is proposed to proceed similarly to that proposed by Marks

for lanthanide catalysts. A critical point in both systems is the insertion of the alkene

into the Zr-N (or Ln-N) bond: the geometry of the insertion into the amide-metal

bond and, consequently, the configuration of the stereogenic center is controlled in

this step. Unfortunately, unlike Marks system, these Zr-catalysts are unable to

catalyze the cyclization of primary amines, because the amido NH reacts via

deprotonation to generate a neutral imido species. This imido species does not react

with the pendant alkene.

In conclusion, organolanthanide complexes are efficient catalysts for the

stereoselective intramolecular hydroamination/cyclization of unactivated

aminoalkenes and aminoalkynes, reflecting the facile insertion of C-C unsaturation

into lanthanide-ligand a bonds. However, limited examples of organolanthanide-

catalyzed intermolecular hydroamination have been reported.

1.1,1.2. Ir-catalyzed hydroamination reactions

The achiral Ir(I)-catalyzed reaction of aniline and norbornene (Scheme

1.13) was studied by Milstein and co-workers.92 The proposed mechanism (Scheme

1.14) involves a 16-e" anilido hydride Ir(III)-intermediate, which reacts with

norbornene to form an azairidacyclobutane species. Reductive elimination of a C-H

bond leads to the hydroamination product and the regeneration of the Ir(I)-complex.

catalyst

^^

H

^^

Scheme 1.13. Catalytic addition of aniline to norbornene yielding hydroamination

and hydroarylation products.
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,NHPh

[IrCl(C2H4)2(PEt3)2]

| H2C=CH2

[IrCl(C2H4)(PEt3)2]

H2C—~CH2

[IrCl(PEt3)2]

NH,

PhHN—Ir^,PEt3
TEfc,

Cl

PEt:

PEt,

Scheme 1.14. proposed mechanism for the achiral hydroamination catalysis of

norbornene with aniline with Ir(I)-complexes.

Starting from this non enantioselective reaction, the first catalytic example of an

asymmetric intermolecular hydroamination was developed by Dorta et al., utilizing

chiral Ir-diphosphine complexes as catalysts.93,94 The catalytic system is remarkably

affected by the presence of fluoride ions, giving 95% enantioselectivity and a

turnover frequency of 3.4 h"1 for the reaction of aniline and norbornene (Scheme

1.15).

/ PhNH. _

ï^>NHPh V

"F", no solvent, 50-75 °C~ /LJ^J^
+ /--L-^NHPh

1% [IrCl(PP)]

fluoride added as: Me2N NMe,
+ /

Me,N-F=N—P-NMe2:

Me2N NMe2

(2R)

yield up to 81%; ee up to 95%

Scheme 1.15. Intermolecular asymmetric hydroamination of aniline with norbornene

catalyzed by Ir-complexes.

A range of ferrocenyl phosphine 0osiphos-type) and axial chiral ligands with Ir(I)

have been explored as hydroamination catalysts precursors. For each catalyst, the

hydroamination was carried out in the absence and in the presence of "naked"

fluoride (Scheme 1.15). F" is shown to increase the activity 2- to 6.5- fold and increase

the enantiomeric excess by 30-40% (see Table 1.2).
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Catalysts: Ligand:

(v>C /K *)
M* T1! P '

without F' (50 °C)

with[F]/[Ir]=l

(75 °C)

with[F]/[Ir]=l

with [F]/[It]=4

without F'

with [F']/[Ir]=4

PCy2

Fe

^
FPh,

Yield %

(N.h1)

12 (0.17)

81 (3.37)

13 (0.09)

24 (0.17)

12 (0.08)

22 (0.15)

ee%

(abs. conf)

51 (2S)

38 (2R)

51 (2S)

92 (2R)

57 (2R)

95 (2R)

Table 1.2. Asymmetric Ir-catalyzed addition of aniline to norbornene, with and

without cocatalytic fluoride.

The role of the fluoride could be the formation of reactive Ir-F complexes, which

could bind the amine via hydrogen bridge. A a-bond metathesis type process would

generate an Ir(I)-HF-adduct. Oxidative addition of the resulting HF would give an

Ir(III)-amido hydrido fluoride-complex (Scheme 1.16).95 Note however, that fluoro

analogous of the Ir(PP)-precatalysts have never been prepared.

NHPh
I
H

Ln(PP)Ir—F'

PhHN—H

Ln(PP)Ir--F

PhHN-...
TT

NHPh
I

Ln(PP)Ir F

-*- L^PRIr1",-—F

H

Scheme 1.16. Possible role of fluoride in the Ir-catalyzed hydroamination of

norbornene.

Arene-chromium-tricarbonyl-diphosphines have been tested in the asymmetric

hydroamination,96,97 but only small amounts of the products were isolated. Likely,

the thermal instability of the chromium catalysts (under reaction conditions 60 °C,

96 h) and competing side reactions such as hydroarylation of aniline with

16
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norbornene, interfere with the hydroamination. The enantioselectivities were higher

than for the case of Josiphos-type ligands, but lower than with Biphemp-Ir- or

BINAP-Ir-complexes (70% ee vs. 95% ee).93,98

This catalysis could be utilized for the synthesis of (S)-2-methyl-N-tosylindoline via

cyclization of o-allyl-N-tosylaniline in moderate yield and enantioselectivity (up to

67%)." This reaction requires activation of the amine by a sulfonyl group as well as

by a base as co-catalyst (typically NEt3). Additionally, the major reaction path is the

olefin isomerization to 2-(propen-l-yl)-N-tosylaniline, which is unreactive in

hydroamination. A range of electron withdrawing or electron donating subtituents

on the phosphanes have been tested in the ferrocenyl bisphosphine Ir(I) catalyzed

intramolecular hydroamination. The highest selectivity (combined, however, with

only 8.1% yield) is obtained with Josiphos (Scheme 1.17).100

R = Cy,Ph,'Pr,'Bu

Scheme 1.17. Intramolecular hydroamination of aniline-derivatives, catalyzed by Ir(I)

complexes.

A possible mechanism of this cyclization is based on the Ir(III)-amido-hydrido

complex, formed upon oxidative addition of the substrate. The presence of the base

can induce reductive elimination of HCl and subsequent activation of the

hydroamination pathway, leading to the indoline derivative. Olefin insertion in the

Ir-H bond, on the other hand, followed by ß-hydrogen elimination, leads to the

isomerization product (Scheme 1.18).

Additional investigations of the Ir-catalyzed asymmetric hydroamination based on

the achiral system discovered by Milstein and coworkers92,101 involved the use of

hydrido, indenyl, cyclopentadienyl, methallyl, amidinato, and acetylacetonato-Ir(I)

complexes (Figure 1.8a-e).102
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CcV
ir
^

+ HCI

H _/*^Ol f Reductive V iV

(,1X| /^^Ji^fi) J eliminations ^>- /PV -

p2f-o=s -<( s \PA
Cl ° T0' >

- n,
/ Cl

f>0
5O2T01

\ ß-H
p2 \ elimination

L /-"Ou Hydro- I Isomerization

,irCn-A amïnation
"

/

Insertion/

N-migration

v'jCï-O

Scheme 1.18. Postulated mechanism for the Ir-catalyzed intramolecular

hydroamination and competing olefin isomerization.100

a) b) c) d) e)

o& CHO w- (>v^ (>c
R

R = SiMe3, Tr

Figure 1.8. Ir-catalysts for the intermolecular hydroamination: a) hydrido complex; b)

Cp-complex; c) methallyl complex; d) amidinato complex; e) acetylacetonato

complex; PP = (R)-BINAP, (R)-BIPHEMP (and derivatives), (R)-(S)-Josiphos (and

derivatives).

The hydrido Ir-complex (Figure 1.8a) catalyzes the addition of aniline to norbornene

with the highest enantioselectivity for Josiphos ligands (47% ee) with similar

activities (without adding any co-catalyst) as the Ir(PP)Cl-dimer (21% yield).93,94 The

Cp- and indenyl- Ir complexes (Figure 1.8b) yield only traces (1-4% yield) of the

hydroamination products (53-78% ee). On the other hand, using this catalyst the C-H

activation product from the hydroarylation of aniline and norbornene (Scheme 1.19)

was formed in moderate yields and good enantioselectivities (up to 85% ee).103 The

reaction of norbornene and benzamide gives only the hydroarylation product in high

enantioselectivity (94% ee with Ir(PP)Cp as catalyst, PP = [(R)-MeO-Biphepj).
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~~jj +
// \ 1-10 mol% catalyst

R = NH2, CONH2

catalyst:f-^^s

MeO'

MeO.

\
Jr-I

,,.nP

^^

Scheme 1.19. Hydroarylation of norbornene with aniline /benzamide, catalyzed by

Ir(PP)cp complexes.103,104

The Ir(PP)methallyl-complexes (Figure 1.8c) gave better activity than the dinuclear

Ir(PP)Cl-complexes (yield up to 92%), but lower enantioselectivities (typical 61-80%)

in the reaction of norbornene and aniline. High selectivities (89-98% ee) were

obtained with (R)-BINAP at temperatures below 50 °C. Unfortunately, under these

conditions only traces of the product were isolated. The use of amidinato- and

acetylacetonato-Ir complexes (Figure 1.8d-e) did not give better activity or selectivity

in the catalytic addition of aniline to norbornene (5-29% yield, 59-79% ee).104

In conclusion, ferrocenyl bisphosphine Ir(I) complexes were successfully used in

intermolecular and intramolecular hydroamination catalysis. Using these catalysts,

high enantioselectivities and moderate activity were observed.

1.1.1.3. Pd/Ni-catalyzed hydroamination reactions

Hartwig et al. developed one of the most efficient systems for the

hydroamination catalysis.105,106 The addition of aromatic amines to vinylarenes

yielded sec-phenethylamine products with good to high yield (64-99%, TOF up to

8.3 h"1 at 100°C, (DPPF)Pd(OTf)2) as catalyst, 20% triflic acid). A variety of aromatic

amines from the electron-rich anisidine (93% yield after 12 h) to the electron-poor p-

trifluoromethylaniline (64% yield after 12 h) afford the addition products. Aliphatic

amines give only low turnover numbers. Electron-poor styrènes react faster than the

electron-rich ones; also orrfro-substituted styrènes react to afford the product in high

yield. Particularly fast is the addition to vinylnaphtalene, which reacts at room

temperature. An asymmetric version of this catalysis is the reaction of aniline and

vinylnaphtalene, catalyzed by the chiral Pd(II)-complex [Pd(OS02CF3)2((R)-BINAP)].

The enantioselectivity is moderate (64% ee, TOF 0.55 h"1), whereas 81% ee (TOF 0.11

h"1) is detectable for the addition of aniline to trifluoromethylstyrene (Scheme 1.20).105
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NH,

"H
((K)-BINAP)Pd(OTf)2

V

(S)"NHPh

vV
Yield up to 99%
ee up to 81%

Scheme 1.20. Intermolecular hydroamination of aniline and vinylarenes catalyzed by

(BINAP)Pd(II)-complexes.

Mechanistic studies and isolation of the catalytic intermediate (BINAP)(n3-

naphtyl)Pd-complex suggest a new hydroamination mechanism, involving external

nucleophilic attack on a rf-benzyl complex with inversion of configuration (Scheme

1.21).106

NHPh

(KjLuuMe
Ar Y

.„«Me

oTf->d
rf

Scheme 1.21. Inversion of the configuration by external Nu-attack

The proposed mechanism implies the formation of a palladium hydride catalyst

based on the detection of imine byproducts. Insertion of the vinylarenes into the Pd-

H bond is followed by external nucleophilic attack of the amine on a r)3-benzyl

complex (Scheme 1.22).

,R^ OTf

ArNH

Scheme 1.22. Proposed pathway for the Pd-catalyzed hydroamination of vinylarenes.
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Palladium complexes have been shown to catalyze the addition of arylamines to

cyclohexadiene. Using colorimetric assay to detect primary amines, it was possible to

identify the in situ combination of [Pd(jt-allyl)Cl]2 and PPh3 (1:2 or 1:4) as the best

catalyst for the reaction between aniline derivatives and cyclohexadiene (Scheme

1.23).107

^^
2% Pd(PPh3)4

10% TFA, r.t.

R= H, Me

R', R", R'"= Me, CF3, COOEt, OMe, Br

Scheme 1.23. Pd-catalyzed addition of aniline derivatives to cyclohexadienes.

All the reactions with electron-withdrawing, electron-donating or ortho susbtituents

gave high yields (78-98%j isolated products). Turnover frequencies are modest (TOF

up to 8.3 h"1). Especially important is the addition of anisidine, (anisyl groups are

removable by oxidation108) because it is a synthetic equivalent to ammonia. Also the

addition of arylamines to dienes such as cycloheptadiene or acyclic dienes works

with good yield, but with slower rate. The enantioselective version of this catalysis

was developed with Trost's ligand (Figure 1.9a) and [Pd(jt-allyl)Cl]2, displaying one

of the best combinations of enantioselectivity (95% ee) and isolated yield (83%, see

Figure 1.9b).

a) b)
EtOOC—P y NH2 + [|

catalyst

+ [PdU-allyl)Cl]2 -N,„„(SL^

EtOOC"

Figure 1.9. a) Trost's ligand for the asymmetric hydroamination of aniline derivatives

and cyclohexadiene. b) Product of the hydroamination catalysis, presenting best

combination between ee (95%) and yield (83%).

Using similar spot tests (but in this case to detect secondary amines) Pawlas et al.
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discovered that Ni(0)-complexes and DPPF, mixed in situ, are able to catalyze the

addition of aliphatic amines to cyclohexadienes. The catalyst Ni(COD)2/DPPF

affords good isolated yields at room temperature for the reaction with aliphatic and

benzylic amines, including anisidine. The reaction appears to be sensitive to steric

constrains such as dicyclohexylamine and 2,2,6,6-tetramethyl piperidine. These

amines do not react even at higher temperatures (60 °C). Notably, the addition of

dibenzylamine to butadiene yields one addition product (83% yield) after 30 min

reaction (TOF 33.2 h"1). Note that less than 5% of the other two regioisomers were

observed and no telomerization products were detected. Optimization of the

addition of JV-benzylmethylamine to cyclohexadiene (1% cat., no solvent) allows to

reach a good turnover frequency for hydroamination catalysis (25 h"1).

The exchange reaction of optically active allylic amines with free amines should give

racemic products. The Ni(COD)2/DPPF system catalyzes the racemization of

enantioenriched (S)-N-(2-cyclohexenyl)aniline only in the presence of trifluoro acetic

acid and free aniline. The catalyst system of [Pd(jr-allyl)Cl]2 and Trost's ligand

together (Figure 1.9a) promotes the slow racemization of chiral amines in the absence

of acid. Addition of trifluoro acetic acid accelerates the racemization. These results

explain the lower enantioselectivities of these complexes when the catalysis is carried

out in the presence of an acid (see above).

The first catalytic enantioselective addition of aromatic amines to alkyl

oxazolidinones was reported by j0rgensen et al.109 The [Ni(C104)2] / [4,6-

dibenzofurandiyl-2,2'-bis(4-phenyloxazoline][DBFOX-Ph] operates as a chiral Lewis

acid and activates the olefin toward a Michael addition. Note that the use of DBFOX-

Ph110 as ligand for Ni(II) in catalysis of asymmetric, conjugate addition was first

reported by Kanemasa et al. in the asymmetric conjugate addition of aromatic thiols

to oxazolidinones derivatives (catalyst: Ni(C104-6H20/DBPHOX-Ph, yield up to 99%,

ee up to 97%) (Scheme 1.24).111

These products can be converted into ß-aminoacids by removal of the N-protecting

groups and hydrolysis of the carbonyl group (LiOH/H202). Thus, Jorgensen

converted the oxazolidinone to a chiral amine, and was able to assign the absolute

configuration (S). Based on this absolute configuration, they proposed an

intermediate with a trigonal pyramidal coordination.110 In the intermediate the ß-Sz

face of the alkene is shielded by the phenyl substituent of the DBFOX-Ph, whereas

the ß-Re face is accessible for nucleophilic attack of the amine yielding the (S)-

product (Figure 1.10).
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HXR'

X= NR", S

KJTIJ

I N Nin—-N

5-10%Catl>-2 °yn^O^Kr
O O XR'

XR' = SPh, 84% yield, 94% ee, Cat 1

XR' = N-Methylaniline, 62% yield, 90% ee. Cat 1

XR' = Aniline, 93% yield, 93% ee, Cat 2

PPh2 .OH2
-pa11

„NPPh2 NNCCH3

Ph Ph"

1 [Ni(DBFOX-Ph)(H20)nl(C104)2 2 [Pd(BINAP)(HzO)(NCCH3](TfO)2

Scheme 1.24. Enantioselective addition of aromatic thiols or amines to alkyl

oxazolidinones.

Figure 1.10. Proposed intermediate for the enantioselective addition of aromatic

amines to oxazolidinones catalyzed by ((R)-DBFOX-Ph)Ni(II)-complexes.109

Hii and coworker have also reported the addition of arylamine to a,ß-unsaturatedd

oxazolidinones as the olefinic substrate, catalyzed by Pd-complexes.112 High ee (93%

ee) and high yields (93% yield) are obtained for the reaction of aniline and 3-[(£)-2-

butenoyl]-l,3-oxazolidin-2-one (TOF = 0.017 h'1/ Scheme 1.24). They have also

reported the achiral hydroamination of ct-aminotetrahydrofurane and pyran

catalyzed by Pd-complexes (K2Pd(SCN)4 or Pd(PPh3)2(SCN)2 catalyst, TOF up to 3.4 h'

'J.113 The chiral version, using Pd(PP)(NCMe)(H20)2+ (PP= (R)-BINAP) in the catalytic

addition of arylamines to styrene derivatives,114 displays good activity but moderate

enantioselectivity (TOF = 22.2 h'1, 70%ee), similar to the results reported by Hartwig

et s/.105106 Aryl amines containing both electron-donating and electron-withdrawing

substituents readily react with styrene substrates, in the presence of the dicationic Pd

catalyst. Interestingly, the electronic effect of the amine impacts the
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enantioselectivity: electron-poor amines give high ee's while electron-rich amines

give lower ee's.

Using a similar chiral dicationic bis(phosphine) palladium catalyst, Li et al reported a

highly efficient and selective system for the the conjugate addition of p-chloroaniline

to rerf-butyl-N~alkenoylcarbamate (Scheme 24).115 The complex

[Pd(BINAP)(NCCH3)2](OTf)2 catalyzes the reaction to give virtually quantitative

yield and near-perfect enantioselectivity (99% yield, >99% ee, in toluene, at 25 °C, 18

h). Additionally, the carbamate functionality may be transformed to give valuable

optically active ß-aminoacids and ß-aminoamides.

O O 2-5mol% ArHN O

X [Pd(BINAP)(NCMe)2]2+ ,,..l£S> JL

"N OR" R ^ NHCOOR"

H

R = H, Cl, Me, OMe yield up to >99%
R' - Me. Et, "Pr ee up to >99%

R"= Me, 'Bu

Scheme 1.25. Conjugate addition of anilines to alkenoylcarbamates derivatives,

catalyzed by Pd(II)-complexes.

Yamamoto and coworkers recently reported the asymmetric Pd-catalyzed

hydroamination/cyclization of alkynes. The most efficient catalyst was derived from

Pd((R,R)-RENORPHOS)-complexes (93% yield, up to 91% ee, Scheme 1.26).116 With

this catalyst it is possible to prepare various optically active nitrogen heterocycles (5-

or 6-membered rings) in good to excellent yield (up to 93% isolated product after 72

h) and good enantioselectivities (up to 83% ee with 5 mol% catalyst). Unfortunately,

highest enantioselectivity could be obtained only by the stoichiometric use of the

chiral phosphines (up to 91% ee with 20 mol% catalyst/100 mol% ligand).

Ph

p 5-20% Pd-catalyst f~L^-
L 10-40% PhCOOH

*

^ NHR

*S ,^S***sS^-Ph
N
R

R = C4F9S03 (Nf), CF3S03 (Tf) up to 93% yield, up to 91% ee

catalyst

-^>?Ph2
W^PdLn
Ph2P^

[((R,R)-RENORPHOS)PdLn]

Scheme 1.26. Intramolecular asymmetric hydroamination of alkynes catalyzed by

Pd(RENORPHOS)-complexes.
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1.1.1.4. Examples of hydroamination reactions in total synthesis

Trost and co-workers presented elegant examples of selective catalytic

intramolecular hydroamination in the total synthesis of biological active molecules.

(-)-Codeine (Scheme 1.27)47 and the diastereoselective migratory hydroamination for

the synthesis of benzomorphans (Scheme 1.28)46 were catalyzed by a base (LDA or

BuLi). Promotion by means of irradiation with a 150 W tungsten light bulb was

necessary in the case of the cycloisomerization to form (-)codeine, additionally

facilitated by single electron tranfer117. In the formation of (-)-metazocme and (-)-

pentazocnn, addition of TMEDA increased the rate of the reaction, i e, by increasing

the basicity of the medium.

^^OMe

MeHN

LDA, THF

tungsten bulb /"*

MeN^ OH

(-)-codeine

Scheme 1 27. Synthesis of (-)-codeine via intramolecular hydroamination, catalyzed

by LDA under UV irradiation conditions.

^^<OH ^^^OH

20% BuLi, 20%'Pr2NH

TMEDA, THF, r t

NHR

/
RNs*"

Vs»Me

BeÄorphan
R=Me ( ) Metazocine

R= Me2C=CHCH2 (-)-Pentazocine

Scheme 1.28. Synthesis of benzomorphans via diastereoselective migratory

hydroamination, catalyzed by BuLi/TMEDA.

25



1. Introduction

1.1.2. Catalysis in Ionic Liquids1

The use of ionic liquids120 in catalysis has grown recently121 mainly in the

contest of exploiting their properties for the optimization and/or recycling of the

catalyst122,123. For example, ionic liquids with non-coordinating anions dissolve

cationic transition metal complexes. Unlike highly polar organic solvents, these

highly polar ionic liquids do not appear to interact with the metal complexes.

Ionic liquids can have a positive effect on the activity and the enantioselectivity of

catalytic reactions.121 These effects of the ionic liquids on catalysis may result from

stabilization of polar complexes or transition states. Additionally, the Lewis acidity

of the solvents might activate the catalyst124 or the ionic liquids could react to form

carbene-like ligands.48

Also industry has shown timid signals of interest for the use of these neoteric

solvents in catalytic processes.51 The effect of ionic liquids as solvent in catalysis has

been investigated inter alia for hydrogénation,118,125"127 asymmetric hydrogénation,128"138

oxidation,131,139'144 C-C coupling,145'148 and fluorination reactions.149,150 However, there

are few examples of asymmetric catalysis in ionic liquids.118,125,151 In some cases there

is evidences for a positive influence on the (enantio)selectivity.129,152

The most important use of these solvents is catalyst recycling to improve the total

turnover number of the catalyst. Catalyst recycling is especially important in slow

catalysis (TOF <100 h"1) and this area is where the use of ionic liquids has been most

significant.153

1.1.2.1. Hydroamination in ionic liquids

There are only few examples of addition of amines to olefins in ionic

liquids.154 Brunet and co-workers have shown that molten salts could increase rates

and overall turnover number of Rh(III)-catalysts (hydroamination of norbornene

with aniline derivatives, Table 1.3).154 The nature of the anion seems to be the

important key to increase the activity, and this could be explained by the

stabilization of the cationic catalyst in the polar ionic liquid.

1 Room temperature ionic liquids are generally salts of organic, normally unsymmetrical

cations and the anion plays an important influence on the melting point of the salt.118-'19
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Table 1.3. Effects of the ionic solvents in the addition of aniline to norbornene, catalyzed by
Rh(IH)-complexes or Pt(II)-compIexes.

TOM TDM

Selectivity

HAmin:HAryl

TON

Run Solvent Catalyst Hydroamination Hydroarylation

(S/C=100) (S/C=100)

1 THF RhCl3. 3H20 0 0 -

2 EMIM-C1 RhCl3. 3H20 traces traces -

3 BMIM-PF6 RhCl3. 3H20 5.1 2.6 66:34

4 BMIM-Br RhCl3. 3H20 8.3 1.5 85:15

5 n-Bu4PBr RhCL, 3H20 7.7 2.5 75:25

6 ?7-Bu4PBr (Ph3P)3RhCl 2.1 1.7 55:45

7 rz-Bu4PBr PtCl2 8.1 2.1 79:21

8 n-Bu4PBr (Ph3P;2Pt(T02 1.6 1.2 57:43

9 rc-Bu4PBr [P(OMe)3]2PtBr2 6.2 4 61:39

10 n-Bu4PBr (PPh2Me)2PtBr2 30 5.6 84:16

11 n-Bu4PBr (PPh3)2PtBr2 12.8 5.3 71:29

12 THF (PPh2Me)2PtBr2 2.7 0.5 84:16

BMIM-C1 = l-butyl-3-methyl imidazolium chloride; BMIM-PF6 = l-butyl-3-methyl

imidazolium hexafluoro phosphate; EMIM-C1 = l-ethyl-3-methyl imidazolium chloride;

BMI-Br = l-butyl-3-methyl imidazolium bromide.

Interestingly, for this hydroamination reaction Pt(II) catalysts show for the first time

activity (Table 3, run 7-11). The catalytic activity and selectivity also depend upon

the nature of the ligands in the platinum precursor.

Recently, Müller et ah, described the intramolecular reaction of 6-hexyneamine

catalyzed by Lewis acids (Scheme 1.29).44 Conversion and selectivity are improved if

the reaction is carried out in ionic liquids. Even better results are obtained if these

polar solvents are immobilized on different supports (Silica, Alox or zeolithe, Figure

1.11). Recycling of immobilized catalysts is faster than the extraction of the organic

products and the re-use of the catalyst-ionic-liquid-phase. The possible reaction

pathway is illustrated in Scheme 1.30.

Cat.

-(CH2)4NH2

H
H3C. ,N

X)

Scheme 1.29. Intramolecular hydroamination of 6-hexynamine.

27



1. Introduction

« 3.5

§3 0
«

1 2.0

I 1-S

| 1.0
c

8 0.5

2.5 | «

«

9

« Zn/H-Beta

• Two-Phase System j
n Zn(CF3S03h

o
Q

O

D

o.o ^°°
0 50 100 150

Time [min]

200

Figure 1.11. Activity of Zn(II) for the cyclohydroamination catalysis of 6-hexylamine

in different phases.

Non-polar phase
heptane

Phase

boundary

Polar phase
EMIM.CF3S03

Zn2+-

Zn2.«

H2C N
2

H

H

©

CF3SO3-
Zn(CF3S03)2 /f^\

Et ^ Me

Scheme 1.30. Possible mechanism of the cyclohydroamination in biphasic-system.

The Zn(II) catalysts in the biphasic-system can be used also for the intermolecular

addition of aniline derivatives to cyclohexadiene (TOF up to 1.8 h"1, Scheme 1.31)) or

for the hydroamination catalysis of phenylacetylene and different primary amines

(TOF up to 25 h"1, Scheme 1.32)).43

NH,

^^1 Z"(CF3SQ3)2

Scheme 1.31. Intermolecular hydroamination catalyzed by Zn(II) in biphasic-system.
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/ V= + NH2-R ^CTffSQj»

Scheme 1.32. Intermolecular hydroamination catalyzed by Zn(II) in biphasic-system.

In conclusion, ionic liquids have been shown in hydroamination to increase the

catalyst activity. However, no examples of asymmetric additions of amines to olefins

in ionic liquids have been reported. Herein, we report the first asymmetric

hydroamination catalysis of activated olefins in a range of ionic liquids (see Chapter

2.3.4).
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1.2. Theoretical ab initio studies

Theoretical studies play an increasing role to understand reactions catalyzed by

transition metal complexes. In the case of hydroamination reactions only few

examples of theoretical studies are published. Àkermark et al. investigated the

bonding of ethene with Ni(0) and Ni(II)-complexes ([NiL2(C2H4)]0,2+, L = halides,

alkyl, cyanide, amines) and the reactivity of these complexes in nucleophilic attack

of an amine (Hartree-Fock-method).155 Additionally, Eisenstein and Hoffmann

focused their attention on the reactivity of ethene towards the attack by

nucleophiles.156,157 The implication of their work is that coordination of an alkene to a

cationic complex is required for its activation toward nucleophilic attack. A similar

study by Sasaki et al. on Pd-complexes (also at the HF level) came to the same

conclusion and additionally pointed out the beneficial effect of soft ligands such as

PH3.158

Senn and Blöchl presented also high level, ab initio molecular dynamics calculations

on hydroamination reactions.159 The results of this study are presented below.

1.2.1. Mechanistic considerations

Two principal mechanistic pathways have been considered for

hydroamination catalysis. The activation of the olefin (C=C activation), or activation

of the amine (N-H activation).160 In the proposed alkene-activation mechanism

(Scheme 1.33), the C=C bond is activated by coordination to the metal followed by

nucleophilic attack of the amine giving a new C-N bond. The product is eliminated

via metal-carbon bond cleavage upon protonolysis. The resulting amine complex

undergoes ligand exchange with an alkene regenerating the starting complex.159

NHR,

L* [Mi—II

© > NHR2

[M]—NHR2 [M] '

Scheme 1.33. Hydroamination mechanism via C=C activation.

The amine-activation mechanism (Scheme 1.34) proceeds via oxidative addition of
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the amine N-H bond to the coordinatively unsaturatedd metal center to form a

hydrido amido complex. The olefin coordination followed by insertion of the alkene

into the metal-nitrogen bond and C-H reductive elimination gives the

hydroamination product and regenerates the active catalyst.159

Scheme 1.34. Hydroamination mechanism via N-H activation.

1.2.2. Hydroamination via activation of C=C

A systematic investigation of hydroamination via the C=C activation pathway

included d8-transition metal complexes as catalysts (Groups 9 (Co(I), Rh(I), Ir(I) and

10 Ni(II), Pd(II), Pt(II)). The catalytic cycle with [MC1(PH3)2]Z+ (z = 1 for Group 10, z =

0 for Group 9), using ammonia and ethane as model substrates is shown in Scheme

1.35.

H3P-*^

Cl

TSV

2' H3N.'

H3P M
Cl NH3'

H3P^ H,P"^lvl^/

TS5

H H^1
H3P-4 Cl

H3P*

H3P-n,M^ Cl

h3p*^ ^nh3
3

Scheme 1.35. Hydroamination via the C=C activation pathway (M = Co(I), Rh(I), Ir(I),

Ni(II), Pd(II), Pt(II)).
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The theoretical studies were done with the PAW (projector-augmented-wave)-

method, an all-electron Car-Parrinello ab initio molecular dynamic code.161,162 The full

reaction profiles for the catalytic hydroamination for the different metal centers are

collected in Figure 1.12. Note that transition state and complex numbers (1 - 6, TS1 -

TS6) are related to the hydroamination via the C=C activation cycle presented in

Scheme 1.35.

Figure 1.12. Reaction profile for catalytic hydroamination between ammonia and

ethene, catalyzed by Group 9 and Group 10 complexes.

There is a significant difference in the rate-determining step for the hydroamination

with Group 9 (Co, Rh, Ir) vs. Group 10 (Ni, Pd, Pt) complexes. For the metals of

Group 9 complexes this is the nucleophilic attack to the alkene (l-TSl'-2').

Interestingly, for Group 10 complexes it is the cleavage of the M-C bond (2-TS2-3).

The associated maximum barriers for Group 10 are all lower than those for Group 9

(147 KJ/mol for Rh, 154 KJ/mol for Co and 161 KJ/mol for Ir), and the lowest

maximum barrier was calculated for Ni(II) (108 KJ/mol, vs. 128 KJ/mol for Pd, and

146 KJ/mol for Pt). Thus, nickel appears to be the best-suited metal for

hydroamination of ethylene with ammonia.

As expected for d8-systems,163 the alkene complex [MC1(PH3)2(C2H4)]Z+ shows a

square planar geometry. The C=C axis of the olefin is perpendicular to the

coordination plane due pr ncipàlly to steric interactions. The antibonding interaction

of the alkene re* orbital with the metal d orbital (i.e. Tt*-dX2.) is the key feature for the

nucleophilic attack on the olefin. This orbital is the LUMO+1 and its localization

makes it the acceptor orbital of choice for the lone pair of an incoming nucleophile.

The nucleophilic attack of ammonia gives the 2-ammonioethyl complex (2 or 2' in
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Scheme 1.35). This reaction is calculated to be exothermic for Group 10 metals (Ni,

Pd, Pt, with ArE = -44, -55, -52 KJ/mol) but strongly endothermic for Group 9 metal

complexes (Co, Rh, Ir with ArE = 103, 83, 79 KJ/mol). This difference can be

explained in terms of donor and acceptor properties of the coordinated alkene. The

alkyl product is neutral and cationic metal complexes (Group 10 metals) favor the

conversion of an electron-accepting alkene into an electron-donating alkyl ligand

(Scheme 1.36). The cationic complexes have a higher propensity than the neutral ones

to accommodate the additional electron density brought into the system through the

ammonia lone pair.

I, NH, - ^NH,
[M]— - [M]

' M = Co(I), Rh(I), Ir(I)

71+ NH3 /NH3
[M]— ^ [M] ' M = Ni(II), Pd(II), Pt(II)

Scheme 1.36. Changes in formal charge upon nucleophilic attack.

Another difference between the two systems is the more stable conformation of Co,

Rh and Ir-complexes with a bent-back conformation of the CH2CH2NH3+ chain,

which places one of the ammonium hydrogens close to the electron-rich metal center.

In agreement with these electronic considerations, the activation barrier is high for

the nucleophilic attack on Co- Rh- and Ir-complexes, but low for Ni, Pd, and Pt

complexes. The smaller energy gap between the accepting (n*-dxz) orbital and the

ammonia lone pairs explains the lower barriers for Group 10. For Group 9, this

barrier is higher overall and therefore the nucleophilic attack of the ammonia to the

alkene complex is the rate-determining step.

The dynamic reaction-path calculations on the process of nucleophilic attack

elucidates the approach of ammonia on the coordinated ethene. For Ni, Pd and Pt the

attack comes from outside, trans (anti) to the metal. This is consistent with the

previous studies by Âkerman155 and Sasaki.158 However, the transition state (TS1',

Scheme 1.35, Figure 1.12) for Co, Rh and Ir corresponds to a "backside" attack on the

alkene, eis (syn) with respect to the metal.

The cleavage of the metal carbon bond liberates the alkylated amine as the

hydroamination product and the square-planar amine complexes

[MC1(PH3)2(NH3)]Z+. This M-C bond cleavage is moderately exothermic for Ni, Pd

and Pt and strongly exothermic for Co, Rh and Ir. In both Groups the exothermicity

decreases with increasing element weight.

The protonolysis, yielding the amine complex is the rate-determining step for Ni, Pd

and Pt. Several pathways for this step have been investigated. The simplest is an

intramolecular process transferring a proton from the terminal ammonium group to
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the a-C. A second pathway is an intermolecular process mediated by additional

molecules of amine or ammonia, which are present in large excess under catalytic

conditions.

Interestingly, the transition states for protonolysis of Group 9 complexes follow an

alternative, two-steps pathway. This involves first the formation of a metal-hydride

complex, followed by reductive elimination of the product (Scheme 1.35, 2'-TS65-6-

TS6-3). The calculated structures of the [MC1(PH3)2(H)(CH2CH2NH2)] are square-

pyramidal with the aminoalkyl chain in a bent-back conformation such that a

stabilizing N-H interaction is still possible. The subsequent C-H reductive

elimination is highly exothermic and the barriers are 37, 50 and 75 KJ/mol for Co, Rh

and Ir. To complete the catalytic cycle, the n2-ethene complex has to be regenerated

by a ligand exchange (NH3 to C2H4). A three-coordinate intermediate for the

dissociative pathway was calculated to be high in energy. However, a

pentacoordinate intermediate for an associative pathway appears energetically

feasible (Scheme 1.35, 3-TS3-4). These intermediates ([MC1(PH3)2(NH3)(C2H4)]2+)

exhibit a trigonal-bipyramidal geometry, with the alkene ligand in the equatorial

plane. For Ni, Pd and Pt the reactions are moderately endothermic, while for Co, Rh

and Ir they are slightly exothermic. For Group 9 these pentacoordinate complexes are

the most stable species in the whole cycle, due to the stabilization of the electron-rich

metal center by the rc-accepting alkene ligand.

In the final step, the amine dissociates from the five-coordinate species, regenerating

the alkene complex and completing the catalytic cycle. This step is calculated to be

endothermic for the first-row-transition-metal complexes (Co and Ni) and almost

thermoneutral for the other complexes, with energy barriers around 58, 25, and 39

KJ/mol (Co, Rh and Ir) and 41 and 23 KJ/mol (Ni, Pt).

An undesired side reaction was also considered: the ß-hydride elimination leading to

imines. For Ni, the barrier of 104 KJ/mol for this side-reaction is practically the same

than for protonolytic Ni-C cleavage (108 KJ/mol). Consequently, the ß-hydride

elimination is in direct kinetic competition with hydroamination. Note that the ß-

hydride elimination is endothermic (46 KJ/mol) vs. the exothermic protonolytic

cleavage (—52 KJ/mol). Several strategies could be used to suppress this side

reaction. For example the use of 1,1 disubstituted alkenes, yielding 2-ammonioalkyl

complexes without ß-hydrogens (the nucleophilic attack of the amine proceeds

usually with Markovnikov selectivity). Bulky ligands on the phosphine, in particular

protecting the free site above and below the metal center, could also impede the

pentacoordinate transition state needed for ß-hydride elimination. The enammonium

hydrido complex (primary product of the ß-hydride elimination) is equally

destabilized by the more electron-donating substituents on the phosphine
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(PMe3 > PH3), rendering ß-hydride elimination more endothermic; the activation

energy for the protonolytic cleavage, on the contrary, is reduced by electron-

donating phosphane ligands.

1.2,3. Electronic effects on the ligand

Electron-withdrawing groups (i.e., CF3, F) and electron-donating groups (i.e.,

Me, NMe2, Ph, p-MeOPh, p-NMe2Ph) were considered in order to calculate the

influence of phopshine donor strength on the reaction profile. Two measures of the

donor ability of a phosphane are the energy of its HOMO (i.e., ehomo/ relative energy

of its lone pair) and its proton affinity.164 There is a reasonable correlation between

the proton affinity and the HOMO energy (Figure 1.13) and the calculated values are

in good agreement with the experimental data (when available). The higher

polarizability of larger phosphanes (such as phenyl- or trifluoromethyl-phosphanes)

result in higher proton affinity than expected, however the linear relationship with

the HOMO energy appears to be sufficient to use the ehomo as reasonable measure for

the donor ability.

Figure 1.13. Correlation between proton affinity (PA) and HOMO energy of the

phosphanes, ehomo (pr3)-

The donor strength of the ligands affects the structure of the transition state. For

example, strongly electron-donating ligands lead to longer C(a)-H and Ni-H

distances and shorter N-H distances, while opposite effects are displayed by weakly

donating ligands. Importantly, correlations reveal that the activation energy can be

decreased by donor substituents. Thus, the hydroamination catalysis should be

facilitated by electron-donating phosphanes, which, in comparison to PH3, may

lower the activation energy by 25 KJ/mol.

35



1. Introduction

160

7 140

o

É
120 -

H, 100

80

60

—,—,—1—, 1 . . .

^ CF3
-

^\i

1 i i ' ...... . i

'

. . . . , . ,

H ^\^ Me :

CgH5V-<K|Me2 •

p-C6H40MeV^_
/>C6H4NMe2 ;

-9 -7 -6 -5

FH0M0(PR3' ' eV

-4

Figure 1.14 Correlation between the activation energy for protonolysis (AE ) and the

HOMO energy of the free phosphanes (eHomo (PR3)); R2 = 0.976.

Importantly, this study has suggested that the Group 10 complexes (Ni(II), Pd(II) and

Pt(II)) might be highly suitable catalysts for hydroamination reactions. Combination

of electron-donating phosphines and nickel(II) complexes in particular has been

identified as the most promising potential catalyst, with a rate limiting activation

barrier of 108 KJ/mol.
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1.3. Ni-complexes containing ferrocenyl ligands

There are few examples of catalysts involving Ni complexes with ferrocene-based

ligands.165 However, the theoretical studies delineated in the previous section159,160

combined with the experience with ferrocenyl ligands in our groupe5-100-166-167

constituted an incentive toward the development of a Nickel/ferrocenyl ligand

catalyst for hydroamination.

1.3.1. Synthesis of chiral ferrocenyl ligands

Many phosphines described herein are derived from [(1R)-1-(N,N-

dimethylamino)ethyl]ferrocene, reported in 1970 by Ugi and co-workers.168,169

Therefore, a short discussion about the properties of this compound and the possible

development of new derivatives is necessary.

Initially, Ugi reported the resolution of the (R) and (S) enantiomers, via

crystallization with tartaric acid.168,169 More recently an enzymatic kinetic resolution

of the rac-1-hydroxyethylferrocene is reported to give [(1R)-1-(N,IV-

dimethylamino)ethyl]ferrocene in 96% ee (Scheme 1.37).170

OH OH OAc

—

v-nyl acetate,
—

+

— _E^
fe

^ hpase/to,uene^ ^ ^
80% ee 96% ee 96% ee

Scheme 1.37. Enantiomeric synthesis of [(lR)-l-(dimethylamino)ethyl]ferrocene via

enzymatic kinetic resolution of rflc-1-hydroxyethylferrocene.171

The nucleophilic substitution of the stereogenic carbon allows the formation of a

range of enantio-enriched ligands, useful in asymmetric catalysis. It is interesting to

note that the substitution reactions at the stereogenic carbon, occur with retention of

the configuration, even if the mechanism is SN1. This is due to a stabilization of the

ferrocenyl carbocation. Solid-state structures reveal that the cation is not planar, and

the alkyl arm is bent toward the iron atom. Thus, the free rotation of the Cp-CHMe

bond is impeded (Scheme 1.38).172,173

Additionally, the diastereoselective ortfzo-lithiation of [(1R)-1-

(dimethylamino)ethyl]ferrocene is directed by dimethylamine group at the

stereogenic carbon with very high diastereoselectivity (Scheme 1.39). Moreover, alkyl

lithium bases influence the selectivity, with better results obtained using 'BuLi

instead of "BuLi (ratio major : minor = 96 : 4 with "BuLi, 98 : 2 with ,s"BuLi, >98 : 2 with

'BuLi).168,174
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H

SÖ^Me
Fe —

Scheme 1.38. Stabilized a-ferrocenyl carbocation leading to retention of configuration

in SN1 reactions.
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Scheme 1.39. Stereoselective lithiation of [(lR)-l-(dimethylamino)ethyl]ferrocene.

Snieckus and coworkers published an alternative approach to the selective ortho-

lithiation using a chiral auxiliary. Achiral ferrocenyl amide derivative can be

enantioselectively orrTzo-lithiated in the presence of external chiral auxiliary (e.g., (-)-

sparteine) and nBuLi.175 The chiral auxiliary can be recycled; furthermore, the

synthesis can be used for different ferrocene derivatives.

The [(lR)-l-(dimethylamino)ethyl]ferrocene can be used for the synthesis of chiral

bis(phosphine) and tris(phosphine) ligands and is the starting point to survey a

range of electronically and sterically diverse ferrocenyl-derived ligands.

The synthetic approach to this kind of ligand represents one of their most important

features. Indeed, it is possible to easily vary the two ligating fragments L1 and L2

attached to the 1-ethylferrocene backbone. As illustrated in Scheme 1.40, the two

different donor units are introduced as an electrophile (L1) and as a nucleophile

(L2).95 In the two-steps procedure, phosphino and/or pyrazolyl fragments (typical for

L1 and L2) are added, permitting the tuning of electronic and the steric properties,

according to the needs of a particular reaction, or for a specific substrate.
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,NMe, NMe,

Fe

1. ortfio-lithiation
*

2.TJX

L1 S„l

added via

nucleophilic
? attack

added via

L1 electrophilic
attack

^
Fe Fe

^
Scheme 1.40. General strategy for the synthesis of chiral ferrocenyl ligands.

Derivatives of chiral ferrocenyl ligands have been successfully applied in asymmetric

catalysis, including Rh-catalyzed hydroboration,176 Pd-catalyzed allylic

animation,167,177 hydrosilylation,178 Heck-reactions,95 and Pd-catalyzed

copolymerization (Scheme 1.41).179,180 Furthermore, ferrocenyl bis(phosphines) have

even been used in industrial scale asymmetric hydrogénations.171,181

Ar2P

Fe N^

4^^* Ar = 3,5-(CF3)2Ph

Rh-catalyzed
Hydroboration
up to 98.5% ee

Ar = 3,5-(CF3)2Ph

Pd-catalyzed
hydrosilylation
up to 99% ee

Ph,P

N

Fe V^-r
<^CZ^ R = 1-adamantyl

Pd-catalyzed
allylic amination

up to 99% ee

Ir-catalyzed
hydrogénation
up to 80% ee

industrial-scale

Scheme 1.41. Some examples of chiral ferrocenes applied in asymmetric catalysis.

1.3.2, Synthesis of tridentate phosphines incorporating ferrocene

An initial survey of electron-rich, chiral phosphine nickel(II) complexes in

hydroamination revealed that tridentate phosphines nickel(II) complexes display

higher activities than complexes containing bidentate phosphines (vide infra, Chapter

2). Thus, our interest focussed on tridentate phosphine ligands. The first chiral

triphosphane bis-ferrocenyl ligand was reported by Barbaro and Togni in 1995

(synthesis of bis{(lS)-l-[(2R)-2-(diphenylphosphino)ferrocenyl]ethyl}cyclohexyl
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phosphine,§ Scheme 1.42).182 The reaction of [(lS)-l-(dimethylamino)ethyl]ferrocene

with cyclohexylphosphine gives moderate yields of isolated product (47% yield, in

acetic acid, 65 °C, 7 h). Only traces of the elimination product (1-

(diphenylphosphino)-2-vinylferrocene) were detected.

NMe, CyPH2

CH3COOH
R2P pe

(S)-(R)-Pigiphos

Scheme 1.42. Synthesis of bis{(lS)-l-[(2R)-2-(diphenylphosphino)ferrocenyl]ethyl}

cyclohexylphosphine (S)-(R)-Pigiphos

The two ferrocenyl fragments of Pigiphos are diastereotopic. Thus, there are two

superimposed AX spin systems in the ^P^H} NMR spectum (A = CyP, X = Ph2P).

The two PPh2 phosphorus atoms have identical chemical shifts (Ô 15.60 ppm) but

different coupling constants to the central CyP nucleus (2JPP= 28.1 Hz and 9.9 Hz,

respectively). The complexes with Ni and Pd [M(PPP)X]Z+ (where X = Cl or CH3CN

and z = 1 or 2, respectively) have a square planar geometry, with CyP trans to the

chloride and eis to the two PPh2 (2Jcis= 10-29 Hz, 2Jlrans = 411 Hz and 236, for Pd and

Ni, respectively).

Starting from previous studies on ferrocenyl PS-ligands,183 Pigiphos was modified to

a C2-symmetric sulfur-bridged bis(ferrocenyl)-ligand. A mercaptane ferrocenyl

fragment reacts with the acetate derivative in the nucleophilic substitution, giving

bis{(lS)-l-[(2R)-2-(diphenylphosphino)ferrocenyl]ethyl}sulfidef (Scheme 1.43).184

5 usually named as (S)-(R)-Pigiphos
1 usually named S-Pigiphos

40



1. Introduction

S-Na+
MeOH

reflux, 3h

51% yield

^

Scheme 1.43. Synthesis of bis{(lS)-l-[(2R)-2-(diphenylphosphino)ferrocenyl]ethyl}

sulfide (S)-(R)-S-Pigiphos.

Unlike the ligand Pigiphos, there is a C2 symmetry axis passing through the sulfur

atom. As a result, the two ferrocene moieties are magnetically equivalent. In the

31P{1H}-NMR spectrum only a singlet is detected (-23.67 ppm, at room temperature,

in CDC13). Thus, in the :H NMR spectrum of S-Pigiphos the two ferrocene fragments

of the ligand are equivalent.

The first tridentate ligand combining planar, phosphorus and carbon chirality whose

synthesis is illustrated in Scheme 1.44185 was used later in hydroamination catalysis.

Ph,Pv

Fe PPh,

Ph,OPv PhPHPh2°PN PPhH

~w

Ph

Fe PPh2

POPh,

PPh

Fe PPh, Ph

^ (R)c(S)Fe-(S)P

Ph

p PPh

F^PPh2

^

PH
\

Fe PPh2 BH,

BH3

POPh,

(R)c(S)Fc-(R),, ^^^

Scheme 1.44. Synthesis of planar-, phosphorus- and carbon- chiral tridentate

phosphine ligand. Reagents and conditions: a) H^ CHC13; b) 'BuOK, THF, reflux; c)

AcOH, 75 °C; d) BH3-S(CH3)2, THF; e) flash chromatography; f) CeCl3, NaBH4,

LiAlH,, THF; g) morpholine, 70 °C.
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The reaction of (R)-(S)-PPFA and PhP(H)CH2CH2POPh2 gives a mixture of two

diastereomers, which were treated with BH3-S(CH3)2 and separated by flash

chromatography. The two diastereomerically pure phosphine-oxide diboranes were

isolated in good yield. After reduction by NaBH4 and LiAlH4 in the presence of CeCl3

and deboronation by morpholine, the two pure stereoisomers were isolated and fully

characterized including an X-ray diffraction study. Reaction of the tridentate

phosphine ferrocene with Ni(II) in the presence of acetonitrile gives the

[Ni(PPP)(CH3CN]2+-complex. The ^P^HJ-NMR spectrum of this compound indicates

the complex to adopt a square planar arrangement, with a trans relationship between

the P(l) and P(3) phosphorus atoms (2JPP = 212.5 Hz and 213 Hz, for the

[Ni(PPP)(CH3CN]2+-complexes of the two isomeric ligands, respectively).

A range of chiral tridentate ferrocenyl phosphine nickel(II) complexes have been

successfully used in the hydroamination reaction (vide infra). Therefore, a short

discussion on the general applications of tridentate ligands in asymmetric catalysis is

presented below.

1.3.2.1. Applications of tridentate ligands

Tridentate ligands are not so often used in asymmetric catalysis, as

compared to bidentate ligands (no example of tridentate ligand is presented by

Jacobsen in the list of the "privileged" structures).186 However, Kanemasa and

coworkers,110,111,187 developed a good example of synthesis and use of tridentate

ligands in asymmetric catalysis: the DBFOX ligands, derived from 4,6-

dibenzofurandiyl-2,2'-bis(aryloxazoline), an NON-ligand (Scheme 1.45).

Improvement in enantioselectivity in reactions such as hydrothiolation, conjugate

addition and Diels-Alder were observed. The common asymmetric catalysis

reactions, for which also the tridentate alternative was exploited recently are

hydrogénations reactions,188,189 transfer hydrogénations,190194 Diels-Alder,110,195199 C-C

couplings,200,201 and conjugate additions.202"207 In Scheme 1.45 we summarize some

examples of chiral tridentate ligands recently used in catalysis.
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LI (Venanzi, 1994;208

Zhang, 1998;211

van Koten, 2001)212

L4 (Braunstein, 1999)2

L2 (Nishiyama, 1989)209,210

L5 (Jacobsen, 2002)2

L3 (Kanemasa, 1998)
110

L6 (Carreira, 1994)215,216

L7 (Feringa, 1997)
217 L8 (Waldmann, 2000)2 L9 (Togni, 1997)

184

Scheme 1.45. Tridentate ligands used in asymmetric catalysis.

The PCP pincer ligands (LI) (better generally abbreviated as "ECE", where E is a

donating heteroatom) were first reported by Moulton and Shaw in 1976.219 Since then

they were used as ligands in various homogeneous catalysts and recently developed

in the chiral version (stereocenter a to the heteroatom211 or P-stereogenic212). An

example of the applications of these chiral ligands is the asymmetric aldol

condensation, carried out initially with Pt- and Pd-catalysts in which the chiral

information is conveyed by the stereogenic benzyl C-atom of the PCP-ligand. E;Z-

ratios up to 88:12 and enantioselectivities up to 65% (ris-isomers), and 77% (trans-

isomers) were observed. Improved results in the diastereoselectivity (94-98% of (E)-

product) are shown if the chiral site is closer to the substrate binding pocket, as the

P-chiral version of the PCP ligand presented by van Koten and coworkers.212

Catalysis, coordination, and bond activation of cyclometalated phosphine-based

pincer complexes were reviewed recently,220 indicating the importance of this type of
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ligands.

The Pybox ligands (= pyridine-2,6-bis(oxazolines), L2), recently reviewed for their

important role in asymmetric catalysis,210 have a large spectrum of reactions in which

they have been used. The first report (1989) of the synthesis starting from a chiral

aminol and a bis-chloroamide (Scheme 1.46) was improved, in particular with

respect to the directed ring closure of the bis-ß-hydroxyamide derivative and the

substituents on the 4-position of the oxazoline ring.210

Scheme 1.46. Synthesis of the Pybox ligands, L2.

The addition of enolsilanes to aldehydes and a-ketoesters, the commonly known

Mukaiyama variant of the aldol reaction, is one of the successful application of the

pybox ligands in asymmetric catalysis.221 Several Cu(II)-pybox complexes are able to

catalyze these reactions with high enantioselectivities (up to 99% ee) and good to

high activity. Also pybox tin complexes show similar results and a range of pybox

Lewis-acid complexes were tested in these aldol reactions. Also in catalytic

asymmetric hydrosilylation of ketones, pybox Rh(III)-complexes induce good to high

enantioselectivities (up to 99% ee for 1-tetralone). The reaction rate increases

depending on the substituent at the 4-position in the order Cl > H > OMe > NMe2.

In the cyclopropanation reactions, Nishiyama and coworkers developed Ru(II)-

pybox complexes, able to catalyze the reaction of olefins and diazoacetates (Scheme

1.47). High trans-selectivity (trans : eis from 86 : 14 to >99 : 1) and high

enantioselectivity for the trans-product (up to 99% ee, czs-product 15-95% ee) were

observed.

*5s=s^^R + N2HC—COOR'
Ru(II)/Pybox catalysts

COOR' R COOR'

Scheme 1.47. Cyclopropanation reactions catalyzed by [RuCl2(p-cymene)]/pybox or

[RuCl2(ethylene)] / pybox complexes.

The catalyzed cyclopropanation reactions are stereoselective also in the

intramolecular reactions of the allyldiazoacetate giving (lR,5S)-3-oxabicyclo[3.1.0]

hexan-2-one (yield up to 93%, ee up to 89%). The electron-withdrawing substituents

in the 4-position of the pyridine ring increase the enantioselectivity in this case,
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whereas electron-donating decrease it. Development of these three-membered ring

formation from olefin or C=X bonds have been realized as the aziridination reactions

catalyzed by Cu(II)/pybox. Good yields but low enantioselectivities (11-15% ee)

were observed. Interestingly, the epoxide ring opening reactions can also be

catalyzed by lanthanide/pybox complexes in the presence of TMSCN (yields 68-96%,

up to 92% ee) (Scheme 1.48).

r \
TMSCN-

A
+

*

pybox—Ln +

'CN r.

KO-Ln
-y X

pybox TMSQ

>
£N

A

Scheme 1.48. Asymmetric epoxide opening by TMSCN, pybox and lanthanide

trichlorides.

Pybox lanthanide complexes can catalyze Diels-Alder reactions, one of the most

important reactions of organic synthesis. In the reaction of cyclopentadiene and

alkenoyl-l,3-oxazolidin-2-ones (Scheme 1.49a) endo : exo ratio up to 98 : 2 and

excellent enantioselectivities (up to >99% ee) were observed (yield 99%). Acrylates

and enals react also with cyclopentadiene (Scheme 1.49b), catalyzed by pybox

copper(II) complexes. In the Cu(pybox)-complexes it is presumed that the aldehydes

can coordinate with Cu(II) to form a square planar complex. If the dienophile adopts

the S-cis conformation, like acrolein, the attack by cyclopentadiene leads to an endo

transition state. In the case of methacrolein (or ci-bromoacrolein) the trans

conformation allows an exo transition state, confirming the experimentally observed

selectivity (Scheme 1.50).

a)

b)

o^^o

R^O

Scheme 1.49. Enantioselective Diels-Alder reactions catalyzed by pybox complexes
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Scheme 1.50. Model for the Cu(n)/pybox-catalyzed Diels-Alder reactions between

cyclopentadiene and enals (2 = H, Me, Br).

The Diels-Alder reactions of cyclopentadiene and alkenoyl-l,3-oxazolidin-2-ones

(Scheme 1.49a) were also carried out with the DBFOX/Ph ligands (L3) developed in

the group of Kanemasa (see above). The reaction catalyzed by the DBFOX/Ph

nickel(II) complex displays excellent yields, endo : exo ratios and enantioselectivities

(up to 99% yield, endo : exo = 98 : 2, up to 99% ee). Magnesium and copper complexes

can activate dienophiles such as IV-acryloyl-2-pyrrolidinone and methyl-2-oxo-4-

phenyl-3-butenoate to give excellent endo : exo ratios (97 : 3 and 94 : 6, respectively)

and high enantioselectivities (98% ee and up to 83% ee, respectively). Finally, the

reaction of enals (see Scheme 1.49b) with cyclopentadiene was also catalyzed by

Cu/DBFOX/Ph complexes, with high yield and endo : exo selectivity (93% and 3 : 97,

respectively) as well as good enantioselectivity (86% ee). This DBFOX/Ph ligand was

also used in the nickel(II)-catalyzed Michael additions of thiophenol or aniline to

oxazolidinone derivatives, with high enantiodiscriminations and high yields (see

Scheme 1.24, Chapter 1.1.1).

The tridentate ligand L4 was efficiently applied in the Ru-catalyzed transfer

hydrogénation of ketones, with very high TOF (up to 112800 h'1, one of the highest

activity reported for Ru-catalyzed transfer hydrogénation). These results were

comparable or better than those obtained with [RuCl2(PPh3)(P,N,0)] [(P,N,0) = 1-

(diphenylphosphino)-2-ethoxy-l-(2-pyridyl)ethane], developed by Bäckvall et al.222

The Cr(III) complex containing the tridentate Shiff base L5 was found by Jacobsen

and co-workers to catalyze hetero-Diels-Alder reactions. Preliminary results on

inverse electron demand reactions between a variety of simple a,ß-unsaturated

aldehydes and ethyl vinyl ether show this Cr(III)(ONO)-complex as an efficient

asymmetric catalyst (up to 98% ee, >97:3 dr, Scheme 1.51).214
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Cr(IÏÏ)(LS)-catalyst

OEt
O' """OEt OEt

>99 :1 dr

80% ee

8:ldr

98% ee

Scheme 1.51. Hetero-Diels-Alder reaction catalyszed by Cr(III)(L5)-complexes.

Me"

H H

So^o SA>
Boschnialactone Teucriumlactone

Iridomyrmecin

Me

Isoiridomyrmecin

Figure 1.15. Iridoid natural products, accessed via stereoselective HDA catalysis.

Further experiments allowed to use this catalyst in the reaction of a-substituted-ci,ß-

unsaturatedd aldehydes, leading to the formation of bicyclic pyran ring systems.

These products were used for the total synthesis of a range of iridoid natural

products (Figure 1.15).196 The catalytic cycloadditions of the racemic aldehydes with

ethyl vinyl ether afford complete conversion, with a 1.2 : 1 diastereomeric ratio. The

major diastereomer was generated in 80% ee, while the minor one reached 98%

enantiomeric excess.

The imine-derivatives of NOBIN L6 developed by Carreira and coworkers are good

asymmetric ligands for the Ti(IV)-catalyzed Mukayama aldol condensation affording

high enantioselectivities (up to 97% ee, Scheme 1.52).215'216 The Ti-complexes were

also used in hetero-Diels-Alder addition of Danishevsky's diene to various

aldehydes, with both high yield (99%) and enantioselectivity (up to 97% ee, Scheme

1.53).197 The pyridine modification of the ligand and the product of the reduction of

the imine proved to be efficient ligands for the Ru-catalyzed reduction of

acetophenone, leading to the corresponding alcohol in 98% ee.192
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O OSiMe3

Ti(IV)-cat/L6

R' 'H <^ "R' R'
Yield <: 99%

ee s 98%

A A

Scheme 1.52. Mukayama Aldol condensation catalyzed by Ti(IV-(R)-L6-complexes.

OMe

^
O

r^o
y Ti(IV) / (S)-L6 Y

^. IL RCOOH A A
Me3SiO ^ Ar CF3COOH O ^^ Ar

Yield <. 99%
ee s 97%

Scheme 1.53. Hetero-Diels-Alder reactions catalyzed by Ti(IV)-(S)-L6-complexes.

The tridentate borneol L7 nickel(II) complexes were used in the catalytic 1,4-addition

to enones, in the presence of ethylzinc (Scheme 1.54). Enantioselectivities up to 65%

ee were observed. The use of the bidentate (-)-cis-exo-N,N-dimethyl-3-

aminoisoborneol (Figure 1.16) as chiral ligand in the same reaction (Et2Zn + chalcone,

catalyzed by Ni-complexes) gives 84% ee.

O |t o

Scheme 1.54. Enantioselective 1,4-additions, catalyzed by Ni- or Co-complexes.

<=> 84% ee with Ni-cat r=> 65% ee with Ni-cat.

Figure 1.16. Bidentate and tridentate ligands, used in the catalyzed Michael additions

of diethylzinc to chalcone.

Waldmann et al. tested in the same reaction (Scheme 1.54) another class of chiral

amino alcohols L8 derived from (-)-norephedrine. Good chemical yields and

stereoselectivities were obtained (up to 85% ee).

Ruthenium complexes of L9 were investigated in asymmetric transfer hydrogénation

(Scheme 1.55).184 Unfortunately, the best enantioselectivity (71.7%) and yield (99%)
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are poor compared to these of the most effective chiral Ru(II) catalysts (>99% ee). If

the sulfur-bridged (S-Pigiphos) Ru(II) catalyst is used, only 24% of the product was

detected after 3h at reflux, with poor enantioselectivity (up to 20% ee).

OH

CH,

^^

Ru(II) catalyst

(CH3)2CHOH
base

^^

Scheme 1.55. Reduction of acetophenone via hydrogen transfer from propan-2-ol,

catalyzed by Ru(II)-L9 catalysts.

The Ru(II)-complexes with the triphosphane ligands combining planar, phosphorus

and carbon chirality ((R)-l-[(S)-2-diphenylphosphino)ferrocenyl]ethyl-(S)-

[phenylphosphin-2-(diphenylphosphino)ethane], see above) were also used in the

reduction of trifluoroacetophenone. Asymmetric hydrogénation and asymmetric

hydrogen transfer from 'PrOH catalyzed by Ru(II)(PPP) complexes were tested. The

best conversion and enantioselectivity was obtained with the tris(acetonitrile)

ruthenium(II) ferrocenyl triphosphine precursor, using a base co-catalyst (94% yield,

41%ee, Scheme 1.56).190

OH

Ru(II) catalyst
»-

H2, EtOH

CFl Ru(II) catalyst

(CH3)2CHOH

^^

Catalysts:

Ligands- |

^^PPhj Ph
PPh,

Scheme 1.56. Asymmetric reduction of trifluoroacetophenone, catalyzed by

Ru(PPP)(L)32+ complexes.

All these tridentate ligands (LI - L9, and derivatives) have been successfully used in

asymmetric catalysis. In some cases, better results were obtained in terms of activity

and enantioselectivity when using analogous bidentate ligands. In the case of the

nickel(II)-catalyzed hydroamination reactions, the ferrocenyl triphosphine

complexes [Ni(L9)]2+§ were used in the reaction of a range of olefins, displaying

1 [Ni(Pigiphos)]2+ = [Ni(L9)]2+
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better activity and selectivity than the analogous [Ni(Josiphos)]2+ complexes (up to

99% yield, up to 95% ee, vide infra).
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1.4. Aim and organization of the work

The focus of this thesis is the development of asymmetric intermolecular

hydroamination. The starting point were the theoretical ab initio studies presented in

chapter 1.2. Aim of the work was to develop Ni(II) complexes able to catalyze a

range of hydroamination reactions.

The followed strategy was, firstly, to synthesize chiral ferrocenyl ligands (bidentate,

PP or PN, well known in the Togni group), with good electron-donating substituents

on the phosphine. Secondly, the idea was to isolate [Ni(II)(PP)XZ]-complexes, where

PP stays for the bidentate ferrocenyl ligands and X and Z for ligands that stabilize a

diamagnetic square-planar complex. To ensure the square-planar coordination

geometry, tridentate ligands such as Pzgz'p/ios-derivatives (see above) would be also

tested. The third goal was to isolate a Ni(II)(PP)X(n2-ethene) complexes, where X

could be C6F5. Such ethene-complexes of Ni(II) have to the best of our knowledge not

been reported in the literature yet. Fourthly, we wanted to use the different Ni-

complexes in hydroamination reactions, such as the addition of aniline to

norbornene, to styrene derivatives, or to acrylonitrile derivatives.

Goal of this work was therefore to answer the following questions:

• It is possible to develop a Ni(II)-system able to catalyze the hydroamination

reactions under mild reaction conditions?

• Which scope and limitation present the developed Ni-catalysts, in terms of

substrates-specificity, activity, productivity, etc.?

• If a chiral bi- or tridentate ligand is used: is the catalytic reaction sufficiently

enantioselective? Which parameters influence the enantioselectivities? Are

the ligands sufficiently tunable to improve and control the enantiomeric

ratios?

• Which reaction parameters improve the catalytic activity and selectivity?

The structure of chapter 2 "Results and discussion" is organized in order to answer

these inquiries. Firstly, the synthesis of novel bi- and tridentate ligands and their

complexations with Ni(II) salts are presented. Secondly, the application of the Ni-

complexes in hydroamination catalysis, from the preliminary results, the use of the

spot tests, to the asymmetric hydroamination catalysis with

[Ni(PPP)(solvent)]2+complexes is discussed.
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2, Results and Discussion

2.1. Synthesis of ligands

The synthesis of the ligands plays a crucial role in the planning of a potential

asymmetric catalyst.223 The electronic and steric tunability of ferrocenyl chiral bi- or

tridentate ligands make them very useful. In this work we present, firstly, the

improved procedure to synthesize the well known Joszp/zos-derivatives,174,224 then the

novel approaches to the ferrocenyl tridentate ligands. Aim of this part is to develop

ligands in order to build [Ni(PP)L2]°'2+ and [Ni(PPP)L]12+ complexes, able to catalyze

hydroamination reactions.

2.1.1, Bidentate ligands

In the first step of the stereoselective synthesis of Joszp/zos-derivatives, (vide

supra, Chapter 1.3.1) the outcome of the reaction of (R)-(S)-PPFAS with lithiation

agents is partially dependent on the lithiation reagent, in terms of both

stereoselectivity and reactivity. We have discovered that terfBuLi gives increased

isolated yields (Scheme 2.1),225 compared to "BuLi as previously reported in the

literature. In a manner anologous to that adopted for the (R)-(S)-PPFA synthesis (84%

yield), related ferrocenyl phosphines, with different substituents on phosphorus,

(Scheme 2.2) are prepared by lithiation at -78 °C (30-60 min.) followed by warming

of the reaction mixture to room temperature. The reaction is cooled back to -78 °C

and the chlorophosphine is added. After stirring overnight the products are isolated

after work-up in good to high yields.

The addition of some pentane (10-50%) to the mixture partially precipitates some of

the ferrocenylethyldimethylamine derivatives, increasing the yield. The reaction of

(R)-(S)-PPFA with primary or secondary phosphines in degassed acetic acid at

=70 °C gives the desired biphosphines. The reaction is promoted by trifluoroacetic

acid, presumably because of the formation of a better leaving group in the

intermediate compound.

Me
„,„,.„„ „^ „„,

Me Me
1. 'BuLi, -78 °C, 30

-NMe2 -> r.t„ 1 h cfV^NMe, HPR'2, TFA, CH3COOH ^^r^-PR'2

2. C1PR2,-78 °C->r.t. /e^\'"* orui3L:N, zequiv. ii-a /p3"5^""*
12 h Et20 ii>m> <J*e*i>

(R)-(S)-PPFA Josiphos

Yields 60-90% Yields 50-95%

Scheme 2.1. Improved synthesis of the PPFA-/Josiphos- derivatives using 'BuLi and

TFA.

s (R)-(S)-PPFA = (2S)-2-diphenylphosphino-l-[(lR)-l-(dimethylamino)ethyl]ferrocene;

Josiphos = (2S)-2-diphenylphosphino-l-[(lR)-l-(dicyclohexylphosphino)ethyl]ferrocene.
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This synthesis can also be carried out in acetonitrile with 2 equivalents of

trifluoroacetic acid, decreasing the amount of elimination side product.

Nickel(II) complexes containing these biphosphines were tested in a preliminary

screening of possible hydroamination catalysts (vide infra).

Me Me Me Me

£e ~pph2 Fe>(p-CF3Ph)2 Fe PClPh Fe P(3,5-CF3Ph)2

Fe2, Fe9, Fel3, Fe4 Fe6 Fel8 Fe5, Fell, Fe21

Felo, Fe20

Me Me Me

ïig&^NMe-, s^^-^R *^j7-~^PCv,
Fe PEt2 _Fe P(p-MeOPh)2 ^Fe R'

Fe3 Fel7 Fel6, Fel7, Fel8

Scheme 2.2. Mono- and bidentate ferrocenyl ligands prepared in this study;

R = NMe2, OAc, SAc, SH, OH; R' = Br, PPh2, PClPh, P(p-MeO-Ph)2, P(p-CF3-Ph)2,

P(m-CF3-Ph)2; yields: 44-95%.

The acetate and thioacetate derivatives (Scheme 2.2) were used in the synthesis of

tridentate bisferrocenyl ligands (vide infra).183

Unfortunately, these bidentate ligands form nickel complexes which exhibit low

activity and selectivity in hydroamination reactions. For example, the reaction of

aniline and norbornene catalyzed by [Ni(Josiphos)]2+ complexes displayed yields up

to 9.5% (vide infra, Chapter 2.3.1). Nickel(II) complexes with ferrocenyl triphosphine

ligands showed higher activity under the same conditions. For example, the

[Ni(Pzgz'r;/zos)]2+-catalyzed reaction of aniline and norbornene showed yields up to

39%. Thus, we focused our attention on the synthesis and the applications of

tridentate ferrocenyl ligands.

2.1.2. Tridentate ligands

Tridentate phosphine such as the tripodal ligand Triphos (Me(CH2PPh2)3)

react with transition metal centers to form complexes that are catalysts precursors

inter alia for homogeneous hydrogénations,226 hydroformylations227,228 and

acetylations.229,230 The first chiral tridentate phosphine ligand was syntesized by Burk

and Harlow,231 and the silyl analogous of Triphos (Siliphos, MeSi(CH2P(fBu)Ph)3) was
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developed in the group of Venanzi.232 The tridentate triphosphine ferrocenyl ligand

(R)-(S)-PigiphosT coordinates in a square planar geometry to d8-metal centers. The

Pigiphos ligand displays a pseudo-C2 symmetry: this concept of C2-symmetric ligands

was introduced by Kagan in the early seventies with the diop-\igand, a derivative of

tartaric acid (Figure 2.1).233 Commonly, C2-symmetric ligands have been utilized in

asymmetric catalysis (i.e. "privileged" catalysts186). The C2-symmetry is attractive

because it can reduce the number of possible diastereomeric catalyst-substrate

adducts. Consequently, the number of competing reaction pathways is reduced by a

factor of two. Even if this property has a potential beneficial effect, there is no

principal reason why non C2-symmetrical ligands should give lower selectivity in

catalysis.

Me,

Me'><

PPhz

Ö-" ""',„___-PPh2

DIOP

PPh,

PPh2

BINAP

Fig. 2.1. C2- and psewdo-C2-symmetric phosphine ligands 54,182,233,234

2.1.2.1. PPP: „Pigiphos" and „Gipiphos"

The reported procedure for the synthesis of modified Pigiphos

ligands,182,184 from ((R)-(S)-PPFA derivatives and cyclohexylphosphine in acetic acid,

via SN1 mechanism, gave only a moderate yield (47%). As in the synthesis of the

bidentate phosphanes discussed above, the addition of trifluoroacetic acid to the

reaction mixture for the synthesis of the tridentate Pigiphos increases the yield

substantially. More concentrated solution in acetic acid, from the published 0.1 M to

a 0.5-1.0M (R)-(S)-PPFA in CH3COOH,235,236 led also to a general increase of the

isolated yield up to 85% (Scheme 2.3).

1 Pigiphos - Bis{(lR)-l-[(2S)-2-(diphenylphosphino)ferrocenyl]ethyl}cyclohexylphosphine
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NMe,

Fe PR2

Fe

Fe PR21VR2P

0.5 equiv, R'PH2

TFA, CH3COOH
0.5-1 M, 80 °C, 2-4 h

R = Ph, R' = Cy; yield = 85%, Fe30

R = Et, R' = Cy; yield = 42%, Fe31

R = 3,5-(CF3)2Ph, R' = Cy; yield = 60%, Fe32

R = 3,5-Me2Ph, R' = Cy; yield = 46%, Fe33

R = Ph, R' = 'Bu; yield = 21%, Fe34

Scheme 2.3. Improved procedure for the synthesis of the Pigiphos derivatives.

The two diastereotopic ferrocenyl units give a 31P NMR spectrum containing two AX

spin systems. The 31P NMR of Ph2,Cy,Ph2-Pigiphos is shown in Figure 2.2.

PCy

18.14 ppm

I = 11.2 Hz

I = 29.1 Hz

2 PPh

-25.15 ppm

-25.07

/\

4

Fig. 2.2. 31P NMR (in chloroform-d3) of the Pigiphos ligand Fe30 (bis{(lR)-l-[(2S)-2-

(diphenylphosphino)ferrocenyl]ethyl}cyclohexylphosphine.

We have also prepared a derivative of Pigiphos, as shown in Scheme 2.4. The

tridentate ligand bis{(lR)-l-[(2S)-2-(diphenylphosphino)ferrocenyl]ethyl}-l-(l'R)-

ethylferrocene was prepared from (R)-(S)-PPFA and the air-stable 1-(1R)-

phosphinoethyl-ferrocene Fe29.

-ir-n«."NMe2+ 0.5 equiv. '«ç-
Fe PPh,

M Fe

PH, TFA

CD3CN/THF
70 °C 8 h

(R)-(S)-PPFA Fe29

Fe PPh2 Ph2P'

Fe39

Scheme 2.4 Synthesis of a tridentate trisphosphine ligand with three ferrocenyl

fragments.
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The primary phosphine precursor was synthesized as shown in Scheme 2.5. (R)-(S)-

PPFA and Mel react to give [(lR)-(+)-N,N,N-trimethyl-l-ferrocenylethylammonium

iodide. Reaction of this with P(CH2OH)3 in methanol at reflux for 1 h gives 1-[(1R)-1-

bis-(hydroxymethyl)phosphinoethyl]ferrocene. This compound is then converted to

l-(lR)-phosphinoethyl-ferrocene by Na2S205 under reflux conditions in a two-phase

water/hexane-ethylacetate system for 6 h. Air is necessary for this synthesis.

[P(CH2OH)4]Cl

KOH

ch3i >^
'^ p(chIoh)3 Q^P(CH'OH) Na^A

^g^ THF,0°C30' g=^ MeOH, reflux J^S} H20 / Et20-CH2C12 =Ê^

90% 53% 44%, Fe29

Scheme 2.5. Synthesis of the new chiral air-stable primary ferrocenyl phosphine 1-

(lR)-phosphinoethyl-ferrocene.

The synthesis of this new chiral primary phosphine was developed in a similar way

as for the synthesis of the air-stable (ferrocenylmethyl)phosphine reported by

Henderson and coworkers.237'240 A large excess of Na2S205 did not lead to the

formation of only the primary phosphine, as might be expected. Instead, oxidation

products were detected by 31P NMR spectroscopy at Ô in the range +35-49 ppm, with

most of the colored species present in the aqueous layer.

Although primary phosphines generally readily oxidize in the presence of oxygen, 1-

(lR)-phosphinoethyl-ferrocene is stable to air. The reaction was monitored by 31P

NMR spectroscopy, and the secondary phosphine FcCH(Me)P(H)CH2OH was

detected as a mixture of two diastereomers, at ô -28.8 and -29.4 ppm, 7(PH) = 36 Hz,

as shown in Figure 2.3). This intermediate is also air stable, but reacts via

disproportionation (Scheme 2.6).

Work up and column chromatography yielded the pure l-(lR)-phosphinoethyl-

ferrocene. In Figure 2.3 the 31P NMR spectra of the primary and secondary ferrocenyl

phosphines are presented.

ÇH2OH ^CHïOHNg^»--t-P/

P CH2OH
_____

sSgSSr-'^P S^rSr^~PH

Fe^ H—-P—CH(Me)Fc /=^a CH2OH J^
H

Scheme 2.6. Possible mechanism for the disproportionation of the secondary

phosphine product.
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]/(PH) = 192 Hz

2/(PCH) = 22 Hz

3/(PCH3) = 3.4 Hz

mçmt'te&paÊË'Êm&em'Ë'ei|IWfWWpl

-P(H)(CH2OH)

Fe

t4_g|_ £_ SpÉWpÉ«!

PH,

nmi&mti<m*^#mwmwip0»¥Jimmmp>*m0^iimfxim*n

-140

Fig. 2.3.31P NMR spectra (CDC13, r.t.) of the primary/secondary phosphines; bottom:

mixture of primary and secondary phosphine, formed from the reaction with

Na2S2Os after 3 h at 80 °C, in water/hexane-ethylacetate; top: primary ferrocenyl

phosphine, isolated after 6 h at 80 qC in water /Et20-CH2C12.

The primary phosphine FcCH(Me)PH2 was then used to synthesize the Pigiphos

derivative containing three ferrocenyl units (Scheme 2.4). The desired product was

detected by 31P NMR spectroscopy, with peaks corresponding to the inequivalent

PPh2 groups at Ô -28.2 and -29.0 ppm and the PCHMeFc group at ô +29.9 ppm. The

oxidized trialkyl phosphine was also detected. Attempts to isolate the pure ligand via

crystallization, filtration through A1203 under argon, and flash column

chromatography under argon were unsuccessful. Similar problems due to phosphine

oxidation were encountered in the synthesis of a ferf-butyl derivative of Pigiphos. The

product was formed but was not air-stable and the isolated yield was poor (21%)

(Scheme 2.3). The use of acetonitrile : THF (1 : 2) as solvent and 2 equivalents of

trifluoroacetic acid gave lower amounts of the oxide product (after 8 h at 70 °C).

However, the resulting red oil turned brown-black after 12 h, even when stored in a

Schlenk flask under argon.

We also attempted the synthesis of a Pigiphos derivative containing different

substituents on the two pendant phosphines (Scheme 2.8). The synthetic approach

starting from (R)-(S)-PPFA implied the isolation of phosphorus oxide intermediates.

Reduction by lithium aluminium hydride yielded the secondary phosphine.

Unfortunately, the nucleophilic substitution of this aromatic secondary phosphine

with (R)-(S)-PPFA was never observed, also upon changing the reaction conditions

58



2. Results and Discussion

(temperature, time, concentration and amount of trifluoroacetic acid). This could due

to the lower nucleophilicity and the steric bulk of this ferrocenyl phosphine.

Fe Br
NMe2 Br2C2F4

o

HPCy2

CH3COOH, 80°

Fe Br

PCy2 l.*BuLi,-788-RT
^

2. Cl2PPh, 80°

3. H20-work-up (Air)

LAH, Et20

1. 'BuLi, -78°- RT

2. Cl2PPh, 80°

3. H20-work-up

NMe2
- JgTPOCKX)

HPCy2

CH3COOH, 80°

CH3COOH, 80°

3-24h
^

-PCy2
J^PHPh

NMR pure fT-PPh2
NO work-up => oxid /^=\

*

£„2P

FëTPPh2 Ph

Scheme 2.8. Synthetic approach to a new tridentate phosphane ligand.

Another tridentate ligand was synthesized starting from the NPN ligand 1,1"-

(phenylphosphinidene)bis{(2S)-2-[(lR)-l-(dimethylamino)ethyl]}ferrocene reported

by Hayashi (Scheme 2.9).241 A procedure similar to the one described above yielded

l,l"-(phenylphosphinidene)bis[(S)-2-[(R)-l-(diphenylphosphino)ethyl]]ferrocene,

Gipiphos"1) (synthesis shown in Scheme 2.10).

1 The name "Gipiphos" comes from the "inverse" relation of the constitution of this tridentate

ligand with respect to Pigiphos (the central phosphine is bound to the 1- and Impositions of

the Cp rings).
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NMe2
' BuL' ^Sr-^-r"'- 1

BuLl

I

SnMe3, F§_j^~-NMe2

NMe2
1DUL1

„~ "PFh
Ï

2ClSnMe3 J*^ 2 0 5 equiv Cl2PPh ^^r^-NMe,
Fe

Scheme 2.9. Coupling of 2 ferrocenyl units, via lithiation of a stannane intermediate.

Me2N^XS R\^

"^ 2 C12PR -78 °C - r t Jfea TFA, CH3COOH Fe^"^R
<^> 2Cl2PR,-78°C-rtj;^

<0

R = Ph, yield = 61% R = Ph, R' = Ph, yield = 73%

R = p-CF3Ph, yield = 70% R - Ph, R' = Cy, yield = 85%

R = <Bu, yield - 50% R - 'Bu, R' = Ph, yield = 30%

R = p-CF3Ph, R' = Ph, yield =71%

Scheme 2.10. Synthesis of Gipiphos ligands

Table 2.1. Summary of the results obtained in the synthesis of the tridentate phosphine
ligands Pigiphos and Gipiphos

Ligand Phosphine substituents yield % 31P NMR (ô, ppm)

Pigiphos, Fe30 Ph2, Cy, Ph2 85 -25.15/-25.07,18.0

Pigiphos, Fe34 Ph2, 'Bu, Ph2 21 -28.5,45.3

Pigiphos, Fe31 Et2, Cy, Et2 42 12.8/14.0,36.3

Pigiphos, Fe32 3,5-(CF3)2Ph2, Cy, 3,5-(CF3)2Ph2 60 -21.9,22.9

Pigiphos, Fe33 3,5-(CH3)2Phz, Cy, 3,5-(CH3)2Ph2 46 -22.0/ -21.2,21.2

Pigiphos, Fe39 Ph2, CH(Me)Fc, Ph2 - -30.1/-27.3, 29.9

Gipiphos, Fe37 Ph^ Ph, Ph2 73 -16.5,32.1

Gipiphos, Fe38 Ph2, m-CF3-Ph, Ph2 67 -15.6,32.4

Gipiphos Cy2, Ph,Cy2 85 -27.1,33.9

Gipiphos Ph2, 'Bu, Ph2 30 33.1,40.7

We have reacted these ligands with nickel(II) starting materials (Ni(C104)2-6H20,

NiCl2, NiBr2, Ni(OAc)2, Ni(BF4)2-6H20) and investigated the catalytic activity of

hydroamination reactions. In order to improve activity and selectivity of the these

catalysis, variation of the electronic and steric properties on the substituents of the

tridentate ligands was pursued (vide infra).

2.1.2.2. PSP and POP

Nickel(II) complexes of the achiral PSP or POP ligands shown in Figure

2.4 are reported in literature.242'244 Four-coordinate Ni(II) species containing these

ligands are square-planar diamagnetic species. The hemilability of sulfur and oxygen

ligands with Ni(II) centers should be useful in the hydroamination catalysis. Thus,
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2. Results and Discussion

we have investigated tridentate ligands incorporating phosphorus and sulfur, or

oxygen donors, respectively. These are ferrocene-based chiral, C2-symmetric POP

and PSP ligands.

Ph2P' Ph2P'

Fig. 2.4. Reported achiral PSP / POP ligands.

'PPh, Ph2P' "PPhj

The synthesis of the sulfide ferrocenyl derivatives is shown in Scheme 2.11.

NMe,

Fe

l.'BuLi,-78°C

Fe

-NMe2 KSAc
m

*g"5y-~-SAc

Fe ~PR, AcOH Fe PR2
80 °C

^^

l.NaH, THF, r.t.

2. MeOH, reflux Fe PR2Fe PR2 R2p

Fe40, Fe41

Scheme 2.11. Synthesis of PSP-derivatives

(CH3co)2o
100 °c

OAc

LiAlH4
Et2Q, r.t.

SH

Fe PR,

Reduction of the thioacetate group of (2S)-2-diphenylphosphino-(lR)-(l-

thioacetoethyl)ferrocene with lithium aluminium hydride yielded the corresponding

mercaptane (71% yield). Reaction of this mercaptane with FcCH(Me)OAc gave the

C2-symmetric PSP ligand.§ Note that unlike Pigiphos in which the pendant PR2 are

magnetically inequivalent, in S-Pigiphos the PPh2 are equivalent as indicated by the

single peask at 6 -22.9 ppm in the 31P NMR spectrum. When the phosphine

substituents are not the same on the mercaptaneand the acetate, an asymmetric S-

Pigiphos is formed. This is the prerequisite, which permits an electronic and steric

variation of the tridentate ligand.

We attempted to synthesize the analogous O-Pigiphos via reaction of the acetate

derivatives with alcohol species. Unfortunately, the ferrocenyl alcohol (formed by

reduction of the acetate derivative with lithium aluminium hydride) did not react

with the ferrocenylethylacetate compound under the same reaction conditions as for

the PSP synthesis. Only the methoxy compound (Scheme 2.13a) was isolated. Likely,

s PSP tridentate ferrocenyl ligands defined as S-Pigiphos
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the high basicity of alcoholates compared to thiolates is responsible for the observed

results. The conjugate base of the ferrocenyl mercaptane is too weak to deprotonate

methanol (pKa(mercaptane) = 10-11) while the ferrocenyl alkoxide reacts to

deprotonate methanol (pKa(MeOH) = 16, pKa(secondary alcohols) = 17-20). The

formed OMe' then reacts with FcCH(Me)OAc to form the isolated ether product.

Unfortunately, reactions in THF (Scheme 2.13b) or with the ammonium ferrocenyl

derivatives (Scheme 2.13c) did not lead to the expected O-Pigiphos.

l.NaH,THF,r.t.

2. MeOH, reflux

oh s^r-'-OAc Or^o-

___^

-OH çf^y-^-OAc
a) Fe ^PPh, + Fe PPh,

b) J^ PPh, + Je^PPh, _^1 ..
Fe ^PPh2 Ph2

2. THF, reflux

Fe

! Fe

c)
_

Fe >Ph?
+

Fe R 'X' —* fT^PPIi, R'

^ ^ ^^

Scheme 2.13. Attempts to synthesized the O-Pigiphos.

Reactions of the ferrocenyl alcohol and the ammonium ferrocenyl derivatives in

acetonitrile or triethylamine gave only vinyl ferrocene from the elimination reaction.

In principle, reactions of alcohols in the presence of an acid can result in the

formation of an ether product.245 However, reactions of the ferrocenyl alcohols in the

presence of acid formed the ether only as a minor product, whereas the alkene

deriving from the elimination reaction was the main product. Catalytic amounts (5-

50%) of trifluoroacetic acid also did not afford the desired O-Pigiphos. Additionally,

attempted synthesis of O-Pigiphos via self-condensation of the (2S)-2-bromo-(lR)-l-

hydroxyethylferrocene followed by lithium-halogen exchange and reaction with

chlorophenylphosphine was unsuccessful (Scheme 2.14). Only the vinyl ferrocene

and starting material were detected.

NM^
l.l3uLi,-78°C ^r~NMe2 (CWO, ^~OAc

Fe — Fe Br ' -
Fe Br

^^ 2.BrF2CCF2Br ^s. N» C

Fel
Fe8

LiAlH4
Et,0, r.t.

TFA gg^r-^OH

Fe Br Fe Br

CH2C12 ^j^
Fel9

Scheme 2.14. Synthesis of Fel9.
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2.1.2.3. PNP and PSN

The bromo derivative Fel (Scheme 2.14) was exploited also to synthesize

the pyrazol derivative Fe24, following the strategy proposed by Burckhardt in his

dissertation (scheme 2.15).246

NMe2 l.'BuLi,-78°C

Fe Br 2 O

N
OMe

^TSrMe

OEt

EtO^N'

reflux, 18 h

NMe, H,NNH.

Fe

>o <^^>o
Fel

OMe

76% 96%

Scheme 2.15. Synthesis of the pyrazol derivatives.

^s_^- NMe, reflux

NMe,

NH

The resulting pyrazol compound was used in the synthesis of new PSN-tridentate

ligands, following similar procedure as for S-Pigiphos (Scheme 2.16).

Fe PPhj

NMOj I AcOH, TFA, 60 °C

2 BH,SMüj,THF, rt

3 HNEtj, reflux

Scheme 2.16. Synthesis of PSN-Pigiphos. Bottom: the side product NNN-ligand.

To isolate the pure product it was necessary to protect the phosphine to prevent

oxidation and then separate the PSN-Pigiphos from the product deriving from the

condensation of the two pyrazolyl ferrocene molecules via flash column

chromatography. Furthermore, the preparation of a pyrazol-phosphine ferrocene

allowed the parallel synthesis of PNP-Pigiphos derivatives (Scheme 2.17).

NMe,

NMe, HPCy2

NH AcOH, TFA

80 °C

Fe PPh2

Fe24

NH 1, AcOH, TFA, 60 °C

2. BH3SMe2,THF
3. morpholine, 100 °C

Scheme 2.17. Synthesis of the new PNP-tridentate ligand.

Fe43

The borane-protected PNP-ligand was purified by column chromatography and

finally deprotected by morpholine (100 °C, 2 days) giving the pure compound in low
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yield (21%). In Table 2.2 the results of the synthesis of these new tridentate ligands

containing phosphorus and at least another heteroatom are summarized.

Table 2.2. Summary of the results obtained in the synthesis of the tridentate PSP- /PSN-
/PNP- ligands.

Ligand Substituents yield % 31P NMR (ö, ppm)
PSP-Pigiphos, Fe40 Ph2, S, Ph2 59 -22.9

PSP-Pigiphos, Fe41 Ph2,S,3,5-(CF3)2-Ph2 40 -23.8, -20.5

PSN-Pigiphos, Fe42 Ph2, S, Pyrazol 7 -23.7

PNP-BH3, Fe43 BH3Ph2, BH3N(pyrazol), BH3Cy2 66 14.2, 38.3

PNP, Fe44 Ph2, N(pyrazol), Cy2 21 -23.9, 24.9

Nickel(II) complexes containing these ligands were used in the hydroamination

reactions. The reactions catalyzed by [Ni(PXP)]2+ or [Ni(PSN)]2+ complexes displayed

lower activities and selectivities as compared to the [Ni(PPP)]2+ catalysts (vide infra).

2.2. Synthesis and characterization of Ni(II)-complexes

The bidentate and tridentate ferrocenyl ligands were used for the synthesis of

nickel(II) complexes. The best general procedure to synthesize [Ni(XY)(PP)](Z)n or

[Ni(Y)(PXP)](Z)m complexes avoiding solubility problems of the nickel starting

material involves the use of solvent mixtures, in particular with methanol or ethanol

used to dissolve the Ni salts.

Reactions of the PP ligands and NiX2 (X = Cl, Br; hexaqua complex or anhydrous)

gave [NiX2(PP)] complexes with square-planar geometry, which are therefore

diamagnetic. This assignment was based on :H and 31P NMR spectroscopy (eis

coupling constants 2/PP = 10-80 Hz) in the case of compound Nil. Only for the

Ph2,Ph2-Josiphos derivative a solid state 31P NMR analysis was necessary showing

chemical shifts of 12.1 ppm (iso) and 23.5 ppm (iso) (related to (NH4)H2P04). In

solution no signals were observed, because of traces of the paramagnetic starting

material.

PR,

Fe PAr2 inEtOH toluene, r.t. Fe NF_^j—y
"

<^>Ar2}l
R = Cy, Ar = Ph, X = Cl; Nil, 78% yield
R = Ph, Ar = Ph, X = Cl; Ni2, 84% yield
R = Cy, Ar = Ph, X = Br; 60% yield
R = Cy, Ar = pMeOPh, X = Cl; 30% yield

Scheme 2.18. Synthesis of Ni(PP)X2 complexes.
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X-ray quality crystals of complex Ni2 were obtained by diffusion of hexane into a

dichloromethane solution. The solid-state structure confirmed the square planar

geometry. The Josiphos ligand coordinates K2 to the nickel center and the P-Ni-P-angle

is 93.99° (relevant bond distances and angles are listed in Table 2.3). The slight
distortion from the square-planar geometry is also indicated by the 0.348 Â distance

between one chloride and the plane defined by the two phosphorus and the nickel

centers.

Fig. 2.5. Representation of the X-ray structure of [NiCl2(PP)] Ni2, PP = Ph2,Ph2-

Josiphos. Hydrogen atoms are omitted for clarity. Illustration generated using

CrystalMaker.

Table 2.3. Principal bond- distances and angles of [NiCl2(PP)] Ni2.

Bonds [Ä] Angle [°]

Ni-Pl 2.1523(16) Pl-Ni-P2 93.99(6)

Ni-P2 2.1976(17) Pl-Ni-CU 88.17(6)

Ni-CU 2.2048(18) P1-N1-C12 170.88(8)

Ni-C12 2.1923(17) C11-N1-CI2 91.17(7)

Ni-PPh3a 2.187(35)b

Ni-CP 2.217

''reported in "Tables of Bond Lengths determined by X-ray and neutron diffraction. Part 2.

Organometallic compounds and coordiantion complexes of the d- and f-block metals."247
bconsidered for the short bonds (<2.25 Â, 15 cases) of Ni-PPh3.

With the goal of isolating a Ni(II)-alkene complex, the reaction of the [NiX2(PP)]

complexes with ethylene or styrene in the presence of a halide abstraction agent was

investigated. Changes in the reactions conditions (solvents, temperature, pressure of

ethylene) or in the halide abstraction agents (T1PF6, TIBF4, AgBF4, NH4PF6, NaBPh4)

did not allow to isolate or clearly identify (via NMR analysis) the desired complex.

The reaction of complexes containing the non dissociable ligands pentafluorophenyl

was also investigated in the reaction with alkenes.

Such compounds were prepared by reacting the Grignard reagent C6F5MgBr (0.5 M

in diethylether) with [NiCl2(PP)] giving a mixture of isomers in 62% yield (Scheme

2.19). Reaction of QF5MgBr and [NiBr2(PP)] gave [NiCl(C6F5)(PP)] in 73% yield, with
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C6F5 trans to the PPh2 fragment. Unfortunately, the reactions of these complexes with

styrene or with ethylene in the presence of halide abstraction agents failed (under

various reaction conditions: temperature 0 °C - 50 °C; solvent: THF,

dichloromethane, chloroform, acetonitrile; variation of the alkene equivalents.

PCy2 C6F5MgBr «Ör--^PCy2 SÖT^0?:n

J* P-Ni-X Et20 ^/P-Ni-X iL P-N1-&
,

a

^^Ph^ ^^Ph2jT ^^Ph2^ \_\J
F,

^.>C
X = Cl, 52% yield, Ni3

X = Cl, 10% yield X= Br, 73% yield, Ni4

Scheme 2.19. Synthesis of [Ni(PP)(C6F5)X] (X = Br, Cl).

Reactions of tridentate triphosphine ligands (Pigiphos, Gipiphos and derivatives) with

NiCl2 salts followed by addition of T1PF6 yielded [NiCl(PPP)]+ complexes. The

geometry of these complexes was square planar, as determined by 31P NMR

spectrosopy. The 31P NMR spectrum was resolved in all cases and indicated that the

three P donors were coordinated to the nickel. For example, in the case of

[NiCl(Pz'gzp/ios)](PF6) a broad doublet for the two diphenylphosphino units (6 = 9.9,

2/pp(cis) = 75 Hz) and a doublet of doublets for the central CyP moiety (Ô = 73.9, 2/pp(cis)

= 60 Hz and 70 Hz), as well as a septett corresponding to PF6 (Ô = -143.8, % = 710.3

Hz) were observed.

I ^£ NiCl2.6H20 I R' f ^"ST^1

P-'""L~^gZ5? in EtOH

Fe "PR2 R2P

PF6-

T1PF6
in toluene r t \ h

Scheme 2.20. Reaction between NiCl2 and Pigiphos derivatives.

We successfully isolated deep purple, X-ray-quality crystals of [NiCl(Pfe2,Ci/,P/z2-

Pigiphos)]PF6 Ni5 from slow diffusion of hexane into a dichloromethane solution. A

representation of the solid-state structure is shown in Figure 2.6.
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Fig.2.6. X-ray structure of [NiCl(PPP)](PF6) Ni5, PPP = Ph2,Cy,Ph2-Pigiphos. Hydrogen

atoms are omitted for clarity. Illustration generated using CrystalMaker.

Table 2.4. Selected bond- distances and angles of [NiCl(Pigiphos)]FF6 Ni5.

Bonds

Â
Angle

Ni-Pla 2.2366(11) Pla-Ni-Plb 166.18(4)

Ni-Plb 2.2313(11) Pla-Ni-P2 92.48(4)
Ni-P2 2.1689(11) Plb-Ni-P2 95.96(4)
Ni-Cl 2.1775(11) Pla-Ni-Cl 88.15(4)

Ni-PPh3a 2.225(69)b Plb-Ni-Cl 84.36(4)

Ni-PCy3a 2.211(36) P2-NÏ-C1 175.24(5)

Ni-CP 2.217

Reported in "Tables of Bond Lengths determined by X-ray and neutron diffraction. Part 2.

Organometallic compounds and coordiantion complexes of the d- and f-block metals."247

baverage of all measured bonds (21 cases) for Ni-PPh3.

The nickel center is bonded to Pigiphos and chloride in a distorted square-planar

geometry. The Ni center is 0.197 Â above a plane defined by the three phosphorus
atoms. Note that the Pla-Ni-Plb angle is 166.18°. The chlorine atom is displaced by

0.574 Â from the same plane and in the same direction as the nickel cation. Similar

structural distortions were observed in the solid state for Pigiphos complexes of

palladium(II), rhodium(I) and iridium(I). The out of plane distances of the metal

centers were as follows: [PdCl(Pz'gz'p/zos)]+, 0.184 Â; [\rC\(Pigiphosj\, 0.450 Â;

[Rh(Pz'gz>/zos)CO]+, 0.182 Â.182'248 The unit cell contains also the PF6 anion and one

molecule of dichloromethane from crystallization, which do not interact with the

cationic nickel complex. The monocationic nickel(II) complexes exhibit no activity as

catalyst for the reaction of aniline and norbornene or for the reaction of aniline and

styrene. We suspected that the complexes might show activity in these

hydroamination reactions if the fourth coordination site was accessible due to

potential lability of the chloride ligand. However, this was not the case. In this

context, a common strategy is abstraction of the chloride in the presence of a weakly
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coordinating ligand (i.e., CH3CN or THF, Scheme 2.21). Also, the reaction of

Ni(C104)2-6H20 and Ni(BF4)2-6H20 Pigiphos in acetonitrile gave [Ni(PPP)(CH3CN)]2+

complexes in moderate yield (65-69%).

Ni(C104)26H20

or

Ni(BF4)26H20
„_J ^ ^

solvent

c,,
^"X"

Fe

S = solvent

N16-9

Scheme 2.21. Synthesis of possible Ni(II)-catalyst precursors for the hydroamination

reactions.

In acetonitrile-zi,, the XH NMR spectrum of [Ni(PPP)(CH3CN)]2+ complex gives sharp

resonances (i.e., two singlets corresponding to inequivalent Cp rings at 3.90 ppm and

4.19 ppm; six resonances corresponding to inequivalent substituted Cp rings at Ô

4.35, 4.72, 4.377, 4.86, 5.01, and 5.08). Broad resonances at ö 9.6 and 18.6 for PPh2,

and ö 84.7 for PCy were detected in the 31P NMR spectrum, indicating a fluxional

process. The 31P NMR spectrum showed that the complexes adopt a square-planar

geometry as indicated by the 31P coupling constants 2jppcz's of 65 and 69 Hz and

2J?Ptrans of 189 Hz in the case of the cationic nickel complex with Perchlorate as

counterion. IR spectra in KBr showed two sharp signals for the cyano group, with v =

2293 and 2261.5 cm4 (v(CN) = 2293 cm"1 for free acetonitrile) resulting from the

coordination of the solvent molecule via Ni2+-NC bond.

Similar NMR and IR spectra were observed for the products of the reaction of the

[NiCl(PPP)]PF6 with acrylonitrile in the presence of T1PF6. Both *H and 31P NMR

spectra (benzene-d6) were broad, indicating also an exchange between the free

acrylonitrile and the coordinated one (Ô = -143.7, PF6; Ö = 10.4 and 18.7 ppm, PPh2, Ô =

85.2 ppm, PCy). In the :H NMR spectrum there were broad vinyl resonances at 5.35

(1 H, partially overlapped by the free acrylonitrile molecule signal) and at 6.05 (d, 2

H) from the coordinated acrylonitrile.

The isolation of [Ni(Pigiphos)(THF)]2+ complex was more difficult. Ni(C104)2-6H20

and Pigiphos were mixed in THF. The 31P NMR spectrum of this mixture after 1 h at

room temperature revealed the presence of three phosphorus-containing species in
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solution. The first set of signals corresponded to the free ligand Pigiphos. The other

two compounds are [Ni(Pz£zp/zos)(THF)](C104)2 and [Ni(Pzgz'p/zos)(H20)](C104)2. The

pure [Ni(Pz£z'p/zos)(THF)](C104)2 was isolated by evaporation of all solvents under

reduced pressure. Then, the resulting solid was washed with hexane to remove the

free ligand. Finally, the purple solid was dissolved in abundant THF. The aquo-

complex [Ni(P/gzpfros)(H20)](Cl04)2)) is insoluble in THF. After filtration to separate

[Ni(Pz'£zp?zos)(THF)](C104)2) from the [Ni(Pzgi'pfcos)(H20)](C104)2), the resulting dark

red solution contained only the THF-complex. Evaporation of the solvents yielded

dark, red-violett hygroscopic microcrystals (85% yield).

The JH NMR spectrum of this compound (THF-d8, at room temperature) displayed

two singlets corresponding to the two inequivalent cyclopentadienyl rings at 3.80

ppm and 4.37 ppm, six signals corresponding to the two inequivalent substituted Cp

rings (Ô = 4.16, 4.79, 4.85, 4.92, 5.21, and 5.47), and two multiplets (ô = 2.27, 6H, and

2.75, 2 H) due to the two inequivalent CHCH3-groups. The aliphatic resonances of

the cyclohexyl ring (Ô = 0.8-2.7, m, 11 H) and the aromatic resonances of the phenyl

groups (6 = 6.72-8.1, m, 20 H total) were also present. The coordinated

tetrahydrofuran gave two signals at 1.89 and 3.72 ppm, partially overlapped by the

free solvent.

The 31P NMR spectrum of [Ni(Pz£zp/zos)(THF)](C104)2 in THF-d8 displayed signals at

Ô 6.31 ppm (dd, 2JPPczs = 84.7 Hz, 2J„trans = 247.8), 10.4 ppm (dd, 2JPPc/s = 65.7 Hz,

%vtrans = 247.5), and 74.3 ppm (dd, 7PPc/s = 67.5 and 83.9 Hz). In the 31P NMR

spectrum of [Ni(Pz'gzp/zos)(H20)](C104)2 in THF-d8 two broad signals were observed at

Ô -31.2 and +35.0, as shown in Figure 2.7. These 31P NMR parameters denote also a

square-planar geometry of the complex.
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Fe P—Ni

O

[Ni(PPP)(THF)](C104)2

PPP

iw#nw^Wi#«»iiiiw^

**J*\ *K»

IW » « 4£ JO 0 -30 -W "«

PPP

0\tnf%eUJ

[Ni(PPP)(H20)](C104)2

[Ni(PPP)(THF)](ao4)2

W^*^ ^w^><WW*^
u » -M -SO -» 1H fl H V » 4 -»-»-« H

Fig. 2.7.31P NMR spectra of the starting mixture (bottom, left), of the THF- and H20-

complexes (right) and of the pure [Ni(Pz'gz'p/zos)(THF)](C104)2 (top).

Mono-cationic nickel(II) chloride complexes and dicationic nickel(II)(solvent)

complexes containing Gipiphos, (R)-(S)-(S)-PPPOzz'n7/T and the PSP-, PSN- and PNP-

derivatives of Pigiphos were synthesized.

Reaction of NiCl2 and Gipiphos in the presence of T1PF6 gave a single product, as

confirmed by 31P NMR spectroscopy (Scheme 2.22). At room temperature signals in

the 31P NMR spectrum were broad and all three phosphines in the ligand have

similar chemical shift (Ô = 34,6, 36.6, 39.6, br). Note that 31P NMR chemical shift of the

PF6 counterion does not vary significantly (Ô = -143.1). The nickel complex formed

from the (R)-(S)-(S)-PPPChiral and NiCl2-6H20 (Scheme 2.23) displayed well-resolved

spectra, with the 31P NMR signals characteristic for a square-planar arrangement

(2/pp(cis) = 77 and 80 Hz, 2/PP(trans) = 287 Hz. However, a minor product (ca. 10%) was

also formed. This product was characterized as [NiCl((R)-(S)-(R)-PPPC/zz>a/)]+,

resulting from coordination of trace amounts of the diastereomer ligand, having the

opposite absolute configuration at the P-stereogenic center.

The phosphorus chemical shifts are listed in Table 2.5.

1
(R)-(S)-(S)~PPPChiral = (lR)-l-[(2S)-2-diphenylphosphino)ferrocenyl]ethyl-(S)-

[phenylphosphin-2-(diphenylphosphino)ethane] synthesized by Barbaro185
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NiCl26H20
TIPF,

EtOH/CH2Cl2

Scheme 2.22. Synthesis of [Ni(Gipz'p/zos)Cl]PF6.

>Ph I
+ NiCl26H2o

TIPFfi

|^ PPh2
PPh2 inEtOH

r.t., 1 h
rr»2 in btUri

in CH2C12

Scheme 2.23. Synthesis of [NiCl((R)-(S)-(S)-PPPC/zz'raZ)]PF6

+ PFfi

„ N
Whl

^ P.—Ni PPh2
Ph,

Cl

Table 2.3. Summary of the results obtained in the synthesis of the [Ni(PPP)X]Y

Complex Ligand yield 51PNMR

_^ ___

% 5, ppm 2/FP, Hz
[Ni(PPP)Cl]PF6, Ni5 Ph2,Cy,Ph2-Pigiphos, Fe30 91 -143.8,9.9; 73.9 60.1, 75.1

[Ni(PPP)(THF](C104)2, Ni6 Ph2,Cy,Ph2-Pigiphos, Fe30

[Ni(PPP)(H20](C104)2, Ni7 Ph2,Cy,Ph2-Pigiphos, Fe30

[Ni(PPP)(NCMe](C104)2, Ni8a Ph2,Cy,Ph2-Pigiphos, Fe30

[Ni(PPP)(NCMe](BF4)2, Ni8b Ph2,Cy,Ph2-Pigiphos, Fe30

[Ni(PPP)(NCCH=CH2](C104)2, Ph2,Cy,Ph2-Pigiphos, Fe30

Ni9

[Ni(PPP)Cl]PF6, NilO

[Ni(PPP)Cl]PF6, Nill

Ph2,Ph,Ph2-Gipiphos, Fe36

(R)-(S)-(S)-PPPChiral

85 6.3; 10.4; 74.3 65.7,84.7,247.8

-31.2; 35.0 br

68 9.6; 18.6; 84.7 65.0, 69.1,188.8

65 10.1; 18.7; 84.4 br

55 -143.7; 10.4;

18.7; 85.2

br

92 -143.1; 34.6;

36.6; 39.6

br

83 -143.6; 11.8;

58.2; 72.1

78,80,287

Reaction of S-Pigiphos with NiCl2 in the presence of T1PF6 gave [Ni(PSP)Cl]PF6. The

complexes were synthesized following the same procedure as for the Pigiphos

complexes (vide supra) and were obtained in moderate to good yields (Scheme 2.24).

The :H and 31P NMR spectra corresponded to C2-symmetric complexes. Thus, in the

:H NMR spectrum only one peak from equivalent Cp rings at 3.78 ppm and only

three peaks corresponding to the C5H3 protons at 4.11, 4.47, and 4.55 ppm were

detected. Furthermore, only one resonance at -0.93 ppm was observed in the 31P

NMR spectrum. The Q-symmetric ligand with diphenyl and bis-(3,5-

bis(trifluoromethyl)phenyl as phosphine substituents react with NiCl2 in the

presence of halide abstraction agents to give the corresponding [NiCl(PSP)]+

complex. The two ferrocenyl fragments are inequivalent and in the 31P NMR

spectrum three peaks are observed: the PF6 at -143.6 ppm, the 3,5-(CF3)2Ph2P group

at 0.57 ppm and the PPh2 unit at 4.73 ppm. The coupling constant of 318 Hz, typical

for a trans coupling, suggested a square-planar geometry.
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Crystals of [NiCl(PSP)]PF6 Nil2 suited for an X-ray diffraction study were obtained.

A representation of the X-ray crystal structure of the complex containing the C2-

symmetrical PSP-Pigiphos ligand is shown in Figure 2.7).
, 249

Fe

+ NiCl26H20
T1PF,

r.t., 12 h

Scheme 2.24. Synthesis of [NiCl(PSP)]PF6

Fë P—Ni—P
R2 I R2

Cl

+ PFi

R = R' = Ph, 59% yield, Nil2
R = Ph, R' = 3,5-(CF3)2Ph, 82% yield, Nil3

\pi |i

Fig. 2.7. Representation of the solid-state structure of [NiCl(PSP)]PF6. Hydrogen

atoms and PF6 are omitted for clarity. Illustration generated using CrystalMaker.

Table 2.4. Selected bond- distances and angles of [NiCl(PSP)]PF6 Nil2,

Bonds

A
Angle

0

Ni-Pl 2.239(5) P1-NJ-P2 158.07(19)

Ni-P2 2.269(4) Pl-Ni-S 93.03(16)

Ni-Cl 2.148(5) P2-Ni-S 94.91(17)

Ni-S 2.154(5) Pl-Ni-Cl 85.46(17)

Ni-PPh3a 2.225(69) P2-Ni-Cl 88.73(15)

Ni-Sa 2.376(92) S-Ni-Cl 173.56(18)

"reported in "Tables of Bond Lengths determined by X-ray and neutron diffraction. Part 2.

Organometallic compounds and coordiantion complexes of the d- and f-block metals."247.

The solid-state structure shows a distorted square-planar geometry, with a 158.07°

Pl-Ni-P2-angle, smaller as the expected 180°. Moreover, the nickel center is displaced

by 0.367 Â from the plane created by the two phosphorus centers and the sulfur. The

chlorine atom is also 0.941 Â out of plane, in the same direction as the nickel center.

A comparison with X-ray structures of other complexes containing the Pigiphos
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ligand, indicates a higher degree of distorsion of the square planar geometry for

compound Nil2, similar to that of [IrCl(PzgzpJîos)].248 A factor partly responsible for

this distorsion is the fact that the sulfur donor becomes stereogenic upon

coordination.

The synthesis of nickel(II) complexes of PSN- and PNP-Pigiphos ligands was more

difficult than in the case of [NiCl(Pigiphos)Y compounds. These ligands (vide supra)

are not air- and water-stable. It was necessary to employ a one-pot procedure that

included in situ formation of the tridentate ligand followed by coordination to Ni(II)

(Scheme 2.25). Unlike the synthesis of [NiCl(Pz'gz'p/zos)]+ which proceeds readily at

room temperature, formation of [NiCl(PSN-Pigiphos)]+ and [NiCl(PIVP-Pz^zp/zos)]+

required higher temperatures and extended reaction times.

NiCl26H2Qin EtOH

NH^PFg, 60 °C, 24 h

toluene

PFfi-

NMe,

NH Fe PPh2

1. AcOH, TFA
NMe^ 60 °C, 23 h

2. NiCl26H20in EtOH

TIPF^ r.t., 24 h

toluene Nil5

Scheme 2.25. Synthesis of [NiCl(PSN)]PF6 and [NiCl(PNP)]PF6

Table 2.5. Summary of the results obtained in the synthesis of the [NiY(PXP)]PF6.

Complex Ligand yield 31PNMR

%

[Ni(PSP)Cl]PF6 Ph2/S,Ph2-S-Pigiphos, Fe39 59"
Nil2

[Ni(PSP)Cl]PF6 Ph2lS,3,5-(CF3)2Ph2-S-Pigiphos, Fe40 82

Nil3

[Ni(PSN)Cl]PF6 Ph2,S,Pyrazol, Fe41 n.d.

NÜ4

[Ni(PNP)Cl]PF6 Ph2,Pyrazol,Cy2, Fe43 10

Nil5

5, ppr %,, Hz

-143.7; -0.9

-143.6; 0.6; 4.7 318.5

-143.6; -22.9

-143.7;-11.5; 37.4 351

Another approach to the synthesis of these nickel complexes involves the borane-

protected ligands. The ligands were deprotected with morpholine (60 °C, 12-24 h),

and a solution of a nickel(II) salt in ethanol was added. Unfortunately, this procedure

did not afford improved yields and traces of the oxidized ligands were also detected.

The 31P NMR spectrum of the [Ni(PNP)Cl]PF6 compound displays two doublets at

-11.5 and 37.4 ppm (2/pp = 351 Hz) and a septet at -143.7 for PF6. This suggests a
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square-planar geometry, with the two phosphorus atoms in trans position. The

distorted square-planar arrangement was confirmed by the solid-state structure

analysis.250

In order to isolate a possible intermediate of the hydroamination reactions, all these

[NiCl(PPP)]+ and [NiCl(PXP)]+ complexes were investigated in the reaction with

alkenes. Unfortunately, the coordination of olefins such as ethylene, styrene or

norbornene to these nickel(II)-complexes was never observed. Changes in reaction

conditions (temperature, solvents, time), in amount of the olefin, or in the halide

abstraction agents did not afford the desired products and only the starting materials

were isolated. Only in the case of electron-poor olefins, such as acrylonitrile

derivatives (acrylonitrile, methacrylonitrile, fnms-cinnamonitrile and cz's-2-

pentenylnitrile) the [Ni(PPP)(NC-R)]2+ could be isolated and fully characterized. In

all cases the n^coordination to the nickel center occurred via the nitrile nitrogen

(Figure 2.8).

(PF6')2 ^=SvT+(cio4-)2

Fe P—Ni

(cio4-)2

Fig.2.8. Isolated complexes of the type [Ni(PPP)(NC-CR=CHR')]2+ (R = H, Me; R' = H,

Et, Ph).
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2.3. Catalysis

2.3.1. Preliminary results

Our first attempts focused on the use of the Ni(II)-complexes as catalysts for

the addition of aniline to norbornene30,92-93 and the addition of aniline to styrene

derivatives.105 We chose these benchmark reactions in order to compare the

reactivities of our complexes to those of previously reported catalysts.30,92,93,105

2.3.1.1, Catalytic addition of aniline to norbornene

The results concerning the use of Ni(II) complexes with Josiphos

derivatives and other diphosphine ligands, forming the corresponding [NiX2(PP)]

complexes, applied as catalysts in this hydroamination reaction, are summarized in

Table 2.6. The use of Pz'gz'p/zos-derivatives to form catalyst precursors of the type

[Ni(PPP)(solvent)]2+ for this reaction are summarized in Table 2.7. These Ni-

complexes did not efficiently catalyze the asymmetric addition of aniline to

norbornene. The tridentate Pigiphos appears to be a better ligand for the Ni-catalyzed

reaction (Table 2.7, entries 2-7), but gave only up to 39% yield§ of the hydroamination

product as racemic mixture. The Ni(COD)2/PR3 system was reported to catalyze the

reaction of norbornadiene and morpholine and requires a protic acid as co-catalyst.251

The addition of an H+-source to [Ni(Pigiphos)]2+ interfered with the catalyst.

Changing the reaction conditions (Table 2.7, entries 5, 9-15) led to lower activity and

in no cases asymmetric induction was detected. The best activity of the Ni(PP)-

system allowed to reach only 9.5% yield of the hydroamination product (TOF = 0.06

h"1, Table 2.6, entries 2-4). All the Ni(II)-complexes also produced the corresponding

hydroarylation product.103,252 Ni(/osz'p/zos)2+-complexes displayed the best selectivity

and gave a ratio hydroamination : hydroarylation of 85 : 15 (TON = 5, Table 2.6,

entry 2). Over the course of the reaction the selectivity usually decreased and reach

after a prolongued reaction time a ratio of ca. 60 : 40 (table 2.6, entry 4, 7). The

Ni(PPP)2+ catalysts gave comparable modest results, both in terms of activity and

selectivity (see table 2.7, entry 3).

In comparison, Pd(II)-complexes with chiral bidentate phosphanes led to

quantitative formation of the racemic hydroamination product, without traces of the

hydroarylation compounds (Table 2.6, entry 22). When Pigiphos /Pd(OAc)2 was the

precatalyst, racemic hydroamination products could be isolated in 79% yield (Table

2.7, entry 17). Pt(II)-complexes were also tested in this reaction. Surprisingly,

[PtCl(CF3P/z2,Cy2-/oszpJzos)]PF6 i.e., a complex containing electron withdrawing

substituents on the phosphane, gave better yield than all of the [NiCl(PP)]+

Yields are calculated on the limiting substrate, which is the amine.
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complexes (19%, Table 2.6, entry 19). Unfortunately, the selectivity between

hydroamination and hydroarylation products was low (55 : 45, total TON = 7).

Table 2.6. Addition of aniline to norbornene catalyzed by M(II)/bidentate ligands.

entry Catalyst Ligand S/C" Cl" Time

h
Temp Yield

°C %c

ee HAm :

%d HAre

1 NiCl2 - 100' T1PF6 72 1401 5.5 rac. 65:35

2 Ni(PP)Cl2 Ph,Cy-
Josiphos

100h T1PF6 20 100m 5.0 rac 85:15

3 Ni(PP)Cl2 Ph,Cy-
Josiphos

100f T1PF6 70 100m 7.9 rac 71:29

4 Ni(PP)Cl2 Ph,Cy-
losiphos

100f T1PF6 160 100m 9.5 rac 67:33

5 NiCl2 (R)-BINAP 100f T1PF6 70 100m 5.0 rac 50:50

6 NiCl2 (R)-
BIPHEMP

100' T1PF6 70 100m 7.0 rac 63:37

7 Ni(PP)Cl2 Ph,Ph-

Josiphos
100f T1PF6 70 100m 9.0 rac 62:38

8 Ni(PP)Cl2 p-MeO-Ph,Cy
Josiphos

100f TlPFa 70 1401 7.5 rac 75:25

9 [Ni(PP)Cl
(QFS)]

Ph,Ph-

Josiphos

100f T1PF6 72 85n 0

10 NiCl2 3,5-

(CF3)2Ph,Cy
Josiphos

100f T1PF6 72 100m 0

11 NiCl2 p-MeO,Ph,

Pyrazol (PN)

20f T1PF6 72 100m 11 rac 56:44

12 NiCl2 Ph,Cy-
Josiphos

100g T1PF6 20 100p 5 rac 85:15

13 NiBr2 Ph,Cv-
Josiphos

100f T1PF6 48 50P 0

14 NiBr2 Ph,Cy-
Josiphos

100f T1PF6 20 50"1 0

15 NiBr2 Ph,Cy-
Josiphos

100' T1PF6 20 70r 0

16 [Ni(PP)(NC

Me)](C104)2

Ph,Cy-
Josiphos

20' T1PF6 20 80s 0

17 PtCl2 Ph,Cy-
Josiphos

20' T1PF6 72 100m 9.0 rac 56:44

18 PtCl2 Ph,Cy-
Josiphos

100f T1PF6 72 100m 1.0 rac 62:38

19 PtCl2 3,5-

(CF3)2Ph,Cy
Josiphos

20' T1PF6 72 100m 19 rac 55:45

20 PtCl2 p-MeO,Ph,
Pyrazol (PN)

20' T1PF6 72 100m 8 rac 54:46

21 Pt(P)2Cl2 2PPh3 20f - 72 100m 0

22 Pd(OAc)2
trimers

3 5-

(CF3)2Ph,Cy
Josiphos

20' 72 100m 98 rac >99:1

23 [Pd(allyl)
(COD)]PF„

20f 72 90l 0

aS/C = substrate/catalyst. "-C1 = Chloride-abstraction agent. cYields are for isolated products,
after FC or for GC-determination, with dodecane as Internal Standard. dEnantiomeric excess

determined by HPLC, column OD-H, 90:10, 0.5 ml/min. "HAm : HAr = ratio hydroamination
product : hydroarylation product, 'ratio aniline : norbornene = 1:1. sRatio aniline : norbornene

= 2:1. hRatio aniline : norbornene = 1:2. 'in o-xylene. mIn toluene. "In acetonitrile. pIn

dichloromethane. qIn tetrahydrofuran. Tn benzene. s5 mol% CF3COOH added.ln chloroform-

d.
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The use of PN ligands (Table 2.6, entry 11, 20), (R)-BINAP or (R)-BIPHEMP (Table

2.6, entry 5 and 6), Triphos (Table 2.7, entry 1) or PSP-Pigiphos derivatives did not

provide any better catalyst.

Table 2.7. Addition of aniline to norbornene catalyzed by M(II) /tridentate ligands.

entry Catalyst Ligand S/C .Qb Time Temp Yield ee HAm:

h °C %c %d HAre

1 Ni(PPP)Cl Triphos 20' T1PF6 72 85' 0

2 NiCl2 Ph2,Cy,Ph2-
Pigiphos

20£ T1PF6 64 85' 22 3(S) 73:27

3 NiCl2 Ph2,Cy,Ph2-
Pigiphos

20' T1PF6 185 100h 39 rac 72:28

4 NiCl2m Ph2,Cy,Ph2-
Pigiphos

20f T1PF6 64 100h 12.5 rac 71:29

5 NiCl2m Ph2,Cy,Ph2-
Pigiphos

20f T1PF6 185 100h 30 rac 73:27

6 NiCl2 Ph2,Cy,Ph2-
Pigiphos

100' T1PF6 98 100h 10 3(S) 58:42

7 NiCl2m Ph2,Cy,Ph2-
Pigiphos

100' T1PF6 98 100h 8 rac 58:42

8 NiCl2 Ph2,Cy,Ph2-
Pigiphos

20f T1PF6 72 r.t.1 0

9 Ni(BF4)2
6H20

Ph2,Cy,Ph2-
Pigiphos

20' ~ 231 r.t.1 1 rac 57:43

10 Ni(OAc)2 Ph2,Cy,Ph2-
Pigiphos

20' - 72 100h 0

4H20
11 Ni(PPP)

(OAc)2°
Ph2,Cy,Ph2-
Pigiphos

20' ~ 52 80' 7.5 rac 58:42

12 Ni(PPP)Cl Ph2,Cy,Ph2-
Pigiphos

20f T1PF6 72 100h

13 Ni(PPP)Cl
n

Ph2,Cy,Ph2-
Pigiphos

20' T1PF6 72 100h 5 rac 71:29

14 Ni(C104)2
6HjO

Ph2,Cy,Ph2-
Pigiphos

20f ~ 72 85' 0

15 [Ni(PSP)C
1]PF6

Ph2,S,Ph2-

Pigiphos

20f T1PF6 72 100h 0

16 PtCl2 Ph2,Cy,Ph2-
Pigiphos

20' T1PF6 72 100' 4.5 rac 55:45

17 Pd(OAc)2
trimer

Ph2,Cy,Ph2-
Pigiphos

20f - 27 100' 79 rac >99:1

18 Pd(OAc)2
trimer1"

Ph2,S,Ph2-

Pigiphos
20' 27 100' 20 4(S) >99:1

aS/C = substrate/catalyst. "-C1 = Chloride-abstraction agent. eYields are for isolated products,
after FC or for GC-determination, with dodecane as Internal Standard, enantiomeric excess

determined by HPLC, column OD-H, 90:10, 0.5 ml/min. eHAm : HAr = ratio hydroamination
product : hydroarylation product, 'ratio aniline : norbornene = 1:1. sRatio aniline : norbornene

= 1:2. hIn toluene. In acetonitrile. 'In chloroform-rf. m20 mol% CF3COOH added. nl mol%

ZnCl2 added. °10 mol% NH4PF6 added.

2.3.1.2. Catalytic addition of aniline to styrene

Recently, Hartwig and coworkers reported the asymmetric reaction of

aromatic amines to styrene derivatives catalyzed by Pd(II)-complexes (Scheme 2.26,

see also Chapter l.l.l).105 We investigated several Ni(II) complexes with bidentate or
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2. Results and Discussion

tridentate ferrocenyl phosphanes in this reaction. The catalysis results are

summarized in Table 2.8.

catalyst^^^
H2N

Scheme 2.26. Catalytic addition of aniline to styrene.

Table 2.8. Addition of aniline to styrene catalyzed by M(II)/complexes-

entryCatalyst3 Ligand -CP additive
Time

1
Time

h
Temp
°C

Yield

%c

ee

%d
1 NiCl2 - T1PF6 20% mol

CF3COOH

100 100 0

2 Ni(PP)Cl2 Ph2,Cy2-
Josiphos

T1PF6 20% mol

CF3COOH

100 50' traces

3 NiCl2 Ph2,Cy2-
Josiphos

T1PF6 20% mol

CF3COOH

100 100 traces

4 Ni(PP)Cl2 Ph2,Cy2-
Josiphos

T1PF6 20% mol

CF3COOH

100 100 traces

5 Ni(OAc)2 Ph2,Cy2-
Josiphos

T1PF6 20% mol

CF3COOH

72 100 0

6 Ni(OAc)2 Ph2,Cy2-
Josiphos

- ~ 72 100 0

7 Ni(PP)Cl2 Ph2,Cy2-
Josiphos

T1PF<, ** 72 100 0

8 Ni(BF4)2
•6H20

Ph2,Cy2-
Josiphos

-
20% mol

CF3COOH

72 100 0

9 NiCl2 p-CF3-Ph2,Cy2
Josiphos

T1PF6 * 98 100 0

10 NiCl2 Ph2,Cy,Ph2-
Pigiphos

T1PF6 - 72 100 31.4 4.7

(R)
11 Ni(OAc)2 Ph2,Cy,Ph2-

Pigiphos

~ 20% mol

CF3COOH

72 100 0

12 Ni(BF4)2
6H20

Ph2,Cy,Ph2-
Pigiphos

" 20% mol

CF3COOH

72 100 0

13 [Ni(PPP)Cl] Ph2,Cy,Ph2-
Pigiphos

T1PF6 20% mol 72 100 0

PF6 CF3COOH
14 [Ni(PPP)Cl]

PF6
Ph2,Cy,Ph2-
Pigiphos

T1PF6 - 72 100 28 4.5

00
15 PtCl2 Ph2,Cy2-

Josiphos
T1PF6 ~ 72 100 3.2 rac

16 PtCl2e p-CF3-Ph2,Cy2
Josiphos

T1PF6 ~ 93 100 0

17 Pd(OAc)2
trimer

Ph2,Cy2-
Josiphos

" 20% mol

CF3COOH

24 100 49% 14

(R)

aS/C = 20. "-C1 = Chloride-abstraction agent. "Yields are for isolated products, after FC or for

GC-determination, with hexadecane as Internal Standard. dEnantiomeric excess determined

by HPLC, column OD-H, 95:5, 0.5 ml/min. Absolute configuration according to literature.105

Reaction with styrene : aniline = 1 : 1; in toluene. eIn benzene/CH3CN, TlCl filtered. In

chloroform-d.

Catalysts such as [Ni(/osz'pfros)Cl]+ and derivatives thereof provided only traces of the

addition product (Table 2.8, entries 2-8). Changing the Ni(II)-source, the counterion

and the presence or absence of trifluoroacetic acid did not improve the activity of the

Ni-complexes. In contrast, Pd(OAc)2/Josiphos, with 20 mol% trifluoroacetic acid as
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2. Results and Discussion

additive, catalyzes this reaction giving 49% yield with a low enantioselectivity of

14% ee (Table 2.8, entry 17). If the tridentate Pigiphos was used as the ligand, a

moderate yield and a low chiral induction were obtained (Table 2.8, entries 10, 14;

TON ~ 6, ee 4.5%). There was essentially no difference if the catalyst was formed in

situ (Table 2.8, entry 10) or if the precursor was isolated (Table 2.8, entry 14).

However, the presence of protic acid deactivated the catalyst. Thus, in the presence

of trifluoro acetic acid no products were detected. The Pt(II) complexes did not show

any catalytic activity, also when they contained bis(trifluoromethylphenyl)

phosphine ligands.

We hoped that electron poor olefin might be more reactive towards nucleophilic

attack by aniline. The difluoro-substituted styrene PhHC=CF2 was investigated as a

substrate in hydroamination with aniline.

The catalytic activity of the Ni(PP)2+-complexes for the addition of aniline to

difluorostyrene was very low. No hydroamination products were isolable when the

catalysis was carried out at room temperature after 3 days. When the mixture was

heated at 80 °C during 3 days, the yield reached only 3-5%, depending on the

presence/absence of an H+-source such as NH4PF6. No asymmetric induction was

detected. If Pigiphos was used as ligand, no hydroamination products were formed.

It is important to note that in the absence of nickel(II) catalysts no products were

detected at room temperature after 6 days. However, after heating at 80 °C for 3

days, 1.3% of the hydroamination product was isolated.

Although PhHC=CF2 might be considered electron-poor due to the F-substituents via

a a-withdrawing effect, fluorine could act as rc-donor and make the difluorostyrene a

poor electrophile. Therefore, we focused our attention on electron-deficient olefins,

such as acrylonitrile and substituted acrylonitrile derivatives.

2,3.1.3. Catalytic addition of aniline to acrylonitrile

The addition of amines to a,ß-unsaturated nitriles was pioneered by

Trogler and coworkers. They investigated palladium(II)-complexes as catalysts in the

addition of protonated aniline [NH3Ph][BPh4] to acrylonitrile and its derivatives

(Scheme 2.27) When the reaction is carried out with aniline instead of the ammonium

salt, at least 1 equivalent of NH3Ph+ must be added with the substrates, since a

proton source is a required cocatalyst.253

H

H2ISL ^. ^^ Nv

Scheme 2.27 Addition of aniline to acrylonitrile.
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2. Results and Discussion

The most active catalyst (TON up to 44) is a cationic palladium(II) complex

containing a tridentate bis(phosphine) i.e., a pincer type ligand.1 The proposed

mechanism (Scheme 2.28) involves the protonolysis of the metal-alkyl bond by non

quaternary ammonium cation. Venanzi et al. had suggested such mechanism for the

cyclization of amino olefins catalyzed by PtCl42' in acidic solution.37,38

6
P' ^R1

[NH2RR']+

+

R'RHINL
"EWG

RR'NH r
( „Pd-
T NHRR'

/C -P
( Pd

rtjHRR'
EWG

EWG

( Pd

EWG

Pd

Bu(,

P(Bu2

CH,

RR'NH

Scheme 2.28. Proposed catalytic cycle for the nucleophilic attack of amine on

coordinated activated olefin.

In view of these early findings, we decided to investigate the activity of our

dicationic nickel(II) complexes in this reaction. The Ni(II)-catalyzed additions of

aniline to acrylonitrile are reported in Table 2.9.

Table 2.9. Additon of aniline to acrylonitrile catalyzed by M(II)-complexes.

entry Catalyst1 Ligand _Qb additive Time

h
Temp
°C

Yield

%c
1

2

3

4

[Ni(PPP)Cl]PF6

[Ni(PPP)Cl]PF6

Pd(OAc)2 trimer

Ph2,Cy,Ph2-
Pigiphos
Ph2,Cy,Ph2-
Pigiphos
Ph2,Cy2-
Josiphos

T1PF6

T1PF6 20 mol%

NH4PF6

72

12

12

72

r.t.

r.t.

r.t.

100

0<w

60

65

64

Reaction with acrylonitrile : aniline = 1:1; in benzene-rf6. aS/C = 20. "-Cl = Cl-abstraction

agent. cYields determined by ^-NMR. dNo traces of product detected by GC-MS. ^Reaction

carried out in chloroform-d

{l,5-bis-(di-terf-butylphosphino)pentan-3-yl}mefhylpalladium(II) = [Pd(X)(PCP)]+
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2. Results and Discussion

In the absence of nickel phosphine complexes the reaction did not give any

conversion at room temperature after 72 h (Table 2.9, entry 1). However, [Ni(PPP)]2+

complexes catalyzed the reaction to give 3-(N-phenylamino)propionitrile in 60%

yield at room temperature after 12 h in benzene-d6. The ammonium co-catalyst as H+-

source did not affect the activity substantially (Table 2.9, entry 3). A dicationic

palladium(II) Josiphos complex displayed lower activity (Table 2.9, entry 4). Reflux

temperature and a longer reaction time were required to achieve the same yield

presented by the Ni(PPP)2+-catalysts. Note that aniline reacts with acrylonitrile by a

Michael addition only under strongly basic conditions (e.g., reflux with NaOH).253

Based on these promising preliminary results, showing that olefins containing an

electron withdrawing group react with aromatic amines to give hydroamination

products in the presence of nickel(II) catalysts, we began in-depth investigations of

this reaction.

2.3.2. Spot tests

One technique to identify the best combination of Ni-salts and ligands, and

thus to simultaneously evaluate different potential catalysts for the hydroamination

of electron deficient olefins is the colorimetric screening using simple spot tests,§

monitoring the presence of one of the substrates.254"256 This method has been

previously used in the group of Hartwig to determine the best catalyst for

hydroamination reactions. Thus, they found that the [Pd(jt-allyl)Cl]2/PPh3-system is

an efficient catalyst for the addition of aniline to cyclohexadiene. This was

discovered using furfural (2-furaldehyde) in the presence of acetic acid. Furfural

reacts with aniline, but not with the allylic amine product, to generate a red Schiffs

base. Thus, a red color indicated remaining aniline reactant (Figure 2.9, see also

Chapter l.l.l).107

A second example of the application of spot tests in hydroamination reactions was

developed for the addition of aliphatic amines to cyclohexadiene or acrylonitrile

derivatives, using aqueous nitrosoferricyanide(III) dihydrate, aqueous sodium

hydroxide and neat acetaldehyde. Secondary aliphatic amines form blue-violet

compounds with alkaline solutions of Na[Fe(CN)5NO]-2H20 and aldehydes. Primary

and tertiary amines do not interfere with the test, thus, the absence of a blue-violet

color indicates the complete conversion of the reaction (Figure 2.10).257 The fastest

§ Spot tests: analogous to the use of indicator papers to detect rapidly an excess of hydrogen

or hydroxyl ions, the end point of certain reactions can be established by removing a drop of

the test solution and bringing it into contact with a suitable reagent.
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2. Results and Discussion

rates were obtained with Ni(COD)/DPPF'1 as catalyst precursors and with

trifluoroacetic acid as cocatalyst for the addition of morpholine to cyclohexadiene, as

well as with Pd(OAc)2/PCP" as catalyst precursor for the reaction between

methacrylonitrile and piperidine.

cr.cooH

i £ $ •*"> é ê> *4 ^ l$# I» 'p\j
$ . # <# # * é # & *v %,^
c * • •#•#*»%j§
&• #####T#i

Figure 2.9. Use of a spot test with furfural/acetic acid to screen catalysts for the

hydroamination of aniline with cyclohexadiene. Reproduced from 107
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Figure 2.10. Use of a spot lest with sodium nitroferricyanide(III) dihydrate/

acetaldehyde/NaOH to screen catalysts for the hydroamination of aliphatic amines

with cyclohexadiene. Reproduced from 257

DPPF - l,l'-bis(diphenylphosphino)ferroccne.

PCP = l,3-bis[(fc'rf-butylphosphino)methyl]benzene, pincer ligand.
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2. Results and Discussion

We now found that it is possible to carry out the colorimetric screening of Ni(II)

catalysts. The addition of acetaldehyde (15 pL), a solution (10 pL) of

Na[Fe(CN)5NO]-2 H20 in saturatedd NaHC03, to a reaction aliquots (15 pi)

displayed a blue color if morpholine has not been completely consumed. If the

conversion of the starting material is complete, the solution is yellow (Figure 2.11).^

i-A (—— Presence of morpholine :i

?§ Absence of morpholine ——

Figure 2.11. Results of the spot test with Feigl's spot technique: blue = presence of

morpholine (left), yellow = absence of morpholine (right).

The spot tests revealed that in the presence of Group 10 metal salts, morpholine and

acrylonitrile readily reacts. The presence of Josiphos or Pigiphos docs not interfer with

the reaction. In the absence of a catalyst, large amount of the starting amine were

detected at room temperature, after 24 h (Figure 2.12, left). Unlike the reaction of

acrylonitrile, crotonitrile and morpholine react efficiently only in the presence of the

precursors [Pd(allyl)(COD)jPF6/Pz#/pfo>s (Figure 2.12, right). Thus, the assay revealed

a yellow color, indicating complete conversion. The catalyst mixture deriving from

Ni(C104)2-6H20 and Pigiphos gave partial conversion in the reaction of crotonitrile

and morpholine, as evidenced by the pale color of the spot test.

§ For this qualitative colorimetric analysis it is important to keep the reaction

conditions and the analyzed volumes constant.
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2. Results and Discussion

Figure 2.12. Spot test for the addition of morpholine to acrylonitrile (left) and to

crotonitrile (right), respectively. Catalysis in THF, after 24 h at room temperature.

The colorimetric screening for the addition of morpholine to methacrylonitrile

(Figure 2.13) also revealed that nickel(II) complexes were efficient catalysts. In spot

tests, the tridentate ligand Pigiphos led to almost complete consumption of

morpholine using the catalyst precursors Ni(004)2-6H20- or [Pd(allyl)(COD)]PF6, at

room temperature after 24 h.
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J^cu + HN-

Ligand without PP PPP

Ligand Josiphos Pigiphos

Cat.

blank

NiCl,

'S

NiCL/

NH4PF6 VKàU^'

Ni(C104),
6H20

Ni(SCN)2

W
-r

[Pd(allyl)
(COD)lPFh »

Figure 2.13. Spot test for the addition of morpholine to methacrylonitrile. Catalysis in

THF, after 24 h at room temperature.

We also used a spot test to monitor the catalytic addition of aniline to crotonitrile and

methacrylonitrile.

Ni(C104)2*6H20

NiCl2/NH4PF6

Pd(TFA)2

x??

jgif \

\^c

U,N

[Pd(allyl)(COD)]PF6 i fi '

Figure 2.14. Spot test for the addition of aniline to crotonitrile Catalysis in THF, after

24 h at room temperature with Pigiphos as ligand.
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2. Results and Discussion

The results were very similar to those for the addition of aliphatic amines. We found

that Ni(C104)2-6H20/P/gzp/zos was the best catalyst precursor for these reactions.

Interestingly, Pd(II) complexes did not appear to be very efficient catalysts. Thus,

after 24 h at room temperature, a red color indicating the presence of aromatic

primary amines was still observed (Figure 2.14).

After identifying the most active catalysts, the addition of morpholine to

methacrylonitrile (Scheme 2.29) was carried out on a 100-mg-scale to confirm the

screening tests. The preliminary results are summarized in Figure 2.15.

^S>
-NH 1-5 mul'/j cat

1

r t, 4-24 h
CN

Scheme 2.29. Hydroamination reaction with morpholine and methacrylonitrile,

catalyzed by Ni(II)- or Pd(II)-complexes.

[Ni(P/gz'p/ios)(THF)]2+ was confirmed to catalyze the hydroamination reaction of

morpholine and methacrylonitrile in quantitative yield. The [Ni(PPP)(solvent)]2'

complex could be used as an isolated complex (Figure 2.15, entry 1) or as formed in

situ (Figure 2.15, entry 2), without affecting the catalytic activity under the same

conditions.

5% 5%

|Ni(PPP)(THF)]2t |Ni(H20)6

(cio^'1 (ad),
+ PPP'1

1%

[Ni(Hp)6f+
(CIO,),

+ PPPa

5%

[Ni(Hp)()p
(CIO,),

+ PP1"

5%

|Pd(allyl)
(COD)IPP,,

+ PPP'1

m Yield (%)

5%

[Pd(allyP)Cl]2
i PPP'1

entry 1 entry 2 entry 3 entry 4 entry 5 entry 6

"PPP - Ph2,Cy,Ph2-Pz^zp/zos; catalysis with S/C = 20, carried out in THF; methacrylonitrile
morpholine - 2 :1.

b
S/C - 100.c PP = Ph2/Cy2-/os;p/zos.

d

allyl = 1,3-diphcnylallyl.

Figure 2.15. Catalytic addition of morpholine to methacrylonitrile.
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The use of 1 mol% of the Ni(PPP)2+-catalysts gave only 56% isolated yield (Figure

2.15, entry 3), indicating that a relatively large amount of the catalyst is required in

this hydroamination reaction. The Ni(II)-complex with the bisphosphane Josiphos

(isolated complexes or as formed in situ) did not display any catalytic activity under

the same conditions (Figure 2.15, entry 4), thus confirming outcome of the

colorimetric test.

A catalyst generated from [Pd(allyl)(COD)]PF6 and Pigiphos was also an active

species as observed from the screening tests. We found that the activity of this

catalyst mixture was better than that of the Ni(II) catalyst. After only 4 h at room

temperature 94% of the hydroamination product was detected, whereas in the Ni(II)-

catalyzed reaction almost 20 h were necessary to reach full conversion (Figure 2.15,

entry 5). In contrast, [Pd(allyl)Cl]2/Pz'gz'p7zos mixture was not able to form an active

species for this type of reactions (Figure 2.15, entry 6).

2.3.3. Asymmetric catalysis in organic solvents

Encouraged by the spot tests results, it was important to define scope and

limitations of this new [Ni(PPP)(THF)](C104)2 catalyst, finding also the best reaction

conditions, in order to improve activity and possibly selectivity. The preliminary

results of the asymmetric hydroamination catalyzed by Ni(Pigiphos)2* complexes are

summarized in Table 2.10.

The Ni(II) system containing a chiral tridentate ligand gave a promising

enantioselectivity of 69% ee (Table 2.10 entries 1-2), and currently represents one of

the rare examples of an asymmetric catalytic hydroamination reaction which

proceeds with good activity and enantioselectivity.5 We have found that the

asymmetric induction is significant only for methacrylonitrile, where the newly

formed stereogenic center is a to the nitrile group. Although crotonitrile formed the

product 3-(N-morpholinyl)-butyronitrile in good yields (Table 2.10, entries 8-10) the

enantioselectivity was low or the product was racemic. Thio-morpholine or

piperidine also give quantitative product formations with good enantioselectivity

(60-65% ee, Table 2.10, entries 4, 7). Although higher turnover numbers are possible

(TON up to 62), the reaction is generally slow (best TOF = 2.58 h_1). Additionally,

experiments with lower catalyst loadings gave always lower enantioselectivity and

only partial conversion (Table 2.10, entries 3, 5, 9).
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Table 2.10 Hydroamination of acrylonitrile derivatives with aliphatic amines catalyzed by
[Ni(PPP)]2<-complexes
entry Amine Olefin Conditions3 S/C TON TOF Yieldb eec

h'1 % %
1 HN—

^•CN
in situ catalyst 20 20 0.83 99 69

0
24 h, r.t.

,
5% cat.

2 HN—

^•CN
isolated catalyst 20 20 0.83 99 67

~~0
24 h, r.t.

, 5% cat.

3 HN—

^CN
in situ catalyst 100 56 2.33 56 41

o
24 h, r.t.

, 1% cat.

4 HN—

^CN in situ catalyst 20 19 0.79 95 60
s

24 h, r.t.
,
5% cat.

5 HN—

^CN in situ catalyst 100 45 1.87 45 42
~~s

24 h, r.t.
, 1% cat.

6 HN-,

^•CN
in situ catalyst 20 16.8 0.7 84 37

N
24 h, r.t.

, 5% cat

7 HN-—-\

^CN isolated catalyst 20 20 0.83 99 65

24 h, r.t.
, 5% cat.

8 HN— ^^CN in situ catalyst 20 20 0.83 99 0
~~o

24 h, r.t.
, 5% cat

9 HN— "^^CN in situ catalyst 100 62 2.58 62 0
~~0

24 h, r.t.
, 1% cat

10 HN -\ "-^CN in situ catalyst 20 17 0.71 85 7

24 h, r.t.
, 5% cat

"Reactions in THF, under inert conditions, catalyst: generated in situ or isolated

[Ni(PPP)(THF)](C104)2, PPP = Ph2,Cy,Ph2-Pigiphos. byield are for isolated material after

extraction and FC. cee determined by chiral GC (ß-dex or a-dex) or HPLC (Daicel OD-H or

OJ)

2.3.3.1. Ligand effects

In order to probe the steric and electronic effects of the Pigiphos ligand on

the catalysis, we had synthesized a range of electron-rich and electron-poor

phosphines (vide supra). In Figure 2.16 we summarize the results concerning the use

of these ligands in the catalytic addition of morpholine to methacrylonitrile with the

catalysts being generated in situ starting from Ni(004)2-6H20 and the appropiate

ligand (S/C = 20, in THF, at room temperature, 24 h).

Clearly, the best ligand for this reaction is Ph2,Cy,Ph2-Pz'gzp/zos (entry 1). This is

somewhat disappointing since modifications of the ligand with more sterically

hindered and/or different electronic character (with electron donating - entries 4, 5-

and electron withdrawing groups - entry 3) did not enhance the activity.

Astonishingly, significantly poorer enantiomeric excesses were observed with these

modified Pigiphos ligands and nickel(II). Also the ligands developed by Barbaro185

with a stereogenic P atom (entries 8,9) did not show any improvement in the activity

and enantioselectivity.
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entry 1 entry 2 entry 3 entry 4 entry 5 entry 6

Ph

entry 7 entry 8 entry 9 entry 10 entry 11 entry 12

o Yield a ee (%)

Figure 2.16. Ligand variation for the asymmetric addition of morpholine to

methacrylonitrile catalyzed by Ni(II)-complexes.

As suggested by the spot tests, [Ni(/oszp/zos)]24 did not yield an active catalytic

system. Also, Josiphos and PMe3 to form [Ni(/osz'p/zos)(PMe1)]2+ did not give any

catalytic activity (entry 10). In this latter experiment it should be mentioned that at

the end of the reaction an orange solution of the ferrocenyl ligand and a black

precipitate, probably Ni metal, were observed. We assume that the PMe3 was

oxidized in the presence of water and as a result the Ni(II) complex was reduced,

producing an inactive catalyst. The catalytic activity of complexes generated from

Ni(II) and Ph2,Ph,Ph2-G/pzp/zos was lower than with Pz'gzp/zos-derivatives (entry 7).
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The enantioselectivity was significant, but also definitely lower than with Ph2,Cy,Ph2-

Pigiphos. The Ni-Gz'pz'p/zos-complex recovered after precipitation with hexane did not

present in the 31P-NMR spectrum the typical fzwzs-coupling constant /PP= 150-400 Hz.

The 31P NMR signal of one of the PPh2 groups was detected at the same chemical

shift as for the free ligand. The conclusion should be that the geometry and the

conformation of the G/pzp/zos-derivatives did not allow the formation of a stable

square-planar Ni(II)-complex in which the ligand coordinates with the three P

atoms. Unfortunately, the S-pigiphos and N-Pigiphos nickel complexes were not

efficient catalysts for the hydroamination reaction (entries 11-12). After one turnover

the catalyst was deactivated and the reaction yielded only 3-5%) of isolated product,

and no asymmetric induction.

2.3.3.2. Reaction conditions

Tn view of optimizing the reaction conditions, the first parameter we

changed was the solvent. The solvent effects on the addition of morpholine to

methacrylonitrile, catalyzed by 5 mol% of the isolated [Ni(Pz'^z'p/zos)(THF)](C104)2

complex are summarized in Figure 2.17.

I n Yield (%) nee(%) |

100-,

80-

60-

40-

20-

oX
e,,llsCII, EtjO EtOH CF,CH,OH C',,F5CN N02CI1t

Figure 2.17. Solvent effects on the hydroamination of methacrylonitrile and

morpholine catalyzed by 5 mol% [Ni(PlT)(THF)](C104)2 ("by 5 mol%

[Ni(PPP)(NCCH3)](C104)2).

Tetrahydrofuran and acetone, after 24 h at room temperature, gave quantitative

isolated yield with an enantioselectivity of 67-69%ee. The [Ni(PPP)(TITF)]2' in

acetonitrile catalyzed this hydroamination reaction with lower activity and also

decreased enantioselectivity. The possible coordination of the solvent, which

competes with the coordination of the olefin, was confirmed when the catalysis was
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carried out with the isolated [Ni(PPP)(NCCH3)](C104)2 complex in acetonitrile. In this

case only ca. 50% yield was obtained and the enantioselectivity did not exceed 45%

ee. Similar results were obtained if lower amounts of catalyst were used.

The catalysis in dichloromethane showed also a decreased activity and selectivity.

After the reaction it was possible to recover a red-purple crystalline material which

was identified as [Ni(Pigiphos)C\](ClOi)2 (characterized also by single-crystal X-ray

analysis, vide supra Chapter 2.2). This complex is inactive in the hydroamination

catalysis, explaining the poor conversion in dichloromethane. Only the reactions in

trifluoroethanol and in nitromethane gave complete conversion but, unfortunately,

lower enantioselectivities. These results indicate that the solvent play an important

role in the addition of morpholine to methacrylonitrile. In contrast to the Ir-catalyzed

hydroamination of norbornene with aniline,94 a solvent is required. The catalysis

without solvent (excess of methacrylonitrile : morpholine = 20 : 1) did not improve

the selectivity and the productivity was lower. Poor solvents for the cationic Ni(II)-

complexes, such as toluene or diethylether, did not display any catalytic activity.

When the reaction was performed in ethanol, a red unidentified precipitate was

recovered at the end of the reaction. The pale-yellow solution contained only traces

of the catalyst.

We found that the order of addition of the substrates to the reaction mixture affects

the catalyst's performance. In Figure 2.18 we present the effect on the

enantioselectivity if morpholine is added to the catalyst before or after the olefin. The

formation of [Ni(PPP)(methacrylonitrile)]2+, appears to be a key step in the catalytic

cycle. Excess of the amine and resulting coordination of morpholine to the Ni(II)-

complex appears to form catalytically inactive species.

The use of a syringe pump did not change significantly the activity and the

selectivity in the case of the following slower addition of morpholine (amine added

dropwise during a time of 24 h). On the other hand, when methacrylonitrile was just

slowly added after the reaction between the catalyst precursor and morpholine, the

lower initial selectivity (37% ee) improved with the reaction time, reaching 49% ee at

the end of the reaction. It is not clear at this point why this happens.
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-01efin+Amine

à Amine+Olefin

01efin+Amine (with syringe pump)

-3K—Amine+Olefin (with syringe pump)

—i 1—

10 15

time (h)

—,—

20

Figure 2.18. Effect of the addition of the amine to the reaction mixture.

—,

25

We have also performed attempts to recycle the Ni(II)-complexes, after extraction of

the hydroamination products (Figure 2.19). The usual work-up included the addition

of hexane, leading to the precipitation of the cationic complex and isolation of the

products by column chromatography. The catalysts recovered by filtration were

subsequently dissolved in THF. To this solution was added methacrylonitrile and

then morpholine. The recycled complexes always gave nearly racemic products.

When methacrylonitrile was added first, the enantioselectivity was very poor (6-7%

ee, entries 1 and 3). In the case of the prior addition of morpholine, no asymmetric

induction was detected (entry 2). The recycled catalyst from the slow addition of

methacrylonitrile showed similar results as the catalysis with prior formation of the

Ni(PPP)(olefin)2+ complexes, indicating that the catalyst must be in these two cases

the same (entry 4).

d Yield nee(%)

entry entry 2 entry 3 entry 4

Figure 2.19. Recycled catalyst (after precipitation/filtration with hexane) used in

hydroamination reactions.



2. Results and Discussion

Another element confirming the above interpretation is given by the reaction

between dibutylamine and methacrylonitrile. After 24 h at room temperature no

conversion was detected by GC/MS or chiral GC and a red crystalline solid was

recovered. The 31P-NMR and 'H-NMR analysis suggested the coordination of the

amine to the metal center, leading to an inactive catalyst.

In order to understand the effectiveness of the cationic Ni-complexes, different salts

containing more or less coordinating anions were added to the catalytic system

(Figure 2.20). Because dicationic Ni(II) complexes were found to be highly active

catalysts for this hydroamination reaction, the cation-anion interaction might have

important effects on the catalytic activity.

without NF.t4CI NBu4Br NBu4I TBAT NMe4BF4 NBu4PFfi NBu4N03NI3u4OAc ZnCl2

Figure 2.20. Effect of the addition of salts to the Ni-catalyzed addition of morpholine

to methacrylonitrile. Catalysis in THF at room temperature, 24 h, 5 mol% catalyst, 20

mol% added salt.

Only the addition of the non-coordinating anions BF4" and PF6" led to almost

unaltered selectivities and activities giving ca. 80% isolated yield. However, when

halide salts were added, both lower enantioselectivities (Cl>Br>I) and moderate

activity (I>Cl>Br) were observed. These results indicate that the [Ni(halide)(PPP)]h

complexes are less-active catalysts, which supports our conclusions regarding the

effect of dichloromethane as solvent (vide supra). The addition of a "naked" fluoride93

caused the deactivation of the catalytic system, probably forming [NiF(PPP)]+.

Nitrate- or acetate-effects were comparable to those of the halides leading to a

decrease of activity and selectivity. The addition of a Lewis acid such as ZnCI2, as
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possible cocatalyst,44 did not lead to any improvement in the catalytic

hydroamination, and inhibited the reaction.

Furthermore, the effect of the temperature was studied for the catalytic addition of

morpholine to methacrylonitrile (Figure 2.21).

vn ! ( !
,

p——-r——"t— ""—-r 1 r

5 h at 24 h at 24 h at 24 h at 2 h at 24 h at 24 h at 2 h at 24 h at

50 °C 50 °C 22 °C 0°C -25 °C -25 °C -50 °C -78 °C -78-r.t

El Yield dee (%)

Figure 2.21. Effects of the reaction's temperature on the hydroamination catalysis.

As expected, at 50 °C the reaction was faster, with 75% conversion after 5 h, and

displayed poorer enantioselectivity. At 0°C the enantioselectivity was increased to

71% ee. The optimized temperature was -78 °C, where the enantioselectivity reached

the maximum value of 95 % ee, reflecting a typical positive effect of low

temperatures on the Lewis-acid activation of substrates.258 Marks and co-workers

also reported that low temperatures significantly improved enantioselectivity in the

asymmetric hydroamination/cyclization of 2,2-dimethyl-l-aminopent-4-ene. In the

cyclization, the highest enantioselectivity of 74 % ee was achieved at -30 °C (53% ee

at room temperature).63'65 In the hydroamination of methacrylonitrile with

morpholine catalyzed by [Ni(Pz'g/p/;os)(THF)|(C104)2 the best result, combining

activity and selectivity, was obtained at -50 °C, with quantitative yield and 90% cc.

Similar observations were also made in the asymmetric hydrophosphination

reactions of methacrylonitrile catalyzed by the same [Ni(PPP)(solvent)]2+ complexes.

The detected 65% ce at room temperature (24 h, in methacrylonitrile) could be

improved up to 90% ee at -20 °C and at -40 °C.2W
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2.3.3.3. Substrates

Encouraged by the results obtained with methacrylonitrile and

morpholine, the attention was extended to other aliphatic amines, in particular

piperidine, thiomorpholine, piperazine and derivatives, and we investigated their

catalytic addition to activated olefins (Scheme 2.30).

R1 R2 R1 R2

\=/ + HNR'R"
1-5mol% W

\WG Ni(a04)2p6H20 R„R,N/\EWG

R1, R2 = H, Me

EWG = CN, COOR (R = Me, Et, H)

Scheme 2.30. General hydroamination reactions of electron-poor olefins catalyzed by

Ni(II)-complexes.

The catalytic activities were as high as that for morpholine addition to

methacrylonitrile. Table 2.11 summarizes the results obtained for reactions of

aliphatic amines with acrylic acid derivatives.

Using 5 mol% catalyst the addition of aliphatic amines to crotonitrile,

methacrylonitrile, methyl acrylate, and methyl or ethyl crotonate afforded good to

excellent isolated yields of the products. The reaction conditions for these

experiments were in THF, for 24 h at room temperature (S/C = 20). The most

significant example is still represented by the hydroamination of methacrylonitrile

with morpholine that gave the product in quantitative yield and 69% ee (Table 2.11,

entry 2). Thiomorpholine or piperidine gave quantitative isolated yields and

enantioselectivities greater than 60 % ee (Table 2.11, entry 8 and 10). Crotonates and

oxazolidinones (used by Jorgensen and Hii for their asymmetric hydroamination

reactions)109,112,113 added morpholine quite effectively, however, no chiral induction

was observed (Table 2.11, entries 4-7). It is important to note that the addition of

aliphatic amines to crotonitrile afforded only racemic products or low

enantioselectivities (at most 10 % ee, Table 2.11, entry 9). The use of pyrrolidine as

amine gave high activity (90% yield) (Table 2.11, entry 15), the addition of

benzylamine (5% yield, Table 2.11, entry 16) or of the more electron-rich o-

methoxybenzylamine (45% yield, Table 2.11, entry 17) gave only low to moderate

yields with low enantioselectivities.

Also in the case of the less nucleophilic aromatic amines, the Ni catalyst showed

relatively high activities, with TON up to 70 for the addition of aniline to crotonitrile,

and the isolated yields of hydroamination product were moderate to high (Table

2.12).
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2. Results and Discussion

Table 2.11. Hydroamination reaction with aliphatic
[Ni(Pzxzp/K>s)(THF)](Cl04)2.

amines catalyzed by

entry Amine Olefin Conditions8 TON Yield"

%

eec

%

1 j^r ^CN 24 h, r.t., 5% catalyst 20 99

2

^NH ^^CN
24 h, r.t., 5% catalyst
24 h, r.t, 1% catalyst

20

56

99

56

69

41

3 j=^m ^^^
CN

24 h, r.t., 5% catalyst
24 h, r.t, 1% catalyst

20

62

99

62

3

1.5

4 ^NH ^^ COOMe 24 h, r.t., 5% catalyst 12.6 63 rac

5 ^3HH ^^^ COOEl
24 h, r.t., 5% catalyst 15.4 77 rac

6 £zT S^ COOMe
24 h, r.t., 5% catalyst 14 70

7

£&*
o o 24 h, r.t., 5% catalyst

10 h, r.t, 5% catalyst

20

20

99

99

rac

rac

8 ,C=T ^^CN
24 h, r.t., 5% catalyst
24 h, r.t, 1% catalyst

20

72.5

99

72.5

61

47

9 £zT ^^CN 24 h, r.t., 5% catalyst 12.4 62 10.1

10 £=T ^CN 24 h, r.t., 5% catalyst 19.6 98 64.9

11 c=zr ^^CN 24 h, r.t., 5% catalyst 17 85 7

12 r—T
^^CN

24 h, r.t., 5% catalyst 16.8 84 37

13

^^CN
24 h, r.t, 5% catd

24 h, r.t., 5% cat*

14.6

18.4

73d

65e+27d

n.d.

38

14 -£=^" ^^CN 24 h, r.t., 5% cat/ 13 65 n.d.

15

0 ^CN
24 h, r.t., 5% catalyst 18 90 n.d.

16

CS\ / NHj ^^CN 24 h, r.t., 5% catalyst 1 5 n.d.

17

CS\^=/ NH2

OMe

^^CN 24 h, r.t., 5% catalyst 9 45 4.2

"Reactions in THF, under inert conditions. "Yield are for isolated material after extraction and

FC. enantioselectivity determined by GC analysis or HPLC-analysis (see Appendix).
Absolute configuration of the the major products: (R)260. dDouble intramolecular

hydroamination, yielding product C5. eSingle hydroamination reaction, yielding product C4.

TJouble intramolecular hydroamination, yielding product C17).
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2. Results and Discussion

Table 2.12. Hydroamination reaction with aromatic amines catalyzed by
[Ni(Pzgzp/zos)(THF)](ClQ4)2.

entry Amine Olefin Conditions3 TON YiekT3 eec

% %

McO

/s
'CN

^^\r

24 h, r.t., 5% catalyst 20

24 h, r.t., 5% catalyst
24 h, r.t., 1 % cat

24h,50°C,l%cat.
24 h, r.t, 5% cat, TFAd

24 h, r.t., 5% catalyst
40 h, 50 °C, 5% cat.

40 h, r.t., 1 % catalyt
40 h, 50 °C, 1% cat.

40 h, r.t, 5% cat, TFAd

40h,50°C,5% cat,TFAd

24 h, r.t., 5% catalyst 5.2

24 h, r.t, 5% catalyst

24 h, r.t., 5% catalyst 10.4

^^^cn 24 h, r.t., 5% catalyst 13.8

es s 24 h, r.t., 5% catalyst 12.4

99

17 85 18.1

35 35 17

65 65 17

0.2 1 n.d.

16.2 81 22.7

18.4 92 15.6

71 71 15.2

73 73 15

0.6 3 n.d.

2.2 11 16.7

26

35

52

69

62

24.1

17.9

8.3

17.6

n.d.

10

11

12

(\—m, \^"S

MeO

F3C

<>- X
F3C

F,C

£>
^~\

CN 24 h, r.t., 5% catalyst 15.6

24 h, r.t., 5% catalyst
24 h, reflux, 5% cat.

^^
CN

24 h, r.t., 5% catalyst
24 h, reflux, 5% cat.

24 h, r.t., 5% catalyst
3 d, reflux, 5% cat.

3 d, reflux, 5% cat.d

78 n.d.

0

0

0

0

0

5e n.d

8e n.d

Reactions in THF, under inert conditions. "Yield are for isolated material after extraction and

FC. "Enantioselectivity determined by GC analysis or HPLC-analysis (see Appendix).
Absolute configuration of the the major products: (R)260. dWithout solvent and with olefin :

amine ;> 20 :1.e Yield determined by GC (with IS) and /or GC-MS.
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However, there were large effects due to the substituents on the arene of the

aromatic amine on the outcome of the catalytic reaction. In particular, ortho-

substituents were detrimental to high catalytic activity, probably for steric reasons

(Table 2.12, entries 4-5). Strongly electron-releasing substituents, such as in 3,5-

dimethoxyaniline, produced slightly increased yields (Table 2.12, entries 8-9), as

compared to methyl groups in the same position (entries 6-7). On the other hand, the

reaction of 3,5-bis(trifluoromethyl)aniline with different cyanoolefins gave only

starting materials under the same conditions. The activities observed for the Ni

catalyst were comparable to or better than those previously reported for Pd

catalysts,261 for which generally higher temperatures and longer reaction times are

required. However, the enantioselectivities obtained were generally low and for the

substrate combinations of Table 2.12 reached only ca. 25% ee. While the presence of a

source of H+ was necessary for previously reported systems,253 in the case of the Ni-

catalyzed reaction the addition of TfOH led to complete catalyst deactivation and

only traces of products were detectable. The hydroamination catalysis with aniline

and acrylates derivatives (methyl-, ethyl- crotonate, methyl, ethyl- methacrylate)

gave isolable products only for methylacrylate (17% yield). In the other cases only

traces of the products were detectable by GC-MS analysis. Also, the acid derivative

(crotonic acid) did not yield an isolable product.

The relationships between yield and time in the intermolecular hydroamination

catalysis were similar for the aniline addition to crotonitrile (Figure 2.22) and

methacrylonitrile (Figure 2.23). In both cases the reaction time was around 25-40 h if

the catalyst amount was 5 mol%. Lower yield was obtained with lower catalyst

loadings, and, more significantly, the catalyst appeared to be deactivated if a

strongly coordinating solvent such as CH3CN was present or a catalytical amount of

an acid (CF3COOH, H+-source) was added to the substrates/catalyst-mixture. These

results were observed even at higher temperatures (50 °C), supporting the

preliminary results that acetonitrile competes with the cyanoolefin as ligand for Ni

(vide supra).

In the addition of aniline to acrylonitrile derivatives, lower amounts of catalyst (1

mol%) afforded only 30-70% isolable products when the catalysis was carried out at

room temperature. At 50 °C, the yield was better in the case of methacrylonitrile

(from 35% to 65% yield, Table 2.11, entry 2) but insignificant changes were

observable for crotonitrile (from 71% to 73% yield, Table 2.11, entry 3). These results

were confirmed by the GC-determined yields in the reaction vs. time studies (Figure

2.22 and 2.23).

98



2. Results and Discussion

Time (h)

-- 5% cat, r.t. 1 % cat, 50 °C

-A— 5% cat, r.t., TFA -*- 5% cat, 50 °C, TFA

-K-5% cat, 50 °C, in AcCN

Figure 2.22. Yield vs. time for the addition of aniline to crotonitrile catalyzed by

[Ni(PPP)(THF)](C104)2.

Time (h)

-—5% cat, r.t. 1% cat, 50 °C -a-5% cat, 50 °C, TFA

Figure 2.23. Yield vs. time for the addition of aniline to methacrylonitrile catalyzed

by [Ni(PPP)(THF)](C104)2.

The interesting results for the addition of aliphatic or aromatic amines to acrylonitrile

derivatives led us to try also the direct addition of ammonia to acrylonitrile or

methacrylonitrile, a very important industrial reaction.

The reaction of acrylonitrile under 8 bar of ammonia in an autoclave, with 1 mol% of

[Ni(Pz'gzp/z0s)(THF)](ClO4)2 in THF for 5 days at r.t. gave unreacted starting material.

The product could not be detected by GC-MS analysis and 2H NMR spectroscopy.

The addition of 10 equiv. of ammonia to a solution of the catalyst in THF at -40 °C

deactivated the catalyst and no hydroamination product was detected. At the end of
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2. Results and Discussion

the reaction only the free ligand and a white insoluble powder (probably the

polymerization product of acrylonitrile) were isolated. Modifications of the reaction

conditions including catalyst molar ratio, temperature, and olefin : ammonia ratio,

did not give isolable quantities of the hydroamination product.

Finally, we turned our attention to the synthesis of new substrates that could be able

to react with piperazine to form an oligomer or a polymer. (Scheme 2.30). These

experiments have very preliminary character.

R R

NC. CN
+ 'NH catalyst

HN'

ncyMycn
R N Rr

R R

R = H, Me

m = 1,2

Scheme 2.31. Formation of a possible copolymer of piperazine and bifunctional

acylonitrile derivatives.

One possible synthesis of bifunctional acrylonitrile on a 1,3- or 1,4-diketone

derivatives involves the Wadsworth/Emmons variation of a Wittig reaction (Scheme

2.32) .262,263 This procedure yields three diastereomers of the desired diene with

different olefin geometries (Z/Z, E/E, E/Z).

XX
NC NC

O

+ ,r^ J © 0 °C - r.t.
+

(EtO)2P^ -ÔMË*
CN

NaHl
DMB

O

(EtO)2P-

NaH

DMF

O

CN

,„ ^ ,v 6 0 °C - r.t.

(EtO)2P—^ -OME*
CN

NC, CN

CN

+ E/Z (2 enantiomers)
+ Z/Z

Scheme 2.32. Synthesis of the substrates l,7-dicyano-3,5-dimethyl-2,5-heptadiene SI

and l,8-dicyano-3,6-dimethyl-2,6-octadiene S2.
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In the case of 2,6-octadiene the E/E isomer of the product could be obtained in

crystalline form and an X-ray analysis was carried out. The structure is represented

in Figure 2.24.

Figure 2.24. Representation of the solid-state structure of E,E-l,8-dicyano-3,6-

dimethyl-2,6-octadiene SI.

These bifunctional substrates were used in the [Ni(Pz'gz'plzos)(THF)]2+ catalyzed

hydroamination with piperazine. In the case of l,7-dicyano-3,5-dimethyl-2,5-

heptadiene (SI) no conversion was detected and the starting material was recovered

unchanged. In contrast, the hydroamination reaction with l,8-dicyano-3,6-dimethyl-

2,6-octadiene (S2) and piperazine produced a yellowish precipitate after 3 days at 80

GC. This solid was insoluble in all common organic solvents. The MALDI-TOF

analysis displays an oligomer with three olefin and three amine fragments (n=3).

Small traces of products with n=5 and n=6 were also detected. These oligomers

correspond to the products of the copolymerization reaction of crotonitrile, ethylene

and piperazine (Figure 2.25).

NC

.CN

HN'

5mol%

„NH [Ni(PPP)(THF)](C104)2
'

THF, reflux, 3d

o

+

^ c en
5 '2 "

? •+

fr, <r> mm

H II II II

C C ti G

I^V^^Hi**»»^

Figure 2.25. Hydroamination catalysis of S2 and piperazine. Bottom: the MALDI-

TOF spectrum.
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These results suggest a possible new synthetic strategy to produce new copolymers.

Less substituted divinyl nitriles may provide both higher molecular weights and

polymerization rates.

2.3.3.4. Absolute configuration

The racemic addition products of aliphatic or aromatic amines to

methacrylonitrile or crotonitrile were known from the pioneering studies of Trogler,

however, to the best of our knowledge, the absolute configurations of the two

enantiomers had not been described. Importantly, a credible mechanistic proposal

must include a rationalization of the absolute configuration of the major enantiomer.

Thus, it was essential to determine the absolute configuration of the major

enantiomers of our catalysis products. We attempted to achieve this goal by

resolution of the mixture of enantiomers by formation of a diastereomeric mixture.

Therefore, we attempted the reaction of the catalysis product with enantiomerically

pure, chiral binaphthyl derivatives. The enriched (64% ee) 2-methyl-3-(N-

morpholinyl)-propionitrile reacts with (S)-(+)-l,l'-binaphtyl-2,2'-diyl hydrogen

phosphate, yielding a solid (Scheme 2.33).99 Crystallization by slow diffusion of

diethyl ether into an ethanol solution of the product yielded X-ray quality crystals. A

view of the crystal structure of the salt is presented in Figure 2.26.

Scheme 2.33. Formation of the ammonium salt C31, used for the determination of the

absolute configuration.

The single crystal X-ray analysis permitted the assignment of the absolute

configuration of (+)-2-methyl-3-(N-morpholinyl)-propionitrile as (R). The distance of

1.628(2) Â between the ammonium hydrogen bond and one of the oxygen atoms of

the phosphate fragments indicates the presence of a strong hydrogen bridge in the

solid state.

The basic hydrolysis supported that the major product of the hydroamination

catalysis is the (R)-product. In the chiral GC chromatography (ß-dex, 92 °C iso), the

extracted product displays only one peak with a retention time of 139.2 min.,

corresponding to the one of the major enantiomer from the catalytic reaction (Figure
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2.27). Note that the salt C31 was obtained in 80.9% yield starting from an

enantioenriched sample of the amine with an er of 82 : 18, indicating an almost

quantitative crystallization of the major R-enantiomer.

Figure 2.26. X-Ray structure of 2-(R)-(iV-morpholinium)-propionitrile-(S)-l,l'-

binaphtyl-2,2'-diylphosphate, C31. Hydrogen atoms are omitted for clarity .§

:n^rTcN Or -N-
TsrCN

(mm)

Figure 2.27. GC-references of the 2-(R)-methyl-3-(N-morpholinyl)-propionitrile Cl;

bottom: the analysis after the hydroamination catalysis; top: the measure of the pure

(R)-enantiomer after basic hydrolysis of the ammonium-phosphate salt C31 (chiral ß-

dex column, 92 °C iso, retention time 139.2 min, 142.7 min.).

ê The ORTEP-view are reported in Appendix.
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The attempt to isolate the minor (S)-enantiomer from the same mixture was

unsuccessful* The mixture of enantiomers was therefore reacted with the opposite

enantiomeric acid (R)-(-)-l,l'-binaphtyl-2,2'-diylhydrogenphosphate, under the same

conditions as above, yielding 14.6% of crystals also suitable for an X-ray diffraction

study. The inverse optical rotation ([ci]D = -337.3, c =1 in CH2C12 for C32 vs.

(Md = +335.2, c =1 in CH2C12 for C31) is mainly due to the inverse configuration of

the binaphtyl group, since the absolute configuration of the morpholinium cation

still was (R) (Figure 2.28). These results were confirmed by the hydrolysis of the salt,

which yielded the pure major (R)-enantiomer, as in the previous experiment.

Figure 2.28. X-ray structures of the 2-(R)-methyl-3-(N-morpholinium)-propionitrile

salts. Left the (R)-(-)-binaphtyl derivative, right the (S)-(+)-binaphtyl derivative.

Hydrogen atoms are omitted for clarity.

The compound 3-(IV-phenylamino)-butyronitrile C19, the product of the reaction of

aniline and crotonitrile (18% ee), was reacted with (R)-(-)-l,l'-binaphtyl-2,2'-

diylhydrogenphosphate to give single crystals suitable for X-ray diffraction of the

corresponding (R)-anilinium salt ([a]D = -204.2, c =1 in CH2C12). The structrure is

illustrated in Figure 2.29. Also in this case a short NH+—O contact of 1.7391(3) Â was

found. The basic hydrolysis of the salt and HPLC analysis confirmed that the major

enantiomer of the catalytic reaction has the (R) absolute configuration.

* the mother liquor of the first crystallization did not yield isolable amount of the second

diastereomeric salt.
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6 f?
,B

Figure 2.29. Unit cell view of 3-(R)-(AT-phenylammonium)-butyronitrile (R)-(-)-l,l'-

binaphtyl-2,2'-diylphosphate C34. Most hydrogen atoms are omitted for clarity.

Using these results, it is possible to assign the absolute configuration for other

hydroamination products by analogy. Thus, for the (R)-(S)-Pigiphos Ni(II)-catalyzed

addition of morpholine, thiomorpholine, piperidine and (iV)-methylpiperazine to

methacrylonitrile, the absolute configuration of the hydroamination products is (R).

The optical rotation of the enantiomerically enriched products was always (-).
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2.3.3.5. Mechanistic considerations

We have obtained some results that provide insight regarding a possible

catalytic cycle. First, we have observed a significant effect of the order of addition of

reagents. As discussed above, addition of morpholine to [Ni(Pigiphos)(THF)]2+ gives a

deactivated catalyst. Furthermore, reaction of Ni(C104)2-6H20 and Pigiphos in

methacrylonitrile gives [Ni(Pz'gzpfros)(NC-C(Me)=CH2)]2+.259'264 This compound has

been isolated. An X-ray structure reveals that the Pigiphos ligand is coordinated k3 to

the nickel center and that the methacrylonitrile is coordinated n1 through the nitrile

nitrogen. This complex is an active catalyst for the enantioselective hydroamination

of methacrylonitrile with morpholine and yields the product in similar enantiomeric

excess as the in situ generated catalyst (67% ee, in THF, at room temperature). Thus,

the complex is a likely intermediate in the catalytic cycle for the enantioselective

hydroamination of methacrylonitrile. Additionally, investigation of the asymmetric

hydroamination of other vinyl cyanide derivatives, such as czs-2-pentenylnitrile and

frans-cinammonitrile, revealed that the enantioselectivities of these reactions are low

and reach a maximum of 14% ee (Scheme 2.34).

Scheme 2.34. Hydroamination products from vinyl cyanide derivatives and

morpholine.

Moreover, the results presented in Chapter 2.3.3.2 strongly disfavor an amine-

activation pathway (vide supra, Chapter 1.1) for the Pigiphos Ni(II) catalyzed

hydroamination. The addition of the amine to [Ni(PPP)(THF)](C104)2 rendered the

catalyst less active and less selective. This is probably due to the formation of a Ni-

amido complex, which is incapable of catalyzing the hydroamination reaction and in

some cases no products at all were detected. Therefore, we exclude a pathway

involving nickel amido complexes as intermediates in this hydroamination catalysis.

The interaction of [Ni(Pigiphos)]2+ species and amine appears to be a competitive

deactivation pathway that may be responsible for lower activity (and selectivity) of

the catalysis.

The mechanism for C=C activation as previously described (Scheme 2.35)106,160 might

involve an equilibrium between n1 nitrile coordination and n2 olefin coordination to

the Ni center. The stereoselective step would be the nucleophilic anti-Markovnikov
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attack on the olefin. Note that this cycle requires formation of a tertiary carbon

bonded to the crowded nickel center.

o—^\

P-Nï-P
I
L

2+

<XCN

Scheme 2.35 Catalytic cycle involving an equilibrium between n^-rftoQ

coordination of methacrylonitrile to Ni(II) catalyst.

The addition of the amine proceeds to give the anti-Markovnikov product, and for

methacrylonitrile the stereocentre in the product is adjacent to the cyano group, in

a-position to the Ni-centre. The addition might be partially sterically controlled by

the phenyl groups on the phosphanes. However, these considerations do not clarify,

why the addition of aromatic amines to methacrylonitrile do not display similar

enantioselectivities as the addition of morpholine and derivatives. Additionally, note

that the "electron-poor" styrene (vide supra) and other non-Michael acceptors olefins

did not react efficiently. The ci-cyanoalkyl intermediate could also undergo ß-

hydrogen elimination generating the corresponding cyanoenamine, which was,

however, never detected experimentally.

The low enantiomeric excess of the products deriving from crotonitrile,

pentenylnitrile or cinnamonitrile suggests that the stereochemistry-determining step

of the hydroamination catalytic cycle is not the nucleophilic attack of morpholine on

the olefin. This conclusion also implies that the mechanism for these

hydroamination reactions does not involve metal-carbon bond formation and

proceeds strictly via a classical Lewis acid substrate activation followed by 1,4-

addition of the amine N-H bond, forming an azaallene-intermediate. Therefore, the

enantioselectivity in the hydroamination of methacrylonitrile should derive from an
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asymmetric proton-transfer step. This more probable catalytic cycle is presented in

Scheme 2.36.

proton
transfer

step

P-Ni-P

Scheme 2.36.1,4-addition of the amine N-H bond to the activated olefin coordinated

to the Ni2+ centre, followed by asymmetric proton transfer step.

2.3.3.6. Synthesis of ß-aminoacids

The hydroamination products have been used for the preparation of ß-

aminoacid derivatives, which are important molecules in biological and organic

chemistry.265,266 The product of the addition of morpholine to methacrylonitrile was

hydrolyzed with NaOH/H202 to the corresponding ß-aminoacid. For example 2-

methyl-3-(N-morpholinyl)-propionic acid was prepared in good yield (83%) by

addition of 3.5 equiv. of Na0H/H202 mixture at room temperature. The hydrolyzed

product precipitates from diethyl ether, but is soluble in water and in alcohols. The

enantiomeric excess of the 2-methyl-3-(N-morpholinyl)-propionic acid is identical to

that of the intermediate nitrile (Scheme 2.37).
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HN

,«p [Ni(PPP)(L)](a04)2

CN
THF, rt, 24h

,x. NaOH / Hj02

\-N EtOH, rt, 3h

67% ee (R)

,x
COOH

67% ee (R)

Scheme 2.37. Procedures for the preparation of enantio-enriched 2-methyl-3-(N-

morpholinyl)-propionic acid.

Additionally, the synthesis of an unprotected aminoacid was performed via the

catalytic addition of benzylamine to methacrylonitrile. Although this product forms

quantitatively from our catalytic system, the ee was only 5% ee. After hydrolysis and

cleavage of the benzylic group (with Pd/C and H2) it was possible to isolate the

racemic 2-methyl-3-amino-propionic acid (Scheme 2.38). An overview of the

synthesized ß-aminoacids is presented in Scheme 2.39.

cr

[Ni(PPP]2+

THF, r.t., 24 h

NH, PhCHjHN

NaOM / H202
— fe.

CN
EtOH,rt,2h

PhCH,HN

5%ee

10% Pd/C -H2

.COOHEeOH,60»C,4h H?N COOH

Scheme 2.38. Synthesis of 3-amino-butanoic acid.

COOH

N

COOH

COOH

COOH

& COOH

NH,

COOH

Scheme 2.39. Synthesized ß-aminoacids.
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2.3.4. Asymmetric catalysis in ionic liquids

Having noted significant counterion effects on the enantioselctivity of the

[Ni(Pzgj'pJzos)(THF)]2+-catalyzed hydroamination (i.e., C104" better than BF4" or PF6"),

we have also attempted to improve the catalytic system by using imidazolium and

picolinium ionic liquids as solvent (Figure 2.30).§ We hoped that providing a more

polar reaction medium the hydroamination catalysis would display better activities

and enantioselectivities.

m,
* CX

O N +
Y"

K ^"'"CH3 1
+

R'

RMIM.X R'PIC.Y

R = ethyl, butyl, hexyl
R' = butyl, octyl
X, Y = BF4-, PF6-, CF3S03", DCA

Fig. 2.30. Imidazolium and picolinium salts as ionic liquids

In order to dissolve the Ni(PPP) complexes in the ionic liquid, it was necessary to use

a co-solvent (THF or acetone) which was evaporated after the complete dissolution

of the Ni(II) salts. Preliminary results of the catalytic addition of morpholine to

methacrylonitrile in butylmethylimidazolium salts are summarized in Table 2.13.

The use of ionic liquids as solvent (in 1-phase or 2-phases-systemiE) has produced

results comparable to those obtained when working with THF or acetone, but with

much higher activities (TON'S up to 300, Table 2.13, entry 8). Thus, the catalyst

loading was reduced to 0.1 mol% and the reaction still gave 30% yield and an ee of

48% (S/C = 1000, Table 2.13, entry 8). However, the enantioselectivities in ionic

liquids and classical solvents were comparable (ee's up to 64%) for reaction times of

24 h at room temperature, using 5 mol% catalyst. Moreover, the catalysis in ionic

liquids is less sensitive to air and moisture and allows to use non-distilled reagents

(Table 2.13, entry 10). This could result from the stabilization of the cationic species

in the ionic solvent. Note that the catalysis was reproducible in these ionic liquids

when using different samples of the same liquid salt (Table 2.13, entries 1-2).267 With

Gipiphos as ligand it was not possible to improve the activity. The enantioselectivity

remained also very low (Table 2.13, entries 4-5). The activity and enantioselectivity

s RMIM-X = alkyl-methylimidazolium salt, with X as counterion; R'PIC-Y = alkyl-picolinium

salt, with Y as counterion.

x 1-phase-system: ionic liquid as solvent for the reaction mixture; 2-phases-system: catalysts

dissolved in ionic liquid and organic substrates dissolved in an organic solvent immiscible

with the ionic liquid (such as hexane or diethylether).
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was similar when the catalysis was carried out in a 2-phases-system (ionic

liquid/hexane). However, this 2-phases system facilitated the extraction of the

organic compounds.

Table 2.13. Hydroamination of methacrylonitrile with morpholine, catalyzed by
[Ni(PPP)(THF)](ClQ4)2, in BMIM-BF4/THF

entry Ligand Conditions3 S/C TON TOF

h'1

Yieldb

%

eec

%
1 Ph2/Cy,Ph2-

Pigiphos
24 h, r.t, 5% cat. 20 19.2 0.8 96 62

2 Ph2,Cy,Ph2-
Pigiphos

24 h, r.t., 5% cat.

2. bottle BMIM'BF4

20 20 0.83 >95c 64

3 FKCy/Phi-
Pigiphos
Recycled catalyst

24 h, r.t., 5% cat

Recycled from 1

20 20 0.83 >95c 59

4 Ph2,Ph,Ph2-
Gipiphos

24 h, r.t., 5% cat. 20 9.2 0.38 46 5

5 Ph2,Ph,Ph2-
Gipiphos
Recycled catalyst

24 h, r.t., 5% cat.

Recycled from 4

20 4.8 0.2 24 7

6 Pr^Cy-flV
Pigiphos

24 h, r.t., 1% cat. 100 95 3.9 >95c 61

7 Ph2,Cy,Ph2-
Pigiphos

24 h, r.t, 1% cat 100 72 3 72 51

Recycled from 6

Recycled catalyst
8 PhatylV

Pigiphos

24 h, r.t, 0.1% cat. 1000 300 12.5 30 48

9 Ph^C^Ph,-
Pigiphos

24 h, r.t., 5% cat

2-Phase: IL/hexane

20 12 0.5 90 57

10 Ph^C^Ph,-
Pigiphos

24 h, r.t., 5% cat

in air

20 20 0.83 >95e 59

PPP = Ph2,Cy,Ph2-Pigiphos generated in situ. bYields are for isolated material after extraction

and FC. cYields determined by NMR, after extraction (Et20 : hexane, 1:5) and evaporation of

the organic solvent enantioselectivity determined by GC analysis (ß-dex column); absolute

configuration of the the major products: (R).260

The hydroamination catalysis of methacrylonitrile and crotonitrile with morpholine,

thiomorpholine, piperazine, piperidine and aniline was tested in various

imidazolium salts (ethyl-, butyl-, hexyl- imidazolium, with trifluoromethane

sulfonate, dicyanoamide, tetrafluoroborate and hexafluorophosphate as anions,

Table 2.14).

The addition of morpholine to methacrylonitrile always gave the best activity and

enantioselectivity (Table 2.14, entry 1). As expected, the anions of the ionic liquids

play an important role, in particular on the enantioselectivities (vide supra). However,

the use of liquid salts with dicyanoamide as anion, did not result in conversion

(Table 2.14, entries 2, 7, 10, 19 and 23). Although ionic liquids with (CN)2N"

counterions are less viscous,120 catalyst and substrates are poorly soluble. This likely

explains our recovery of only starting materials from these experiments.

Ill



2. Results and Discussion

The hexyl imidazolium derivatives showed comparable activities but lower

asymmetric induction in the addition of morpholine (Table 2.14, entries 5, 13, 16).

When thiomorpholine was used, both lower conversion and lower selectivity were

observed (53% ee, 44% yield).

Table 2.14. Catalysis of aliphatic and aromatic amines addition to acrylonitrile derivatives in

RMIM-X /hexane (2-phases-system)

entry Amine Olefin Ionic liquid3 TON TOF Yieldb eec

h % %
1

2

3

4

5

^^CN

j^r "CN
6

7

8

9
i

10 r~—-/H J

11 s-^~~~y ^^cn

12

13

14

15

16

C^X/ 1
EMIM«BF4

N^^7 ^CN

BMIM»CF3S03 20 0.83 >95 57

BMIM'DCA 0 0

EMIM«BF4 19 0.79 95 63

EMIM'CF3S03 19 0.79 95 61

HMIM»PF6 20 0.83 >95 46

BMIM'CF3S03 20 0.83 >95 16

BMIM'DCA 0 0

EMIM«BF4 20 0.83 >95 14

BMIM»CF3S03 10.4 0.43 52 30

BMIM'DCA 0 0

EMIM«BF4 20 0.83 >95 61

EMIM'CF3S03 20 0.83 >95 66

HMIM»PF6 8.8 0.37 44 53

BMIM'BF4 20 0.83 >95 65

EMIM«BF4 19 0.79 95 44

HMIM»PF6 20 0.83 >95 42

17 /^TVNH J EMIM'BF4 19 0.79 95 55

18

19

20

21

O"2 ^CN
BMIM'CF3S03
BMIM'DCA

EMIM'BF4
HMIM«PF6

0

0

0

0

0

0

0

0

22

23

24

25

<Q^N„, ~^^~^CN

BMIM«CF3S03
BMIM'DCA

EMIM»CF3S03

HMIM'PF,

0

0

2

0

0.08

0

0

10

0

8

26 (o| ^CN HMIM'PF6 19 0.79 95 rac

Ph2,Cy,Ph2-Pigiphos generated in situ. bYields determined by NMR, after extraction (Et20 :

hexane, 1:5) and evaporation of the organic solvent. ""Enantioselectivity determined by GC or

HPLC analysis.

The catalysis carried out in ethyl imidazolium salts gave an improvement of the

enantioselectivity for the hydroamination of methacrylonitrile with thiomorpholine.

Thus, when EMIM-CF3S03 is used as solvent the ee is 66%, while the ee was 61% in
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2. Results and Discussion

THF (Table 2.14, entry 12). Aliphatic non cyclic amines, including dibenzylamine,

reacted to give good to high yields (Table 2.14, entry 26). The addition of aniline to

crotonitrile or methacrylonitrile (Table 2.14, entries 18-25) did not give any

conversion for any imidazolium salts except for EMIM-CF3S03 (10% yield, 8% ee,

Table 2.14, entry 24).

The hydroamination reactions of a range of substrates were also tested in picolinium

derivatives (butyl and octyl-picolinium salts, Table 2.15). The advantage of

picolinium tetrafluoroborate, hexafluorophosphate, and dicyanoamide salts is their

insolubility in diethyl ether, telrahydrofuran, and ethylacetate. Thus, the extraction

of the organic substrates is facilitated.120,121,1" The catalytic activities in picolinium

salts were similar or better than in imidazolium salts, and the 2-phases-system was

viable also with these solvents. For example, reaction of morpholine and

methacrylonitrile, catalyzed by [Ni(P/gzp/zos)(THF)]2' complexes in

octylpicolinium-BF4, gave complete conversion and 53% ee (24 h at room

temperature, 1-phase system or 2-phases-system, Table 2.15, entries 1-2). Reaction of

aniline and methacrylonitrile in a solvent mixture of octylpicolinium-BF4 and hexane

gave good isolated yield and low enantioselectivity (71% yield, 23% ee, Table 2.15,

entry 22; Table 2.15, entry 28 for the addition of aniline to crotonitrile, 65% yield, 14%

ee). On the other hand, the enantioselectivities were in general lower than for the

catalysis in THF, under the same conditions. Only in the case of the addition of

thiomorpholine to methacrylonitrile the enantioselectivity was similar to that of the

hydroamination reaction in THF (59% ee, Table 2.15, entry 13). The catalysis in

OPTCBF4 was investigated for various derivatives of aniline. Substitution of the

arene on aniline had similar influences on the catalytic reaction as observed in THF

(Table 2.15 entries 33-38). In Figure 2.31 the additions of morpholine to

methacrylonitrile in ionic liquids are summarized.

lOO-j-
80-

60-
a ee% (R)

40- * 11
Yield %

20- ' 1
* yH SU

ed ed Cd m M en n n n 09

a £ s S S £ "d d '-d •8

s S S g S S n

bd
n

bd
P n

Cd
CO 8 n -a 33 h Ti Ti Ml >rl

0 T| T1 î1 T1 * +" o\
J-. <J\

en

O
tri

a-. *"

O n
X
S)

3

Scheme 2.31. Hydroamination catalysis of methacrylonitrile with morpholine
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Table 2.15 Catalysis of aliphatic and aromatic amines to acrylonitrile derivatives in RPICX

entry Amine Olefin Ionic liquid Conditions3 YiekF

%

ee

%

1

2

3

4

5

6

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

38

^3 J
^CN

£==y

S£^/N

£zf

<G^nh>

O-^

35

36 w\
.H"2

^CN

\_)~NH2 ^CN

^^
CN

^CN

OPIC'BF4
OPIC«BF4

OPIC'PF,
OPIC'DCA

BPIC'BF4
BPIC'DCA

OPIC'BF4
OPIC'BF4
OPIC'PF6
OPIC'DCA

BPIC'BF4
BPIC'DCA

OPIC-BF4

OPIC'BF4
OPIC'PF6
OPIC'DCA

BPIC'BF4
BPIC'DCA

OPIC'BF4

OPIC'BF4

OPIC'BF4

OPIC'BF4
OPIC'PF6
OPIC'DCA

BPIOBF4
BPIC'DCA

OPIC'BF4
OPIC'BF4

OPIC'PF6
OPIC'DCA

BPIC'BF4
BPIC'DCA

OPIC'BF4
OPIC'BF.

OPIC'BF4
OPIC'BF4

NHj
OPIC'BF4

1-phase-system
2-phases-system
2-phases-system
2-phases-system
2-phases-system
2-phases-system

1-phase-system
2-phases-system
2-phases-system
2-phases-system
2-phases-system
2-phases-system

1-phase-system
2-phases-system
2-phases-system
2-phases-system
2-phases-system
2-phases-system

1-phase-system
2-phase-system

1-phase-system
2-phases-system
2-phases-system
2-phases-system
2-phases-system
2-phases-system

1-phase-system
2-phases-system
2-phases-system
2-phases-system
2-phases-system
2-phases-system

1-phase-system
2-phases-system

1-phase-system
2-phases-system

37 S—XNH" ^L OPIC«BF4 2-phases-system

2-phases-system

99 53

99 53

>95c 46

25 35

>95c 62

5 rac

99 10

99 4

>95c 18

0

>95c 6

0

99 59

99 57

30 30

0

50 50

5 30

62 5

50 14

17 10

71 23

0

0

0

0

26 rac

65 14

0

0

0

0

8 19

14 18

9 rac

13 rac

rac

"Reactions in RPIC'X, or in RPIC'X/hexane (1:2), under inert conditions; 24 h, r.t.,5 mol%

cat.; catalyst: [Ni(PPP)(THF)](C104)2, PPP = Ph2,Cy,Ph2-Pigiphos generated in situ. bYield are

for isolated material after extraction and FC. cYields determined by NMR, after extraction

(Et20 : hexane, 1:5) and evaporation of the organic solvent. dEnantioselectivity determined by
GC or HPLC analysis.
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An additional benefit of the use of ionic liquids is that the catalyst/ionic liquid

mixture may be recycled (Table 2.16-18).

Table 2.16. Addition of amines to acrylonitrile derivatives with recycled catalyst in OPIGBF4
/hexane

entry Amine Olefin Recycling of the YotajfQN ^^b ^

catalyst / IL-systema % %

1 /^T Jn,

,C=rf
J^a,

/Vnh; ^^oj

„c^r^c

sc^ ^^
CN

<Q^NH2 CN

First catalysis 20 99 53

1. recycle after 3 dayse 40 (2 cycles) 99 10.1

2. recycle 59 (3 cycles) 95 6.3

3. recycle after 3 days 78 (4 cycles) 95 6.2

4. recycle 97 (5 cycles) 95 6.2

5. recycle 116 (6 cycles) 95 rac

Rec. from cat. from run 6 82 50

First catalysis 20 99 59

1. recycle after 3 days" 32 (2 cycles) 61 2.1

2. recycle 51 (3 cycles) 95 4.6

3. recycle after 3 days 70 (4 cycles) 95 rac

4. recycle 89 (5 cycles) 95 rac

5. recycle 108 (6 cycles) 95 rac

First catalysis 14 71 13.5

1. recycle after 3 days" 22 (2 cycles) 40 24.1

2. recycle 30 (2 cycles) 40 23.8

3. recycle after 3 days 34 (3 cycles) 20 24.3

4. recycle 38 (4 cycles) 18 24.3

5. recycle 40 (5 cycles) 8 23.6

First catalysis 20 99 4.2

1. recycle after 3 days6 39 (2 cycles) 95 7.1

2. recycle 59 (3 cycles) 99 8.4

3. recycle after 3 days 78 (4 cycles) 95 3.6

4. recycle 97 (5 cycles) 95 3.8

5. recycle 116 (6 cycles) 95 2.6

First catalysis 12 62 10.1

1. recycle after 3 days* 18 (2 cycles) 28 8.7

2. recycle 33 (3 cycles) 75 8.9

3. recycle after 3 days 43 (4 cycles) 50 10

4. recycle 53 (5 cycles) 50 9.7

5. recycle 72 (6 cycles) 95 8.5

First catalysis 13 65 16.9

1. recycle after 3 dayse 32 (2 cycles) 95 16.9

2. recycle 52 (3 cycles) 99 15.1

3. recycle after 3 days 54 (4 cycles) 8 14.7

4. recycle 56 (5 cycles) 9 14.1

5. recycle 58 (6 cycles) 10 14.9

a in situ generated [Ni(PPP)(THF)](C104) dissolved in OPIGBF*, under inert conditions, PPP =

Ph2,Cy,Ph2-Pigiphos. aCataylst are recycled after extraction of the organic products with

hexane : Et20 (1:1). bYields determined by !H-NMR, after extraction and evaporation of the

organic solvent. cEnantioselectivity determined by GC or HPLC analysis. dCatalysts kept on

air atmosphere for 3 days.

After the catalysis (24 h at room temperature), the catalyst/ionic liquid mixture was

extracted and washed by hexane : diethylether = 1:1 (5-10 times). The washed ionic
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liquid, containing the dicationic Pigiphos Ni(II) catalyst, was reused by addition of an

immiscible organic solvent (diethylether or hexane) containing the hydroamination

substrates. The 2-phases-system was stirred at room temperature for 24 h.

However, the good productivity of the recycled catalyst (total TON up to 116 after 6

cycles) of the hydroamination catalysis in OPICBF4 was not accompanied by a

constant enantioselectivity. Unexpectedly, in the addition of morpholine and

thiomorpholine to methacrylonitrile (Table 2.16 entries 1, 2) the enantioselectivity of

the hydroamination products decreased after the recycling of the catalyst several

times. For example, after recycling the catalyst 6 times, the product of the addition of

morpholine to methacrylonitrile was racemic. However, for the reaction of

methacrylonitrile and aniline or crotonitrile and morpholine, thiomorpholine and

aniline, the enantiomeric ratio remained constant (Table 2.16, entries 3-6). It is

important to note that the less nucleophilic aniline reacted more efficiently (TON up

to 58, after 6 cycles, Table 2.16, entry 6).

A catalyst mixture that had been recycled six times in the reaction of aniline and

crotonitrile was then used in the addition of morpholine and methacrylonitrile.

Surprisingly, after 24 h at room temperature the hydroamination product 2-methyl-

3-(iV-morpholinyl)-propionitrile was formed with moderate enantioselectivity (50 %

ee, 82% yield). This catalysis result is similar to the results of the hydroamination

with the non-recycled catalyst. Thus, it appears that aniline does not deactivate the

mckel(II) catalyst to the same degree as morpholine. However, it is difficult to

identify the specific factors responsible for the deteriorated enantioselectivity after

recycling the catalyst mixture.

The recycling procedure was also tried with the imidazolium salts (BMIM-BF^ Tables

2.17-18).

The hydroamination with methacrylonitrile did not give very high yields. After

recycling, the activity decreased (total TON 87 after 6 cycles, table 2.17, entry 1).

Nevertheless, the enantioselectivities remained constant for the first 3 cycles, and

were comparable to those of the non-recycled catalysts. The [Ni(PPP)(THF)](C104)2

complex in BMIM-BF4 did not catalyze the addition of aniline to methacrylonitrile.

Only traces of the products were detected by GC-MS analysis.

The addition of amines to crotonitrile gave higher productivity in hydroamination

products (TON up to 114). These results were comparable to those obtained with the

recycled catalyst in the picolinium salts (Table 2.18). No significant changes were

detected for the (low) enantioselectivities and also after 5 cycles the asymmetric

induction remained in the same range. Once again, the Ni2+ complexes dissolved in
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imidazolium salts did not catalyze the addition of aniline to an electron poor olefin

(Table 2.18, entry 5).

Table 2.17. Addition of amines to methacrylonitrile with recycled catalyst in BMIMBF4
/hexane

ent Amine Olefin Recycling of the Total TON Yield" eec

ry catalyst / IL-systema % %

1 £?T ^.

First catalysis
1. recycle

20

40 (2 cycles)

>99d

>99d

52.7

53.5
^ l-N

2. recycle 60 (3 cycles) >99d 53.4

3. recycle 72 (4 cycles) 58 51.1

4. recycle 81 (5 cycles) 47 51.6

5. recycle 87 (6 cycles) 32 48.2

i
First catalysis 20 >99d 53.8

2 S£=X?H ^CN
1. recycle 36 (2 cycles) 80 52.4

2. recycle 48 (3 cycles) 60 54.0

3. recycle 57 (4 cycles) 45 54.1

4. recycle 65 (5 cycles) 38 53.2

5. recycle 71 (6 cycles) 30 53.3

3 X==fn ^^CN
First catalysis
1. recycle

20

40 (2 cycles)

>99d

>99d

65.5

64.3

2. recycle 54 (3 cycles) 71 57.9

3. recycle 59 (4 cycles) 27 36.8

4. recycle 65 (5 cycles) 27 12.1

5. recycle 67 (6 cycles) 12 1.0

4 çzf* ^CN
First catalysis
1. recycle

20

39 (2 cycles)

>99d

94

54.5

54.9
MeN ^~-J

2. recycle 51 (3 cycles) 61 50.2

3. recycle 56 (4 cycles) 25 44.5

4. recycle 58 (5 cycles) 11 36.7

5. recycle 59 (6 cycles) 5 27.0

^CN
First catalysis traces rac

çy»*
1. recycle
2. recycle

traces

traces

rac

rac

3. recycle 0

4. recycle 0

5. recycle 0

J in situ generated [Ni(PPP)(THF)](C104) dissolved in BMIM-BF4, under inert conditions, PPP

= Ph2,Cy,Ph2-Pigiphos; cataylst are recycled after extraction of the organic products with

hexane : Et20 (5:1). bYields determined by lH-NMR, after extraction and evaporation of the

organic solvent. Tnantioselectivity determined by GC or HPLC analysis. dNo traces of

starting material are present in GC-MS or GC/HPLC analysis.
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Table 2.18. Addition of amines to crotonitrile with recycled catalyst in BMIM-BF4 /hexane

ent Amine ^^ Recycling of the Total fÖN Yieïdb ee'

ry catalyst / IL-systema % %

£z?

/==c/N

—f

5

o

First catalysis 20 99" 6.9

\^^CN 1. recycle 40 (2 cycles) 99d 1.8

2. recycle 60 (3 cycles) 99d 5.9

3. recycle 78 (4 cycles) 90 6.9

4. recycle 94 (5 cycles) 81 8.0

5. recycle 107 (6 cycles) 67 7.0

First catalysis 20 99d 8.5

~*^fi~^CN 1- recycle 30 (2 cycles) 50 8.2

2. recycle 38 (3 cycles) 40 4.4

3. recycle 43 (4 cycles) 25 3.2

4. recycle 49 (5 cycles) 32 3.1

5. recycle 53 (6 cycles) 20 2.1

First catalysis 20 99d 7.3

^^^cn 1. recycle 40 (2 cycles) 99d 6.4

2. recycle 60 (3 cycles) 99d
3. recycle 80 (4 cycles) 99d 5.4

4. recycle 100 (5 cycles) 99d 7.4

5. recycle 114 (6 cycles) 72 2.4

First catalysis 20 99d 14

\^^CN 1. recycle 40 (2 cycles) 99d

2. recycle 60 (3 cycles) 99d 13.3

3. recycle 80 (4 cycles) 99d 12.1

4. recycle 92 (5 cycles) 60 3.7

5. recycle 104 (6 cycles) 60 1.5

First catalysis - traces rac

\^\CN 1. recycle traces rac

2. recycle traces rac

3. recycle 0

4. recycle 0

5. recycle 0

a in situ generated [Ni(PPP)(THF)](C104) dissolved in BMIM-BF4, under inert conditions, PPP
= Ph2,Cy,Ph2-Pigiphos; cataylst are recycled after extraction of the organic products with

hexane : Et20 (5:1). bYields determined by 'H-NMR, after extraction and evaporation of the

organic solvent, enantioselectivities are determined by GC or HPLC analysis. dNo traces of

starting material are present in GC-MS or GC/HPLC analysis.

In conclusion, the [Ni(Pigiphos)(THF)]2+ complexes catalyze the addition of aliphatic

amines to methacrylonitrile and crotonitrile even in ionic liquids. In these solvents

higher activities were observed. Unfortunately, the enantioselectivities were not

improved. The use of ionic liquids could stabilize the cationic Ni-complexes,

allowing firstly, to carry out the catalysis without particular protection from oxygen

and humidity and secondly, to reuse the catalyst/solvent mixture. The recycling

process permits in fact an improvement of the total turnover number of the

hydroamination reactions.
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3. Conclusions

The improved procedure for the synthesis of (R)-(S)-PPFA derivatives has been

applied specially in the formation of new triphosphane ligands with two or three

ferrocenyl units. Also the "inverse" pseudo-C2 symmetric Gipiphos ligand has been

prepared following the same method, opening a wide range of possibilities to

synthesize new tridentate ligands (as the "inverse" S-Pigiphos or "inverse" O-

Pigiphos, or derivatives with different substituents). The tridentate ligand with three

ferrocenyl units (Fe38) could be improved with a fourth phosphane substituent

bound in l'-position of the cyclopentadienyl ring of the middle ferrocene: the result

should be a podal tetradentate PPPP-ligand, probably useful for the typical d6-, d4-

metal centers forming octahedral complexes such as, e.g., Ru, Ir, Rh.

On the other hand, the formation of PXP-ligands permits to amplify the tunability (of

their steric and electronic properties), rendering them Ci- or perfectly Q-symmetric.

These ligands could be used in asymmetric catalysis not only for hydroamination

reactions but also for Diels-Alder-reactions, classical Michael additions,

hydrophosphination and hydrothiolation reactions, etc.

The direct n2-coordination of an alkene molecule to the nickel(II) center has not been

observed, while [Ni(Pz'gz'p/zos)(NC-C=CR')]2+ complexes have been isolated and fully

characterized (where NC-C=CR' are various acrylonitrile derivatives). In all cases the

acrylonitrile species was coordinated to the nickel center via the N atom of the nitrile

group. These complexes are viewed as intermediate of a substrate activation catalysis

by Lewis acid.

The possibilities of variation in this area are virtually unlimited: from the electronic

and steric variation of the substituents on the three phosphines, to the improvements

in the stability of the nickel precursors. This should allow the synthesis of a large

range of new complexes that could be tested in asymmetric catalysis. In the case of

PXP ligands, the X donor, which can also be a carbene,268 could be exploited for the

stabilization of a Ni(II)-n2-olefin complex.

As far as catalysis is concerned, with this work it was possible to confirm the

theoretical studies at least in one point: nickel(II) complexes catalyze hydroamination

reactions. High activities and moderate to excellent enantioselectivities have been

found in the case of electron-poor olefins. The reaction efficiency, and, particularly,

the enantioselectivity, tolerates only very minor alterations of the substrates and of

the ligand and still lacks generality.
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The use of simple spot-tests facilitated the discovery of the best combination between

ligands and nickel(II) salts, indicating also that the square-planar arrangement and a

tridentate ligand are the conditio sine qua non for the catalytic activity of the nickel

precursor. Notwithstanding the substrate-limitation of this [Ni(PPP)(solvent)]2+

catalyst, a possible use in hydrophosphination,259 hydrothiolation or classical

asymmetric Michael addition could provide interesting results.

The use of ionic liquids showed an improvement of the activities, with the additional

possibility to increase the total turnover number by recycling the catalyst/solvent

system (up to 6 cycles). These results could be explained by a positive solvent effect,

where the cationic nickel complexes are stabilized by the liquid salts. Our

observations provide a nice example of how homogeneous catalysis could take

advantage from these new solvents.
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4.1. General

Chemicals

(R)-(+)-[l-(Dimethylamino)ethyl]ferrocene was provided by SOLVIAS AG and was

recrystallized as tartrate salt according to the reported literature procedure.169 Deuterated

solvents were purchased from Cambridge Isotope Laboratories (dichloromethane-d2, toluene-rf8,

acetone-rf6, benzene-d6, tetrahydrofurane-rf8, acetonitrile-d3,methanol-d4), ARMAR AG

(benzene-rf6), and Dr. Glaser AG (chloroform-d). The complexes [Pd(PPh3)4]269 and

[Ni(P(OPh)3)4]270 were synthesized according to literature procedures. The following

phosphines were synthetized by the published (or analogous) procedures: Cy2PH,271,272

ClP(3,4-(OMe)2Ph)2,179,225 ClP(3,5-(OMe)2Ph)2,I7s CIP(p-OMePh)2,178 lBuPH2.273,274 The following

compounds were purchased by STREM (Ni(SCN)2) Riedel de Häen (anhydrous NiCl2), Aldrich

AG (Pd(OAc)2, Pd(CF3COO)2, TIPF* Ni(C104)2.6H20, NiBr2, Na2[Fe(CN)5NO].2 H20, Fluka

(Na2S2Os, Cul, Pd/C 10%) or EGA Chemie (DPPF). The ionic liquids were obtained from

Lancaster (BMIM.CF3S03, EMIM.BF4, EMIM.CF3S03), Solventinnovation AG (BMIM.BFJ, Fluka

(BMIM.PF5) or Lonza AG (OPICBF4, OPICPF6, OPICDCA, BMIM.DCA, BPIC.BF4,

BPICDCA). Dr. Rhony Aufdenblatten (for TIBF^ BIPHEMP and BINAP) and Dr. Pierluigi

Barbaro (for (R^RJ-PPPch,,. and (RÄSJ-PPP^ are gratefully acknowledged. The substrates

needed for the catalysis (morpholine, thiomorpholine, piperidine, N-methylpiperazine,

aniline, acrylonitrile, methacrylonitrile, crotonitrile, methylacrylate, eihylacrylate,

methylcrotonate, ethylcrotonate) were distilled under Argon in the presence of (3-4 Â)

molecular sieves. All other commercially available chemicals were purchased from Fluka AG,

Aldrich AG or ACROS AG and used without further purification.

Techniques

All reactions with air- or moisture-sensitive materials were carried out under Argon using

standard Schlenk techniques or in a glove box under Nitrogen. The solvents used for

synthetic and recrystallisation purposes were of "puriss p.a." quality (Fluka AG, Riedel-de

Häen or Merck) and were distilled under Argon (THF from Na/benzophenone; CH2C12,

MeOH, EtOH, and acetonitrile from CaH2; pentane, hexane, toluene and Et20 from Na/K).

For flash chromatography, technical grade solvents were generally used. NMR-solvents for

sensitive compounds were cold distilled under Argon (toluene-d8, C6D6 from Na/K; CD2C12

from Na/Pb; CDC13, acetone-d8, MeOH-d4, acetonitrile- d3 from molecular sieves).

Analytical techniques and instruments

TLC: Silica: Merck 60-F254; Alumina: Macherey-Nagel co N/UV254; detection: UV-light (254

nm), mostain (10 g (NH4)6[Mo7024]. 4H20, 12 mL H2S04 cone, 190 mL H20, 0.4 g Ce(S04)2

.nH20) or KMn04/H2S04. FC: Silica: Fluka Kieselgel 60; Alumina: ICN Alumina N Akt. I.

NMR: The routine 31P{'H}-, 13C{'H}-, and 'H-NMR spectra were measured in the given solvent

on either a Bruker Avance 200 [frequency in MHz: 13C: 50.32, *H: 200.13] or Bruker Avance 250

[frequency in MHz: 31P: 101.26,13C: 62.90, 'H: 250.13] or Bruker Avance 300 [frequency in MHz:
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31P: 121.49,19F:282.40,13C: 75.47,1H: 300.13] or Bruker Avance DPX500 [frequency in MHz: 31P:

102.46, 13C: 125.75, !H: 500.23] at room temperature. The chemical shifts ô are given in ppm

relative to TMS, and referenced to the solvent signal for !H- and "C^HJ-NMR, relative to an

external reference for 19F{'H}- [CFC13: 6 = 0.0 ppm], and 31P{'H}-NMR [H3P04 (85%): 6 = 0.0

ppm]. The coupling constants J are given in Hertz. The multiplicity is denoted by the

following abbreviations: s: singlet; d : doublet; t: triplet; a: quartet; m: multiplet; dd: doublet of

doublet; dt: doublet of triplet; dq: doublet of quartet; br: broad. Other abbreviations used are:

Ar: aryl; cp: cyclopentadienyl; Cy: cyclohexyl; Ph: phenyl. MS: Measurements (EI-MS, FAB-

MS, MALDI-MS) were performed by the MS-service of the "Laboratorium für Organische

Chemie der ETHZ". The signals are given as m/z and the intensity in % of the base peak. EA:

Analysis were performed by the micro elemental analysis service of the "Laboratorium für

Organische Chemie der ETHZ". IR: Perkin-Elmer-Paragon 1000-FT-IR-Spectrometer; measured

in Kbr, in Nujol or in CHC13; only the characteristic peaks are given in cm'1. HPLC: Agilent

Series 1100 or HP 1050 with UV-detector (DAD); flow in mL/min, eluent (hexane:'PrOH-ratio)

and wavelengths are given in each experiments; columns: Chiralcel OD-H (4.6 x 250 mm,

particle 5 izm), Chiralcel OJ (4.6 x 250 mm, particle 10 zzm) or Chiralcel OB-H (4.6 x 250 mm,

particle 5 izm). GC: Fisons Instruments GC 8000 Series or ThermoQuest Trace GC 2000 Series with

FID-detector; columns: ct-dex 120 (30m x 0.25mm x 0.25 |i/m), ß-dex 120 (30m x 0.25mm x 0.25

izm) or Y-dex 120 (30m x 0.25mm x 0.25 urn). GC-MS: Themo Finnigan TraceMS, EI-MS,

column: Zebron 2B-5 (30m x 0.25mm x 0.25 um). Polarimeter: Perkin Elmer 341; cell 10 cm,

solution in CHC13 or in EtOH, 22 °C; c in g/100 mL. Crystallography: X-ray structural

measurements were carried out by Dr. Diego Broggini, Isabelle Haller, or Sebastian Gischig

on a Siemens CCD diffractometer (Siemens SMART PLATFORM, with CCD detector,

graphite monochromator, Mo-K -radiation)). The program SMART served for data collection.

Integration was performed with SAINT. The structure solution (direct methods) was

accomplished with SHELXTL 97. Model plots were made with ORTEP32 or CrystalMaker.

Quest: Argonaut Quest 210, with Thermostat, wash module and gas module; 20 Vials (1-10

Part A, 11-20 Part B), 5 or 10 mL; vertical stirring; high pressure (N2) ca. 30 psi, low pressure

(N2) ca. 9 psi; solvents from bottle (purum - puriss. p.a.) degassed with N2; autowash programs:

1 (3x ethanol, 3x acetone, 2x hexane, 2x dichloromethane) or 2 (3x acetone, 3x

dichloromethane, 3x hexane)
.t
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4.2. Synthesis of the ligands

(2S)-2-Bromo-l-[(lR)-l-(dimethylamino)ethyl]ferrocene§(Fel)

'BuLi (15.3 mL, 20 mmol, 1.65M in pentane) was added to an Et20 |

solution (40 mL) of (R)-[l-(Dimethylamino)ethyl]ferrocene (5 g ,
19.4 ç^^-^My

mmol) at -78 °C. The mixture was stirred at that temperature for 30 Fe^Br
min before it was allowed to warm to room temperature. After stirring ^x~T^
for 1 h, 1,2-dibromotetrafluoroethane (3.1 mL, 25 mmol) was added dropwise at -78 °C and

the mixture was gradually warmed to room temperature and stirred overnight. The reaction

mixture was treated with NaHC03 and extracted with Et20 (3x). The organic layer was

washed with water (2x), dried over MgS04 and then the solvent was removed under reduced

pressure. The crude product was purified by flash chromatography (hexane:EtOAc = 1:2 +

5%Net3) and recrystallized at -78 °C from dichloromethane/hexane, yielding Fel (5.83 g ,

89.1%).

'H-NMR (250.13 MHz, CDC13): <51.53 (d, 3 H, J = 8.7, CHMe), 2.14 (s, 6 H, NMe2), 3.75 (q, 1 H, J

= 6.9, CHMe), 4.11 (m, 1 H, CH(cp)), 4.14 (m, 1 H, CH(cp)), 4.17 (s, 5 H, CH(cp')), 4.46 (m, 1 H,

CH(cp)). "CFHJ-NMR (75.47 MHz, CDC13): <5 16.78 (CH3, CHMe), 41.15 (NMe2), 56.06

(CHMe), 65.16 (CH, cp), 65.66 (CH, cp), 69.81 (CH, cp), 71.18 (CH, cp'), 79.78 (C, cp), 87.38 (C,

cp). [a] +13.8 (c=l, CHCL). MS (EP): m/z 336.9 (12.9, [M+]), 289.9 (100, [M+-NMe2]. EA: Anal.

Calc. for C14H18FeNBr (336.05): C, 50.04; H, 5.40; N, 4.17; Br, 23.78; found: C, 50.24; H, 5.45; N,

4.16; Br, 23.86.

(S)-2-Diphenylphosphino-l-[(lR)-l-(dimethylamino)ethyl]ferrocenet (Fe2)

A solution of *BuLi (16 mL, 27.2 mmol, 1.65 M in pentane) was added at

-78 °C to a solution of (R)-[l-(Dimethylamino)ethyl]ferrocene (7 g, 27.2

mmol) in 30 mL Et20. After stirring for 30 min, the solution was ^ZZ5y"~ NMe2

allowed to warm to room temperature and stirred for 45 min The
/p^Sx ^n2

mixture was then cooled to -78 °C and ClPPh2 (4.5 mL ,
24.5 mmol) ^^

dissolved in 10 mL Et20 was added dropwise. After warming to room temperature

overnight, a saturated aqueous solution of NaHC03 was added to the solution and the

product was extracted with Et20, washed with brine and dried (MgS04). Evaporation of the

solvent yielded the crude solid product that was purified by recrystallisation (EtOH/EtOAc

or EtOH/hexane) and by flash chromatography (hexane:EtOAc = 5:1 + 5% NEt3): 9.1 g

(84.2%).

'H-NMR (250.13 MHz, CD2C12): 6 1.26 (d, 3 H, J = 6.7, CHMe), 1.81 (s, 6 H, NMe2), 3.89 (m, 1 H,

CH(cp)), 3.95 (s, 5 H, CH(cp')), 4.21 (q, 1 H, J = 6.7, CHMe), 4.28 (m, 1 H, CH(cp)), 4.42 (s, 1 H,

CH(cp)), 7.20 (m, 5 H, CH(Ph)), 7.39 (m, 3 H, CH(Ph)), 7.63 (m, 2 H, CH(Ph)). "C^HJ-NMR

" Improved procedure for the synthesis using 'BuLi instead of "BuLi178

Improved procedure for the synthesis of the ligand (first published by Hayashiln, then used and improved in the

Togni group).178225
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(75.47 MHz, CDC13): ö 8.1 (CH3, CHMe), 38.7 (NMe2), 57.1 (CHMe), 68.2 (CH(cp)), 69.3

(CH(cp)), 69.6 (CH(cp')), 71.6 (CH(cp)), 79.78 (C(cp)), 97.3 (C(cp)), 126.8, 127.2, 127.8, 128.6,

132.1, 135.2 (CH(Ph), 139.3, 141.6 (C(Ph). 31P{'H}-NMR (101.25 MHz, CD2C12): ô -22.14 (PPh2).

EA: Anal. Calc. for C26H28FePN (441.33): C, 70.76; H, 6.39; N, 3.17; P, 7.02; found: C, 70.88; H,

6.38; N, 3.14; P, 7.10.

(S)-2-Diethylphosphino-l-[(lR)-l-(dimethylamino)ethyl]ferrocene(Fe3)

A solution of 'BuLi (2.6 mL, 4.4 mmol, 1.7 M in pentane) was added at -
_

78 °C to a solution of (R)-[l-(Dimethylamino)ethyl]ferrocene (1.13 g, 4.4 _^s==Br^JLxTlwr
mmol) in 10 mL Et20. After stirring for 30 min, the solution was t!s

re
PEt9

warmed to room temperature and stirred for 45 min. The mixture was /JCZ^,
then cooled to -78 °C and ClPEt2 (0.5 g ,

4 mmol) dissolved in 2 mL of

pentane was added dropwise. The solution was stirred at -78 °C for 1 h, then allowed to

warm to room temperature and stirred for 12 h. Saturated aqueous solution of NaHC03 was

added to the solution and the product was extracted with Et20, washed with brine (2x) and

dried (MgS04). Evaporation of the solvent yielded a crude product that was purified by flash

chromatography (hexane:EtOAc = 5:1 +5% NEt3, under argon): 0.853 g (61.6%) orange oil.

'H-NMR (300.13 MHz, CD2C12): <5 0.84 (td, 3 H, J = 7.6, J = 11.3, CH2CH3), 1.15 (t, 3 H, J = 8.0,

CH2CH3), 1.24 (d, 3 H, J = 7.0, CHCH3), 1.42 (m, 2 H, CH2CH3), 1.55 (m, 2 H, CH2CH3), 1.78 (q, 1

H, J = 5.5, CHMe), 2.07 (s, 6 H, N(CH3)2), 4.04 (s, 5 H, CH(cp')), 4.13 (m, 1 H, CH(cp)), 4.19 (m, 1

H, CH(cp)), 4.28 (m, 1 H, CH(cp)). 3,P{'H}-NMR (121.49 MHz, CDC13): ô -30.69 (PEt2).

(S)- 2 - Bis-[(p-trifluoromethyl)phenyl]phosphino-l- [(IR)- 1- (dimethylamino) ethyl]

ferrocene (Fe4)1

A solution of 'BuLi (14 mL, 23 mmol, 1.6 M in pentane) was added at -

78 °C to a solution of (R)-[l-(Dimethylamino)ethyl]ferrocene (5.14 g,
"NMe2

20 mmol) in 50 mL Et20. After stirring for 30 min, the solution was ^^^
Fe

p(rr;F -Ph)
allowed to warm to room temperature and stirred for 45 min. The 4£^&

" 3 2

mixture was then cooled to -78 °C and ClP(m-CF3Ph)2 (8.56 g, 24

mmol) dissolved in 20 mL Et20 was added dropwise. The solution was stirred at -78 °C for 1

h, then allowed to warm to room temperature and stirred for 12 h. Saturated aqueous

solution of NaHC03 was added to the mixture and the product was extracted with Et20,

washed with brine (2x) and dried (MgS04). Evaporation of the solvent yielded a crude

product that was purified by flash chromatography (hexane:EtOAc = 5:1 +5% NEt3): 8.57 g

(74.2%).

'H-NMR (300.13 MHz, CD2C12): ô 1.23 (d, 3 H, J = 6.7, CHCH3), 1.74 (s, 6 H, N(CH3)2), 3.77 (m,

1 H, CH(cp)), 3.99 (s, 5 H, CH(cp')), 4.18 (q, 1 H,} = 5.5, CHMe), 4.32 (m, 1 H, CH(cp)), 4.46 (m,

1 H, CH(cp)), 7.3 (m, 2 H, CH(Ph)), 7.4 (m, 3 H, CH(Ph)), 7.6 (m, 2 H, CH(Ph)), 8.0 (d, 2 H,

CH(Ph)). 31P{'H}-NMR (121.49 MHz, CDCL): 6 -20.06 (P(wz-CF3Ph)2. "F-NMR (282.40, aceton-

d6): ô-63.27 (d, J = 26.5, P(m-CF3Ph)2.

Improved procedure for the synthesis using 'BuLi instead of nBuLi '

124



4. Experimental

NMe2

(S)-2-{Bis-[3,5-bis(trifluoromethyl)phenyl]phosphino-l-[(lR)-l-(dimethyl

aminojethyllferrocene1 (Fe5)

A solution of *BuLi (6.8 mL, 9.8 mmol, 1.65 M in pentane) was

added at -78 °C to a solution of 2.5 g (20 mmol) (R)-[l-

(Dimethylamino)ethyl]ferrocene in 30 mL Et20. After stirring for
_ >.

,«,,„„
/Ä. P[3,5-(CF3),Ph]2

30 min, the solution was allowed to warm to room temperature 4£~2>

and stirred for 45 min. The mixture was then cooled to -78 °C and

5.27 g (10.7 mmol) of ClP(3,5-(CF3)2Ph)2 dissolved in 10 mL Et20 were added dropwise. The

solution was stirred at -78 °C for 1 h, then allowed to warm to room temperature and stirred

for 12 h. Saturated aqueous solution of NaHC03 was added to the solution and the product

was extracted with Et20, washed with brine (2x) and dried (MgS04). Evaporation of the

solvent yielded a crude product that was purified by flash chromatography (hexane:EtOAc =

5:1 + 2% NEtj): 5.62 g (80.9%).

'H-NMR (300.13 MHz, CDCL): Ö 1.21 (d, 3 H, J = 6.7, CHCH3), 1.69 (s, 6 H, N(CH3)2), 3.64 (m, 1

H, CH(cp)), 4.01 (s, 5 H, CH(cp')), 4.14 (q, 1 H, CHMe), 4.36 (m, 1 H, CH(cp)), 4.48 (m, 1 H,

CH(cp)), 7.6 (d, 2 H, CH(Ph)), 7.7 (s, 1 H, CH(Ph)), 7.8 (s, 1 H, CH(Ph)), 7.95 (d, 2 H, CH(Ph)).

31P{'H}-NMR (121.49 MHz, CDC13): ô -19.05 (P(3,5-(CF3)2Ph)2. MS (EI+): m/z 713.4 (77, [M+]),

669.3 (100, [M+-NMe2]. EA: Anal. Calc. for C30H24FeF12NP (713.33): C, 50.51; H, 3.39; N, 1.96;

found: C, 50.46; H, 3.37; N, 1.76.

(S)-2-Phenylchlorophosphino-l-[(lR)-l-(dimethylamino)ethyl]ferrocene (Fe6)

A solution of 'BuLi (7.07 mL, 11.66 mmol, 1.65 M in pentane) was added >

at -78 °C to a solution of (R)-[l-(Dimethylamino)ethyl]ferrocene (3.01 g, t-^==^3^J-jsnvie
11.66 mmol) in 15 mL Et20. After stirring for 30 min, the solution was ^Fe^p_pi,
allowed to warm to room temperature and stirred for 45 min. The /JCZj^ q

mixture was then cooled to -78 °C and Cl2PPh (1.7 mL, 12.8 mmol) was added dropwise.

After warming to room temperature overnight, saturated aqueous solution of NaHC03 was

added to the solution and the product was extracted with CH2C12, washed with brine (2x) and

dried (MgS04). Evaporation of the solvent yielded a crude product that was purified by flash

chromatography (TBME:hexane = 2:1 + 5% NEt3): 0.845 g (18.1%, isomer A) + 1.402 g (30.1%,

isomer B).

Isomer A (Rf=0.1 ):

1H-NMR (250.13 MHz, CDC13): Ö 1.22 (d, 3 H, J = 6.7, CHCH3), 1.76 (s, 6 H, N(CH3)2), 4.24 (q, 1

H, J = 7.0, CHMe), 4.36 (s, 5 H, CH(cp')), 4.41 (m, 1 H, CH(cp)), 4.45 (m, 2 H, CH(cp)), 7.4 (m, 3

H, CH(Ph)), 7.72 (m, 2 H, CH(Ph)). "Pl'HJ-NMR (101.25 MHz, CDC13): <5 20.95 (PClPh).

Isomer B(R(=0.07):

'H-NMR (250.13 MHz, CDCL): ô 1.23 (d, 3 H, J = 6.7, CHCH3), 1.93 (s, 6 H, N(CH3)2), 4.19 (q, 1

H, J = 6.7, CHMe), 4.25 (m, 1 H, CH(cp)), 4.33 (s, 6 H, CH(cp')+ CH(cp)), 4.40 (m, 1 H, CH(cp)),

7.44 (m, 3 H, CH(Ph)), 7.75 (m, 2 H, CH(Ph)). 31P{'H}-NMR (101.25 MHz, CDC13): ô 19.78

(PClPh).

'
Improved procedure for the synthesis using 'BuLi instead of nBuLi '
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(S)-2-Pyridyl-[(lR)-l-(dimethylamino)ethyl]ferrocene (Fe7)

(R)-[l-(Dimethylamino)ethyl]ferrocene (1 g, 3.89 mmol) was dissolved

in 28 mL THF. A solution of 'BuLi (2.52 mL, 4.28 mmol, 1.7 M in t^^^^NMe,
pentane) was added at -78 °C and the solution stirred for 1 h at -78 °C Fe

and for 1 h at room temperature A solution of dried ZnCl2 (517 g, 3.8 ^^^*

mmol) in 10 ml THF was added at 0 °C In the meantime a solution of DIBAL-H (0.16 mL,

0.19 mmol, 20% in toluene) was slowly added to a suspension of [PdCl2(PPh3)2] (63.3 mg, 0.09

mmol) in 3 mL THF (formation of a dark brown solution). The Pd-solution was added to the

ferrocene solution and the mixture was stirred at room temperature for 5 h. 2-Bromopyridine

(0.23 mL, 2.3 mmol) was added to this mixture. After 6 d at room temperature, 15 mL of a 2.5

M NaOH solution was added, the aqueous layer was extracted with CH2C12 (2x). The

combined organic phases were washed with brine, dried over MgS04 and the solvents

removed under reduced pressure. Purification with flash chromatography (hexane:EtOAc =

1:1 + 5%NEt3) yielded 154 mg (12%) of a dark brown oil.

'H-NMR (300.13 MHz, CDCL): 6 1.59 (d, 3 H, J = 6.9, CHMe), 1.95 (s, 6 H, NMe2), 4.06 (s, 5 H,

CH(cp')), 4.34 (m, 2 H, CH(cp)), 4.51 (q, 1HJ = 6.9, CHMe), 4.73 (m, 1 H, CH(cp)), 7.08 (m, 1

H, Py), 7.58 (m, 2 H, Py), 8.57 (m, 1 H, Py). "CfHJ-NMR (75.49 MHz, CDCL): ô 15.80 (CHMe)

40.15 (NMe2), 54.73 (CHMe), 67.15 (CH, cp), 67.95 (CH, cp), 68.49 (CH, cp), 69.93 (CH, cp'),

84.59 (C, cp), 87.67 (C, cp), 120.21 (CH, Py), 122.77 (CH, Py), 135.13 (CH, Py), 148.64 (CH, Py),

159.68 (C, Py).

(S)-2-Bromo-((lR)-l-acetoxyethyl)ferrocene (Fe8)

A solution of Fel (2.31 g, 6.9 mmol) was dissolved in 4.3 mL of acetic I

anhydride and stirred at reflux for 2 h. Evaporation of the solvent (HV) ^g^^^^^QAc

yielded the crude product, purified by flash chromatography Fe Rr

(hexane:EtOAc = 1:1 + 2%NEt3): 2.22g (91%). ^^
'H-NMR (250.13 MHz, CDCL): ô 1.63 (d, 3 H, J = 4.0, CHMe), 2.01 (s, 3 H, OCOCH3), 4.14-4.21

(m, 6 H, CH(cp')+CH(cp)), 4.28 (m, 1 H, CH(cp)), 4.50 (m, 1 H, CH(cp)), 6.06 (q, 1 H, J = 6.5,

CHMe). "Q'Hl-NMR (75.49 MHz, CDCL): <515.80 (CHMe) 40.15 (NMe2), 54.73 (CHMe), 67.15

(CH, cp), 67.95 (CH, cp), 68.49 (CH, cp), 69.93 (CH, cp'), 84.59 (C, cp), 87.67 (C, cp), 120.21

(CH, Py), 122.77 (CH, Py), 135.13 (CH, Py), 148.64 (CH, Py), 159.68 (C, Py).

(S)-2-Diphenylphosphino-((lR)-l-acetoxyethyl)ferrocene'83(Fe9)

A solution of (S)-2-Diphenylphosphino-l-[(lK)-(l-dimethylamino)

ethyl)ferrocene (R,S-PPFA) (0.7 g, 1.59 mmol) was suspended in 1 mL

acetic anhydride and stirred for 2 h at 100 °C After evaporation of the Na^fT
Fe PPh7

solvent (HV) the crude product was purified by flash chromatography /P~3\

(Hexane:EtOAc = 1:1 + 2% NEt3). 0.67 g (92%) of an orange-red powder

were obtained. 'H-NMR (300.13 MHz, CDCL): <51.18 (s, 3 H, OCOMe), 1.64 (d, 3 H, J = 6.4,

CHMe,), 3.81 (m, 1 H, CH(cp)), 4.04 (m, 5 H, CH(cp')), 4.36 (m, 1 H, CH(cp)), 4.58 (m, 1 H,

CH(cp)), 6.21 (q, 1 H, CHMe, J = 3.6), 7.22 (m, 5 H, Ph), 7.26 (m, 3 H, Ph), 7.37 (m, 2 H, Ph).

31P{'H}-NMR (101.26 MHz, CDCL): ô -24.36 (PPh2).
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(S)-2-Dicyclohexylphosphino-((lR)-l-acetoxyethyl)ferrocene241 (Felo)

A solution of (S)-2-Dicyclohexylphosphino-l-[(lR)-(l-dimethylamino)

ethyl)ferrocene (R,S-CyPFA) (1.3 g, 2.94 mmol) was suspended in 5 mL öff^ö^^^OAc
acetic anhydride and stirred for 2.5 h at 100 °C. After evaporation of the Fe Npf>
solvent (HV) and extraction with CH2C12/water, the crude product (1.301 '^^
g, 96%) was purified by flash chromatography (hexane:TBME = 10:1): 0.549 g (58.7%). 'H-

NMR (250.13 MHz, CDCL): Ô 0.9-2.5 (m, 22 H, CH(Cy)), 1.35 (d, 3 H, CHMe), 1.55 (s, 3 H,

OCOMe), 4.06 (m, 5 H, CH(cp')), 4.36 (m, 1 H, CH(cp)), 4.67 (m, 1 H, CH(cp)), 4.98 (m, 1 H,

CH(cp)), 6.84 (qd, 1 H, J = 2.0, J = 6.5, CHMe). 31P{'H}-NMR (101.26 MHz, CDCL): <5 -14.14

(PCy2).

(S)-2-{Bis-[3,5-bis(trifluoromethyl)phenyl]phosphino-((lR)-l-acetoxyethyl)ferrocene(Fell)

A solution of (S)-2-Dicyclohexylphosphino-l-[(lR)-(l-dimethyl 1

amino)ethyl)ferrocene (R,S-CyPFA) (0.42 g, 1.2 mmol) was öff^&^^OAc
suspended in 5 mL acetic anhydride and stirred for 2.5 h at 100 °C. Fe Np[3 5_(CF ) Phi

After evaporation of the solvent (HV) and extraction with *"^^^

CH2C12/water, the crude product was purified by flash chromatography (hexane:TBME =

10:1): 0.239 g (71%).

'H-NMR (250.13 MHz, CDCL): a 1.29 (s, 3 H, OCOMe), 1.64 (d, 3HJ = 6.2, CHMe), 3.62 (m, 1

H, CH(cp)), 4.06 (m, 5 H, CH(cp')),, 4.51 (m, 1 H, CH(cp)), 4.71 (m, 1 H, CH(cp)), 6.12 (m, 1 H,

CHMe), 7.54 (d, 2 H, I = 5.7, CH(Ph)), 7.80 (s, 1 H, CH(Ph)), 7.91 (d, 2 H, J = 7.0, CH(Ph)), 7.97

(s, 1 H, CH(Ph)). 31P{'H}-NMR (101.26 MHz, CDCL): <5 -19.86 (P[3,5-(CF3)2Ph]2. MS (FAB+):

m/z 728.0 (100, [M+]), 669.0 (50.6, [M+-COOCH3]. EA: Anal. Calc. for C30H21FeF12O2P (728.30):

C, 49.48; H, 2.91; found: C, 49.65; H, 2.96.

(S)-2-Pyridyl-((lR)-l-acetoxyethyl)ferrocene(Fel2)

A solution of Fe7 (93.1 mg, 0.28 mmol) was dissolved in 0.5 mL degassed

acetic anhydride and stirred at 100 °C for 2 h. After 24 h at 4 °C the ^Z5?^TOAc

solvent was removed under reduced pressure and the resulting oil

purified by flash chromatography (hexane:EtOAc = 1:1 + 2%NEt3): 21.7

mg (23%).

'H-NMR (250.13 MHz, CDC13): 6 1.73 (d, 3 H, J = 6.5, CHMe), 1.88 (s, 3 H, OCOMe), 4.09 (s, 5

H, CH(cp')), 4.39 (f, 1 H, CH(cp)), 4.53 (f, 1 H, CH(cp)), 4.76 (m, 1 H, CH(cp)), 6.62 (q, 1 H, J =

6.5, CHMe), 7.07 (m, 1 H, Py), 7.43 (d, 1 H, J = 8.0, Py), 7.57 (td, 1 H, J = 1.8, J = 7.5, Py), 8.48 (dd,

1 H, J = 0.9, J = 4.8, Py). 13C{'H}-NMR (62.90 MHz, CDCL): ô 18.90 (CHMe) 21.28 (OCOMe),

68.25, 68.43, 68.96, 69.63 (CHMe, CH(cp)), 70.40 (CH(cp')), 83.98 (C(cp)), 86.22 (C, cp), 120.61

(CH, Py), 121.63 (CH, Py), 135.52 (CH, Py), 148.99 (CH, Py), 158.89 (C, Py), 170.44 (OCOMe).

(S)-2-Diphenylphosphino-((lR)-l-thioacetoethyl)ferrocene'83(Fel3)

(R, S)-PPFA (4.61 g, 10.4 mmol) and KSAc (2.49 g, 21.8 mmol, purified by ^^^^^q^
crystallization from hot-EtOH/CH2Cl2) were suspended in 75 mL I^e^pph
degassed acetic acid. The suspension was stirred for 3.5 h at 80 °C. After ^^^^
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cooling to room temperature, 300 mL of Et20 was added and the organic phase was washed 3

times with 50 mL H20.

'H-NMR (250.13 MHz, CDC13): Ô 1.75 (d, 3 H, J = 7.0, CHMe), 1.81 (s, 3 H, SCOMe), 3.89 (m, 1

H, CH(cp)), 4.02 (s, 5 H, CH(cp')), 4.33 (m, 1 H, CH(cp)), 4.42 (m, 1 H, CH(cp)), 4.90 (m, 1 H,

CHMe), 7.21 (m, 5 H, Ph), 7.37 (m, 3 H, Ph), 7.58 (m, 2 H, Ph). 13C{'H}-NMR (75.47 MHz,

CDCL): ô 22.81 (CH3), 30.13 (SCOMe), 38.37 (CHMe), 69.36 (CH(cp)), 69.41 (CH(cp)), 70.23

(CH(cp')), 71.35 (CH(cp)), 72.20 (C(cp)), 95.97 (C(cp)), 128.01, 128.04, 128.10, 128.38, 128.49,

129.43,129.44 (CH, C, YPh2), 133.45 (d, J = 18.7, CH PPh2), 135.63 (d, J = 21.6, CH PPh2), 140.04,

140.17 (CH, PPh2), 194.65 (SCOMe). 31P{'H}-NMR (121.49 MHz, CDCL): <5 -24.25 (PPh2).

(S)-2-Dicyclohexylphosphino-((lR)-l-thioacetoethyl)ferrocene (Fel4)

(R, S)-CyPFA (1.96 g, 4.44 mmol) and KSAc (1.01 g, 8.88 mmol, purified I

by crystallization from hot EtOH/CH2Cl2) were suspended in 15 mL ^^^^"^^^SAc
degassed acetic acid. The mixture was stirred for 4 h at 80 °C After Fg PCy2

cooling to room temperature 300 mL of Et20 was added and the organic ^^^"^

phase was washed 3 times with 50 mL H20. The crude product was purified by flash

chromatography (hexane:TBME = 3:1): 1.21 g (57.5%).

'H-NMR (250.13 MHz, CDCL): Ô 1.0-2.3 (m, 22 H, CH(Cy)), 1.27 (s, 3 H, OCOMe), 1.77 (d, 3 H,

J = 7.5, CHMe), 4.16 (m, 6H, CH(cp'), CH(cp)), 4.31 (m, 2 H, CH(cp)), 4.65 (q, 1 H, J = 3.2,

CHMe). "P{'H}-NMR (101.26 MHz, CDC13): <5 -13.26 (PCy2).

(S)-2-Diphenylphosphino-((lR)-l-mercaptoethyl)ferrocene183 (Fel5)

Fel3 (0.4 g ,
0.85 mmol) and LiAlH4 (64 mg, 1.69 mmol) were suspended I

in 20 mL Et20. After 16 h at room temperature the mixture was poured ^g==a5>^"~^SH

into an ice/water solution at pH=l (prepared with 1.0 M HCl). The Fe PPh2

aqueous layer was extracted with Et20 (2x) and the combined organic ^^^"^

layers washed with brine, dried over MgS04 and the solvents were removed under reduced

pressure. Recrystallization from hot EtOH yielded 0.29 g (79%) of orange needles.

'H-NMR (300.13 MHz, CDCL): Ö 1.74 (s, 1 H, SH), 1.77 (d, 3 H, J = 7.2, CHMe), 3.95 (m, 1 H,

CH(cp)), 3.97 (s, 5 H, CH(cp')), 4.37 (m, 1 H, CH(cp)), 4.36-4.48 (m, 2 H, CH(cp), CHMe), 7.25-

7.29 (m, 5 H, Ph), 7.40-7.42 (m, 3 H, Ph), 7.55-7.62 (m, 2 H, Ph). 13C{'H}-NMR (75.47 MHz,

CDCL): <5 24.24 (CHMe), 32.90 (CHMe), 67.52 (CH(cp)), 69.95 (CH(cp)), 70.04 (CH(cp')), 71.79

(CH(cp)), 74.79 (C(cp)), 77.82 (C(cp)), 128.38,128.40,128.46,128.49, 128.57,128.60, 128.61 (CH,

C, YPh2), 133.24 (d,} = 18.1, CH PPh2), 135.61 (d, ] = 21.7, CH PPh2), 140.35 (CH, PP/i2). 31P{'H}-

NMR (121.49 MHz, CDC13): <5-24.55 (PPh2).

(S)-2-Bromo-(lR)-[l-(dicyclohexylphosphinoborane)ethyl]ferrocene (Fel6)

To a solution of Fel (lg, 2.97 mmol) in 10 mL degassed acetic acid was

added HPCy2 (0.9 mL, 4.45 mmol) at room temperature. The mixture
_-=_ _JL^

was stirred at 110 °C. After 16 h the solution was cooled to room ^!^
'T

Fe Br BH3

temperature, the solvent removed under reduced pressure (HV) and ZCZ2^
the oil dissolved in THF. BH3.SMe2 (0.84 mL, 8.91 mmol) was added
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and the solution stirred at room temperature overnight. Evaporation of the solvents and

recrystallization with CH2Cl2/hexane yielded 1.39 g (93%) of an orange solid.

'H-NMR (300.13 MHz, CDCL): Ö 1.0-2.2 (m, 22 H, Cy), 1.71 (d, 3 H, J = 7.3, CHMe), 3.1 (m, 1 H,

CHMe), 4.16 (m, 1 H, CH(cp)), 4.21 (s, 5 H, CH(cp')), 4.29 (m, 1 H, CH(cp)), 4.48 (m, 1 H,

CH(cp)). 3,P{'H}-NMR (101.26 MHz, CDC13): ô 35.3 (d br, JPB=63.1, PCy2). MS (FAB+): m/z

504.1 (0.8, [M]+), 488.1 (2.1, [M-BH3]'), 408.1 (1.6, [M-BH3 -Cy]+), 326.0 (2.3, [M-BH3 -Cy2]+,

290.9 (23.3, [M-P(BH3)Cy2D, 155.0 (100, [M-Fe(cp)2Br]+).

(S)-[2-Bis(p-methoxyphenyl)phosphinoborane]-(lR)-[l-(dicyclohexylphosphinoborane)

ethyljferrocene (Fel7)

A solution of *BuLi (2.5 mL, 3.98 mmol, 1.6 M in pentane) was added -

at -78 °C to a solution of Fel6 (21.0 g, 2.0 mmol) in 15 mL Et20. ^s==q^^Lp--BH3
After stirring for 45 min, the solution was allowed to warm to room i!?\

,

^2
, 4

s-Mzs P(p-OMe-Ph)2
temperature and stirred for 45 min. The mixture was then cooled to 4£^2^ J,tt

^^^^
BH3

-78 °C and ClP(p-MeOPh)2 (0.67 g, 2.38 mmol) dissolved in 5 mL

Et20 was added dropwise. The solution was allowed to warm to room temperature

overnight. The volatiles were removed under reduced pressure (HV). The resulting solid was

partially dissolved in toluene. BH3.SMe2 (0.68 mL, 7.1 mmol) was added to the solution and

the mixture was stirred at room temperature for 12 h. Evaporation of the solvent yielded a

crude product that was purified by flash chromatography (hexane:toluene = 1:1): 465.7 mg

(38.8%).

'H-NMR (250.13 MHz, CDCL): ô 0.6-1.8 (m, 28H, Cy, BH3), 1.83 (dd, 3 H, J = 7.0, CH3CH), 3.45

(m, 1 H, CHMe), 3.83 (s, 3 H, OCH3), 3.86 (s, 3 H, OCH3), 4.05 (m, 1 H, CH(cp)), 4.14 (s, 5 H,

CH(cp')), 4.44 (m, 1 H, CH(cp)), 4.95 (m, 1 H, CH(cp)), 6.9 (m, 2 H, CH(Ph)), 7.2 (m, 2 H,

CH(Ph)), 7.7 (m, 4 H, CH(Ph)). 31P{'H}-NMR (121.49 MHz, CDCL): 6 7.3 (d br, J = 115.9,

BH3P(P-OMePh)2), 38.11 (m, BH3PCy2).

(S)-2-Phenylchlorophosphino-(lR)-[l-(dicyclohexylphosphino)ethyl]ferrocene (Fel8)

Fe6 (1.4 g, 3.51 mmol) and TFA (0.25 mL) were dissolved in degassed >

acetic acid (3 mL). HPCy2 (0.7 mL) was added to the solution and the -:^,-^^PCv
mixture was stirred at 80 °C for 12 h. After evaporation of the solvent, ^Fe^p_pu
saturated aqueous solution 0fNaHCO3 was added. The product was ^^^2^ r]

extracted with CH2C12, washed with brine and dried (MgS04). The crude

product was purified by flash chromatography (hexane:EtOAc = 4:1): 912.2 mg (47%) red-

brown oil.

'H-NMR (250.13 MHz, CDCL): <5 0.6-2.8 (m, 22 H, Cy), 2.0 (dd, 3 H, J = 7.0, CH3CH), 3.4 (m, 1

H, CHMe), 4.0 (m, 1 H, CH(cp)), 4.1 (s, 5 H, CH(cp')), 4.4 (m, 1 H, CH(cp)), 4.9 (m, 1 H,

CH(cp)), 6.9 (m, 2 H, CH(Ph)), 7.2 (m, 1 H, CH(Ph)), 7.7 (m, 2 H, CH(Ph)). 31P{'H}-NMR (121.49

MHz, CDCL): 6 18.87 (s, PClPh), 52.73 (s, PCy2).

(S)-2-Bromo-((lR)-l-hydroxyethyl)ferrocene(Fel9)

Fe8 (0.5 g, 1.4 mmol) and LiAlH4 (0.12 g, 3.2 mmol) were suspended in 20 mL Et^O. After 4 h
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at room temperature the mixture was poured into an ice/water bath at

pH=l (prepared with 1.0 M HCl). The product was extracted with Et20 <?*==*rr^~~~oh
(3x), dried over MgS04 and the solvent was removed under reduced IFe^Br

pressure. The crude product was then purified by flash chromatography ^«^^
(hexane:EtOAc = 4:1 +5% Net3): 0.42 g (96%).

'H-NMR (300.13 MHz, CDCL): 61.56 (s, 1 H, OH), 1.62 (d, 3 H, I = 6.5, CHMe), 4.14-4.20 (m, 6

H, CH(cp'), CH(cp)), 4.23 (s, 1 H, CH(cp)), 4.46 (m, 1 H, CH(cp)), 4.95 (m, 1 H, CHMe).

(S)-2-Diphenylphosphino-((lR)-l-hydroxyethyl)ferrocene (Fe20)

Fe2 (1.0 g, 2.2 mmol) and LiAlH4 (0.17 g, 4.2 mmol) were suspended in 33

mL Et20. After 4 h at room temperature, the mixture was poured into an c?s=a5^-^^-oH
ice/water bath at pH=l (prepared with 1.0 M HCl). The product was I^e^pph

z^==ä 2

extracted with Et20 (3x), dried over MgS04 and the solvent was removed 4S-~^>

under reduced pressure. The crude product was then purified by recrystallization from

CH2C12/hexane: 0.86 g (97%) of red powder.

'H-NMR (300.13 MHz, CDC13): Ô 1.53 (d, 3 H, J = 6.5, CHMe), 1.72 (s, 1 H, OH), 4.07 (m, 7 H,

CH(cp'), CH(cp)), 4.33 (m, 1 H, CH(cp)), 5.03 (q, 1 H, ] = 6.4, CHMe), 7.28 (d, 5 H, CH(Ph)), 7.40

(m, 3 H, Ctf(Ph)), 7.57 (m, 2 H, CH(Ph)). 31P{'H}-NMR (121.49 MHz, CDC13) ô -22.55 (PPh2).

(S)-2-{Bis-[3,5-bis(trifluoromethyl)phenyl]phosphino}-((lR)-l-hydroxyethyl)ferrocene

(Fe21)

Fell (303 mg, 0.42 mmol) and LiAlH4 (32 mg, 0.85 mmol) were I

suspended in 10 mL Et20. After 12 h at room temperature the ^^^&"^"~^~""OH
mixture was poured into an ice/water solution at pH=l Fe P[(3,5-CF3)2-Ph]2

(prepared with 1.0 M HCl). The product was extracted with Et20 ^uj^

(3x), dried over MgS04 and the solvent was removed under reduced pressure. The crude

product was then purified by flash chromatography (hexane:EtOAc = 4:1 + 5%Net3): 141 mg

(49%) of orange solid.

'H-NMR (300.13 MHz, CDCL): <5 1.54 (d, 3 H, J = 6.0, CHMe), 3.69 (s, 1 H, CH(cp)), 4.06 (m, 5

H, CH(cp')), 4.45 (s, 1 H, CH(cp)), 4.62 (s, 1 H, CH(cp)), 4.97 (q, 1 H, J = 1.3, CHMe), 7.62 (m, 2

H, CH(Ph)), 7.79 (s, 1 H, CH(Ph)), 7.95 (m, 3 H, CH(Ph)). "CfHl-NMR (75.47 MHz, CDCL): à

23.44 (CHMe), 66.17 (CHMe), 70.14 (CH(cp')), 71.00 (CH(cp)), 71.27 (CH(cp)), 71.80 (CH(cp)),

97.83 (C(cp)), 98.15 (C(cp)), 123.35 (d, J = 72.5, p-CH(Ph)), 123.41 (d, J = 272.5, CF3), 132.17 (m,

CF3CH(Ph)), 133.65 (dd, J = 19.5,1 = 154.9, o-CH(Ph)), 141.56 (dd, J = 16.5, J = 150.7, PC(Ph)).

"P{'H}-NMR (121.49 MHz, CDC13) ô -17.56 (PAr2).

(S)-2-Acetyl-l-[(lR)-l-(dimethylamino)ethyllferrocene24*(Fe22)

A solution of 'BuLi (3.68 mL, 6.25 mmol, 1.7 M in pentane) was slowly I

added to a solution of Fel (1 g, 2.98 mmol) in 17 mL Et20 at -78 °C. ^^--^NMe
After stirring for 1 h, the solution was allowed to warm to room Fe ff

temperature and stirred 30 min. The mixture was then cooled to 0 °C ^^^*^
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and N-methoxy-N-methylacetamide (0.38 mL, 3.57mmol) was added dropwise. The orange

suspension was allowed to warm to room temperature and stirred for 30 min. The mixture

was quenched with 2.6 mL MeOH, the solvent was removed under reduced pressure (HV)

and the red oily product was purified by flash chromatography (hexane:EtOAc = 1:1 +2%

NEt3): 0.68 mg (76%).

'H-NMR (250.13 MHz, CDCL): S 1.46 (d, 3 H, J = 6.9, CHMe), 2.11 (s, 6 H, NMe2), 2.41 (s, 3 H,

Ac), 4.16 (s, 5 H, CH(cp')), 4.44 (r, 2 H, J = 2.6, CH(cp)), 4.52 (m, 1 H, CH(cp)), 4.57 (q, 1 H, J =

7.0, CHMe), 4.65 (m, 1 H, CH(cp)). 13C{'H}-NMR (62.90 MHz, CDC13): ô 15.22 (CH3, CHMe),

29.37 (CH3, Ac), 40.83 (NMe2), 55.10 (CHMe), 68.98 (C(cp), 70.39 (CH(cp), 70.95 (CH(cp'), 71.84

(CH(cp), 72.31 (CH(cp), 76.58 (C(cp), 203.29 (CO).

(S) - 2 - (3 - Dimethylamino - 2 - propenoyl) - 1 - [(IR) - 1 - (dimethylamino)ethyl]

ferrocene (Fe23)

Fe23 (307 mg, 1.03 mmol) was dissolved in N,N-

dimethylformamidediethylacetale (6.5 mL, 37 mmol). The solution

was stirred at reflux overnight (bp 128-130 °C). After 18 h, the

solvent was removed under reduced pressure (HV) and the crude

product was purified by flash chromatography (EtOH + 2% NEt3): 345 mg (96%) of dark

brown oil.

'H-NMR (250.13 MHz, CDCL): ô 1.59 (d, 3 H, J = 6.9, CHMe), 2.15 (s, 6 H, CHMeNMe2), 2.99

(br, 6 H, =CHNMe2), 4.13 (s, 5 H, CH(cp')), 4.35 (m, 1 H, CH(cp)), 4.42 (m, 1 H, CH(cp)), 4.62

(m, 1 H, CH(cp)), 4.76 (q, 1 H, J = 6.9, CHMe), 5.42 (d, 1 H, J = 12.5, COCH), 7.65 (d, 1 H,

J = 12.5, CHNMe2). "CfHJ-NMR (75.47 MHz, CDC13): ô 17.53 (CHMe), 40.77 (NMe2), 40.95

(NMe2), 55.51 (CHMe), 68.99 (CH(cp)), 69.70 (CH(cp)), 70.93 (CH(cp')), 71.42 (CH(cp)), 81.32

(C(cp)), 89.70 (C(cp)), 95.26 (COCH), 151.97 (CHN), 193.15 (COCH).

(lS)-l-(3-lH-Pyrazolyl)-2-[(2R)-l-(dimethylamino)ethyl]ferrocene(Fe24)

Fe24 (0.526 g, 1.48 mmol) and hydrazine hydrate (0.61 mL, 2.97 mmol, .

24% in H20) were dissolved in 15 mL EtOH. The solution was stirred
^—,

_

JL
. ,. ,

^ NMe2
at room temperature for 10 min. and then heated to reflux. After 1.5 h, jle^r^^N

the solvent was removed under reduced pressure (HV) and the 4^2^ Us»./
product was purified by flash chromatography (EtOH + 2% NEt3): 0.403 g (85%) red-brown

solid.

'H-NMR (250.13 MHz, CDC13): Ö 1.41 (d, 3H,J = 6.8, CHMe), 2.28 (s, 6 H, CHMeNMe2), 4.04

(s, 5 H, CH(cp')), 4.17 (q, 1 H, J = 6.8, CHMe), 4.26 (m, 2 H, CH(cp)), 4.55 (m, 1 H, CH(cp)), 6.34

(d, 1 H, J = 1.7, C(4)-H Pz), 7.58 (d, 1 H, J = 1.7, C(5)-H Pz), 11.20 (br, 1 H, NH Pz). 13C{'H}-

NMR (62.90 MHz, CDC13): Ö 7.58 (CHMe), 38.37 (NMe2), 57.51 (CHMe), 67.09 (CH(cp)), 68.33

(CH(cp)), 69.42 (CH(cp)), 70.57 (CH(cp')), 76.00 (C(cp)), 86.71 (C(cp)), 102.31 (C(4)-H Pz),

139.93 (C(5)-H Pz), 142.21 (C(3) Pz).

ss>°

NMe2

NMe,
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(lR)-l-(3-lH-Pyrazolyl)-2-[(2R)-l-(dicyclohexylphosphino)ethyl]ferrocene (Fe25)

Fe25 (121 mg, 0.37 mmol) was dissolved in degassed acetic acid (1.7

mL). The mixture was stirred overnight at 95 °C. After 18 h, the solvent ö^^ö-^^^ PCy->

was removed under reduced pressure and the crude product was then

purified by flash chromatography (under argon) (hexane:EtOAc = ^"^^"^

3:1): 168 mg (96%).

'H-NMR (250.13 MHz, CDCL): Ö 1.12 (d, 3 H, J = 6.9, CHMe), 1.00-1.40 (m, 14 H, PCy2), 1.50-

1.8 (m, 6 H, PCy2), 3.12 (q, 1 H, e=7.3, CHMe), 4.09 (s, 5 H, CH(cp')), 4.23 (m, 2 H, CH(cp)), 4.49

(m, 1 H, CH(cp)), 6.40 (d, 1 H, J = 1.8, C(4)-H Pz), 7.56 (d, 1 H, J = 1.8, C(5)-H Pz), 11.20 (br, 1 H,

NH Pz). 31P{'H}-NMR (101.26 MHz, CDC13): 618.72 (PCy2).

[(+)-N,N,N-Trimethyl-(l-(lR)-ferrocenylethyl)ammonium iodide

(Fe26) |
r

Mel (5.0 mL, 80.8 mmol) was added at 0 °C to a solution of (R)-[l- ^Qy-^"NMe3

(Dimethylamino)ethyI]ferrocene (5.2 g, 20.2 mmol) in 10 mL THF. The Fe

solution was stirred at 0 °C. After 30 min, 20 mL Et20 were added, the ^^^"^

solid was filtered, washed with Et20 (2x) and t with hexane/THF (1:1). The obtained orange

powder was dried: 7.24 g (90%).

'H-NMR (200.13 MHz, CD2C12): Ô 1.96 (d, 3 H, J = 6.6, CHMe), 3.18 (s, 9 H, NMe3), 4.31 (s, 5 H,

CH(cp')), 4.42 (m, 3 H, CH(cp)), 4.72 (m, 1 H, CH(cp)), 5.18 (q, 1 H, J = 6.9, CHMe). EA: Anal.

Calc. for C15H22NFeI (399.10): C, 45.14%; H, 5.56%; N, 3.51%; found: C, 45.17%; H, 5.62%; N,

3.46%. Registry Number: 11136-56-4

(S)-2-Bromo-l-[(lR)-l-(trimethylammonium)ethyl]ferrocene iodide225 (Fe27)

Mel (0.3 mL, 4.8 mmol) was added dropwise at 0 °C to a solution of I
T.

Fel (0.36 g, 1.06 mmol) in 5 mL THF. After 1 h at 0 °C, 10 mL Et20 was çgf^y^~~ NMe3
added and the suspension was filtered. The residue was washed with Fe Br

Et20 and then dried (HV): 491 mg (96.9%). ^^^
'H-NMR (300.13 MHz, CDCL): <5 2.14 (d, 3 H, J = 6.8, CHCH3), 3.28 (s, 9H, NCH3), 4.29 (s, 5 H,

CH(cp')), 4.48 (m, 1 H, CH(cp)), 4.53 (m, 1 H, CH(cp)), 4.54 (q, 1H,J= 6.9, CHMe), 4.71 (m, 1

H, CH(cp)).

l-[(lR)-l-Bis-(hydroxymethyl)phosphinoethyl]ferrocene'*(Fe28)

KOH (2.1 g, 37.6 mmol) was added to a solution of _

[P(CH2OH)4]Cl (7.4 mL, 9.8 g, 41.3 mmol, 80% in H20) dissolved ^^^^J-pfCH OH)

in degassed MeOH (15 mL). The mixture was stirred at room pe

temperature for 1 h. This solution was added dropwise to a <^CZ2^

solution of Fe27 dissolved in MeOH (15 mL) and the mixture was

heated to reflux for 1 h. After cooling to room temperature, the solvent was removed under

'"Procedure analogous to the one published for the achiral FcCH2P(CH2OH);
239
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reduced pressure (HV) and an orange solid precipitated. H20 (8 mL), Et20 (20 mL) and NEt3

(9 mL) were added and the mixture was stirred at room temperature overnight. The

suspension was decanted, the solution was extracted with CH2C12 (30 mL) and washed with

water. The aqueous phase and the decanted solid were re-extracted with Et20 (3x). The

combined organic layers were washed with brine and dried with MgS04. Evaporation of the

volatiles yielded the crude product, which was then purified by flash chromatography

(hexane:TBME = 1:2 + 5% NEt3): 2.012 g (52.5%).

'H-NMR (250.13 MHz, CDCL): <5 1.59 (dd, 4 H, J = 6.0, J = 12.5, CH2OH), 3.43 (q, 1 H, J = 6.0,

CHMe), 3.99 (td, 1H,J = 1.5,1 = 6.0, CH2OH), 4.15 (m, 2 H, CH(cp)), 4.20 (s, 5 H, CH(cp')), 4.26

(m, 1 H, CH(cp)), 4.37 (td, 1 H, J = 7.5, J = 11.2, CH2OH). 13C{DEPT}-NMR (62.90 MHz, CDC13):

6 17.37 (CH3CH), 21.6 (CH3CH), 61.0 (CH2OH), 61.3 (CH2OH), 65.59 (CH(cp)), 65.64 (CH(cp)),

67.02 (CH(cp)), 67.48 (CH(cp)), 68.45 (CH(cp')). 31PFH}-NMR (101.26 MHz, CDCL): ô -3.58

(P(CH2OH)2).

(l-(lR)-Phosphinoethyl)ferrocene§(Fe29)

A solution of Na2S2Os (0.931 g, 4.9 mmol) in deionized water (20 mL) was

added to a solution of 1.0 g (3.7 mmol) of Fe28 dissolved in

t-7==^-—"^PH
hexane:EtOAc = 3:1 (20 mL). The bi-phasic system was stirred at 80 °C N&ör

2

Fe

(under air) for 6 h. The crude product (control by TLC) was purified by /<T~~i\

flash chromatography (Alox, Hexane/Et20100:1): 353 mg(43.9%).
^***^

'H-NMR (250.13 MHz, CDCL): <5 1.55 (dd, 3 H, J = 7.0, CHCH3), 2.39 (a, 1H,J = 7.5, CHCH3),

3.05 (ddd, 2 H, J = 6.0, J = 20, JPH=186.1, PH2), 3.99 (m, 1 H, CH(cp)), 4.12 (m, 1 H, CH(cp)), 4.16

(m, 1 H, CH(cp)), 4.18 (m, 1 H, CH(cp)), 4.22 (s, 5 H, CH(cp')). 13C{DEPT}-NMR (62.90 MHz,

CDC13): <5 14.1 (CH3CH), 22.9 (CH3CH), 61 66.9 (CH(cp)), 67.1 (CH(cp)), 67.3 (CH(cp)), 67.4

(CH(cp)), 68.6 (CH(cp')). 31P{'H}-NMR (101.26 MHz, CDC13): Ô -100.27 (ddt, J = 3.4, J = 22.4,

J = 192, PH2). EA: Anal. Calc. for C12H15FeP (246.07): C, 58.57%; H, 6.14%; P; found: C, 58.76%;

H, 6.18%.

Bis{(lR)-l-[(S)-2-(diphenylphosphino)ferrocenyl]ethyl}cyclohexylphosphine

(RHShPigiphos* (Fe30)

(R)-(S)-PPFA (7 g, 15.9 mmol) was dissolved at 40 °C in

degassed CH3COOH (30 mL), containing TFA (1.2 mL, 15.9

mmol). H2PCy (1.05 mL, 7.9 mmol) was added and the

mixture was stirred at 80 °C for 4 h. The solvent was

removed under reduced pressure (60 °C, HV) and EtOAc

was added. The resulting precipitate was filtered and

washed with hexane:EtOAc = 1:1, yielding the pure product. The solvent of the mother

liquor was also removed under reduced pressure and the residue purified by flash

§
Analogous procedure to the one published for the achiral FcCHzPFJ^238
*

First synthesis published by Barbaro et al. "2,M; here we present an improved approach using TFA and

more concentrated solutions (yield from ca. 50% up to ca. 85%).
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chromatography (hexane:EtOAc = 3:1) and recrystallized from hexane at -20 °C: 6.101 g

(85.2%), orange microcrystals.

'H-NMR (250.13 MHz, CD2C12): ô 0.7-1.7 (m, 11 H, Cy), 1.59 (dd, 3 H, J = 6.5, CHCH3), 1.65 (dd,

3 H, J = 7.5, CHCH3), 2.90 (m, 1 H, CHCH3), 3.15 (m, 1 H, CHCH3), 3.80 (s, 5 H, CH(cp')), 3.84

(s, 5 H, CH(cp')), 3.90 (s, 1 H, CH(cp)), 4.01 (m, 2 H, CH(cp)), 4.09 (m, 1 H, CH(cp)), 4.26 (m, 2

H, CH(cp)), 7.20 (d, 5 H, J = 3.5, CH(Ph)), 7.26 (m, 5 H, CH(Ph)), 7.39 (m, 6H, CH(Ph)), 7.64 (m,

4H, CH(Ph)). 31P{'H}-NMR (101.26 MHz, CDCL): Ö -25.15 (d, ] = 11.8, PAPh2), -25.07 (d, J =

28.9, PBPh2), 18.04 (dd, J = 11.1, J = 29.7, PCy). EA: Anal. Calc. for C54H55Fe2P3 (908.64): C,

71.38%; H, 6.10%; P, 10.23%; found: C, 71.42%; H, 6.30%; P, 10.26%.

Bis{(lR)-l-[(S)-2-(diethylphosphino)ferrocenyl]ethyl}cyclohexylphosphine (Fe31)

(R)-(S)-EtPFA Fe3 (0.5 g, 1.44 mmol) was dissolved in

degassed CH3COOH (1 mL), containing TFA (100 id, 1.44

mmol). H2PCy (105 ill, 0.79 mmol) was added to the

solution and the mixture was stirred at 80 °C for 4 h. The

solvent was removed under reduced pressure (60 °C, HV)

and the residue purified by flash chromatography

(hexane:EtOAc = 10:1): 220 mg (42.5%).

'H-NMR (250.13 MHz, CD2C12): 50.7-2.3 (m, 17H, Cy + CHCH3), 1.24 (q, 2 H, J = 6.0, CH2CH3),

1.40 (t, 3 H, J = 7.0, CH2CH3), 2.81 (m, 1 H, CHCH3), 3.11 (m, 1 H, CHCH3), 4.29 (s, 5 H,

CH(cp')), 4.32 (s, 5 H, CH(cp')), 4.49 (s, 1 H, CH(cp)), 4.61 (m, 1 H, CH(cp)), 4.64 (m, 1 H,

CH(cp)), 4.74 (m, 2 H, CH(cp)), 4.87 (m, 2 H, CH(cp)). 31P{'H}-NMR (121.49 MHz, CDC13): <5

14.02 (d, J = 287.8, PjEt2), 36.30 (d, J = 287.9, P2Et2), 52.77 (s, PCy).

Bis{(lR)-l-(S)-2-{bis-t3,5-bis(trifluoromethyl)phenyllphosphino}ferrocenylethyl}cycIo

hexylphosphine (R)-(S)-((3,5-CF3)Fh)-Pigiphos'1 (Fe32)

Fe5 (1 g, 1.72 mmol) was dissolved in degassed CH3COOH

(20 mL). H2PCy (114 id, 0.86 mmol) was added and the

mixture was stirred at 80 °C for 12 h. The solvent was

removed under reduced pressure (60 °C, HV). The residue

was purified by flash chromatography (hexane:TBME =

100:1) and recrystallized from hexane at -20 °C: 611.0 mg
4^^> Ar= 3,5-(CF3)2-Ph

(59.8%), orange powder.

'H-NMR (250.13 MHz, CD2C12): ô 0.7-1.8 (m, 11 H, Cy), 1.48 (m, 3 H, CHCH3), 1.63 (m, 3 H,

CHCH3), 2.90 (m, 1 H, CHCH3), 3.17 (m, 1 H, CHCH3), 3.82 (s, 5 H, CH(cp')), 3.86 (s, 5 H,

CH(cp')), 3.94 (s, 1 H, CH(cp)), 3.99 (s, 1 H, CH(cp)), 4.23 (m, 1 H, CH(cp)), 4.37 (m, 1 H,

CH(cp)), 4.46 (m, 2 H, CH(cp)), 7.6-8.1 (m, 12 H, CH(Ph)). nP{'H}-NMR (121.49 MHz, CDCL):

5-21.92 (s br, PAr2), 22.96 (s br, PCy).

1
Synthetized according to an analogous published procedure"
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Bis {(IR)- l-(S)-2-[bis-(3,5-dimethylphenyl)phosphino]ferrocenylethyl}cyclohexyl

phosphine (R)-(S)-((3,5-Me)2Ph)-Figiphos'1 (Fe33)

(R)-(S)-(3,5-Me2Ph)2PFA (197.5 mg, 0.39 mmol) was

dissolved in degassed CH3COOH (20 mL). H2PCy (29 iil,

0.22 mmol) was added and the mixture was stirred at 80 °C

overnight. The solvent was removed under reduced

pressure (60 °C, HV) and the residue was purified by flash
. .

chromatography (hexane:TBME = 10:1): 45.6 mg (45.6%). ^^ Ar= 3,5-Me2-Ph

'H-NMR (250.13 MHz, CD2C12): 6 0.6-1.8 (m, 11 H, Cy), 1.28 (s, 12 H, PhCH3), 1.50 (m, 3 H,

CHCH3), 1.55 (m, 3 H, CHCH3), 2.81 (m, 1 H, CHCH3), 3.08 (m, 1 H, CHCH3), 3.85 (s, 5 H,

CH(cp')), 3.87 (s, 5 H, CH(cp')), 3.94 (s, 1 H, CH(cp)), 4.05 (s, 1 H, CH(cp)), 4.30 (m, 1 H,

CH(cp)), 4.35 (m, 1 H, CH(cp)), 4.41 (m, 1 H, CH(cp)), 4.58 (s, 1 H, CH(cp)), 7.8 (m, 6H,

CH(Ph)),8.9 (d, 2 H, CH(Ph)), 8.1 (m, 4H, CH(Ph)). 31P{'H]-NMR (121.49 MHz, CDCL): .5-22.04

(d, I = 39, PAAr2), -21.24 (d, J = 12, PBAr2), 21.16 (dd, J = 12, J = 39, PCy).

Bis{(lR)-l-[(S)-2-(diphenylphosphino)ferroceny]ethyl}tbutylphosphine (Fe34)

(R)-(S)-PPFA (200 g, 0.45 mmol) was dissolved at 40 °C in
. /r~3\

degassed CH3COOH (1.5 m), containing TFA (50 ul, 0.45 ! ] f p^
mmol). H2P*Bu (2.6 mL, 0.22 mmol, 0.114 M in Et20) was

added and the mixture was stirred at 80 °C for 12 h. The /re¬

solvent was removed under reduced pressure (60 °C, HV)

water was added and the product was extracted with CH2C12. Evaporation of the solvent

(HV) and recrystallization with hexane yielded orange-brown microcrystals (air sensitive!): 41

mg (21.4%)

'H-NMR (250.13 MHz, CD2C12): Ö 1.92 (dd, 3 H, J = 7.5, CHCH3), 2.02 (s, 9 H, C(CH3)3), 2.07 (dd,

3 H, J = 7.4, CHCH3), 2.80 (m, 1 H, CHCH3), 3.30 (m, 1 H, CHCH3), 3.91 (s, 5 H, CH(cp')), 3.98

(s, 5 H, CH(cp')), 4.06 (s, 1 H, CH(cp)), 4.40 (m, 1 H, CH(cp)), 4.46 (m, 2 H, CH(cp)), 4.58 (m, 2

H, CH(cp)), 7.06 (m, 2 H, J = 3.5, CH(Ph)), 7.1 (m, 5 H, CH(Ph)), 7.3 (m, 9H, CH(Ph)), 7.6 (m,

4H, CH(Ph)). 31P{'H}-NMR (121.49 MHz, CDCL): 5-28.5 (d, ] = 22.1, PPh2), 45.3 (d, J = 20.6,

P'Bu).

Bis{(S)-2-[(lR)-l-(dimethylamino)ethyl]ferrocen-l-yl}phenylphosphine(Fe35)

A solution of'BuLi (11.2 mL, 18.5 mmol, 1.65 M in pentane) was
„ „T /z==^

Me2N <£_3>

added at -78 °C to a solution of R-(+)-[l-(dimethylamino) j j!^
ethyl]ferrocene (5.00 g, 19.44 mmol) in 20 mL Et20/pentane Me2N.

(1:1). The mixture was stirred for 30 min, then the solution was ^s=U^__p'
allowed to warm to room temperature and stirred for 45 min. pe

"n

The mixture was cooled to -78 °C and dichlorophenylphosphine 4£qS^
(1.6 mL, 11.2 mmol) was added. The solution was allowed to warm to room temperature
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overnight. It was then treated with water, the organic layer washed sequentially with

saturated aqueous NaHC03 and brine, and finally dried over MgS04. Evaporation of the

solvent yielded an orange oil that was purified by flash chromatography (hexan:TBME = 1:2,

containing 1% NEt3) and then recrystallized from CH2C12/hexane: 3.61 g (61%).

'H-NMR (300.13 MHz, CD2C12): ô 1.26 (d, 3 H, CHMe, / = 6.8), 1.48 (d, 3 H, J = 6.8, CHMe),

1.70 (s, 6H, NMe2), 2.31 (s , 6H, NMe2), 3.58 (s, 5 H, CH(cp)), 3.98 (m, 1 H, CHMe), 3.98 (s, 5 H,

CH(cp)), 4.21 (m, 1 H, CH(cp)), 4.22 (m, 1 H, CH(cp)), 4.29 (dq, 1 H, J = 4.2, J = 6.8, CHMe), 4.36

(m, 1 H, CH(cp)), 4.37 (m, 1 H, CH(cp)), 4.46 (m, 1 H, CH(cp)), 4.54 (m, 1 H, CH(cp)), 7.29-7.21

(m, 3 H, CH(Ph)), 7.70-7.66 (m, 2 H, CH(Ph)). "PfHl-NMR (101.26 MHz, CDCL): 6 -44.78 (s).

EA: Anal. Calc. for C34H41Fe2N2P (620.38): C, 65.83%; H, 6.66%; N, 4.52%; found: C, 65.77%; H,

6.59%; N, 4.59%. Registry Number: 74286-20-7

Bis{(S)-2-[(lR)-l-(dimethylamino)ethyl]ferrocen-l-yl}-(3-(trifluoromethyl)phenyl)

phosphine (Fe36)

A solution of 'BuLi (5.6 mL, 9.2 mmol, 1.65 M in pentane) was Me->N /^^A
added at -78 °C to a solution of R-(+)-[l-(dimethylamino) I Fe

Me,N **
Ä

ethyl]ferrocene (2.50 g, 9.7 mmol) in 20 mL Et20/pentane (1:1).
z " '

The mixture was stirred for 30 min, then the solution was ^£~~5ö P
T^^r (m-CFoPh)

allowed to warm to room temperature and stirred for 45 min. Fe

The mixture was cooled to -78 °C and dichloro((3- ^^^"^

trifluoromethyl)phenyl)phosphine (0.75 mL, 5.6 mmol) was added. The solution was allowed

to warm to room temperature overnight. It was then treated with water, the organic layer

washed sequentially with saturated aqueous solution of NaHC03 and brine, and finally dried

over MgS04. Evaporation of the solvent yielded an orange oil that was purified by flash

chromatography (hexan:TBME = 5:1, containing 1% NEt3) and then recrystallized from

CH2C12/hexane: 1.9 g (59%).

'H-NMR (300.13 MHz, CD2C12): ô 1.22 (d, 3 H, CHMe, / = 6.8), 1.44 (d, 3 H, J = 6, CHMe), 1.70

(s , 6H, NMe2), 2.35 (s , 6H, NMe2), 3.48 (s, 5 H, CH(cp)), 4.02 (s, 5 H, CH(cp)), 4.14 (m, 1 H,

CHMe), 4.20 (m, 1 H, CH(cp)), 4.25 (m, 1 H, CH(cp)), 4.32 (dq, 1 H, J - 2.6
, J = 6.8, CHMe), 4.40

(m, 1 H, CH(cp)), 4.37 (m, 1 H, CH(cp)), 4.46 (m, 1 H, CH(cp)), 4.54 (m, 1 H, CH(cp)), 7.36 (d, 2

H, J = 8, CH(Ph)). 7.6 (t, 2 H, J = 7.5, CH(Ph)). 31P{'H)-NMR (101.26 MHz, CDCL): ö -44.3 (s).

EA: Anal. Calc. for C34H4,Fe2N2P (688.38): C, 61.07%; H, 5.86%; N, 4.07%; found: C, 60.95%; H,

5.98%; N, 4.32%.

Bis{(S)-2-[(lR)-l-(diphenylphosphino)ethyl]ferrocen-l-yl}phenylphosphine

Gipiphos (Fe37)

Fe35 (700 mg, 1.13 mmol) was dissolved at 40 °C in degassed

CH3COOH (2 mL) containing TFA (0.173 g, 2.26 mmol). When

the solid was completely dissolved, HPPh2 (0.39 mL, 2.26 mmol) 2P'

was added and the mixture was stirred at 80 °C for 6 h. The

solvent was removed under reduced pressure (60 °C, HV) and

the resulting red oil was treated with water, washed sequentially
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with saturated aqueous solution of NaHC03 (3x) and brine (2x) and dried over MgS04. The

residue was recrystallized from CH2C12/hexane: 0.808 g (72.7%), orange microcrystals.

'H-NMR (250.13 MHz, CD2C12): <5 1.52 (dd, 3 H, J = 6.5, CHCH3), 1.59 (dd, 3 H, J = 6.7, CHCH3),

3.21 (m, 2 H, CH(cp)), 3.63 (m, 1 H, CHCH3), 3.69 (s, 5 H, CH(cp')), 4.14 (s, 7 H, CH(cp')+

CH(cp)), 4.16 (m, 1 H, CHCH3), 4.41 (m, 1 H, CH(cp)), 4.61 (m, 1 H, CH(cp)), 4.26 (m, 2 H,

CH(cp)), 7.39 (m, 6H, CH(Ph)), 7.56 (m, 5 H, CH(Ph)), 7.73 (m, 7H, CH(Ph)), 7.89 (m, 7H,

CH(Ph)). 13C{DEPT}-NMR (62.90 MHz, CDCL): Ö 14.7 (CHMe), 15.2 (CHMe), 26.9 ((CHMe),

27.5 (CHMe), 68.85 (CH(cp)), 69.3 (CH(cp)), 69.5 (CH(cp)), 70.2 (CH(cp')), 71.2 (CH(cp)), 128.6,

130.1, 130.2, 134.7, 135.4, 135.5, 135.7, 135.9 (CH(Ph)). 31P{'H}-NMR (101.26 MHz, CDC13):

ô -16.49 (s br, PPh2), 32.12 (s, PPh). EA: Anal. Calc. for C54H49Fe2P3 (902.59): C, 71.86%; H,

5.47%; found: C, 71.99%; H, 5.67%.

Bis{(S)-2-[(lR)-l-(diphenylphosphino)ethyl]ferrocen-l-yl}-3-(trifluoromethyl)phenyl)

phosphine(Fe38)

Fe36 (250 mg, 0.36 mmol) was dissolved at 40 °C degassed

CH3COOH (in 5 mL) containing TFA (0.055 g, 0.72 mmol).

When the solid was completely dissolved, HP(m-CF3Ph)2 (0.14 g,
ph2P^

0.72 mmol) was added and the mixture stirred at 80 °C for 12 h. -^=»^^_p''
The solvent was removed under reduced pressure (60 °C, HV) Fe (wz-Lryi n;

and the resulting red oil was treated with water, washed

sequentially with saturated aqueous solution of NaHC03 (3x) and brine (2x) and dried over

MgS04. The residue was recrystallized from CH2C12/hexane: 0.235 g (67%), orange powder.

'H-NMR (250.13 MHz, CD2C12): Ô 1.56 (s br, 6 H, CHCH3), 3.25 (m, 2 H, CHCH3), 3.73 (m, 5 H,

CH(cp')), 4.18 (s, 7 H, CH(cp')+ CH(cp)), 4.5 (m, 2 H, CHCH3), 4.7 (m, 2 H, CH(cp)), 7.43 (m, 5

H, CH(Ph)), 7.74 (m, 8H, CH(Ph)), 7.91 (m, 6H, CH(Ph)), 8.07 (m, 4H, CH(Ph)). 3,P{1H}-NMR

(101.26 MHz, CDCL): ô -15.64 (s br, Par2), 32.38 (s, PPh).

Bis{(lR)-l-[(S)-2-(diphenylphosphino)ferrocenyl]ethyl}-[(lR)-l-ferrocenyl]ethylphosphine

(Fe39)

(only NMR-experiment)

Procedure A:

(R)-(S)-PPFA (871.6 mg, 1.97 mmol) was dissolved at 40 °C

in degassed CH3COOH (2 mL) containing TFA (150.7 id,

1.97 mmol). When the solid was completely dissolved, Fe29

(1.05 mL, 7.9 mmol) was added and the mixture was stirred

at 80 °C for 4 h. The solvent was removed under reduced
P-

pressure (60 °C, HV). The residue was purified by ^^e^PPh Ph P*

recrystallization from CH2Cl2/hexane and by filtration over £jCZ^

Alox (ligand air sensitive: oxide).

Procedure B:

Fe29 (32 mg, 0.13 mmol) and CF3COOH (20 izL, 0.26 mmol) were added to a solution of (R)-

(S)-PPFA (114.8 mg, 0.26 mmol) in acetonitrile-d3 (2 mL). The orange solution was heated at
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70 °C for 8 h The volatiles were removed under reduced pressure and the product was

purified by recrystallization from CH2C12/hexane and by filtration over Alox (ligand air

sensitive: oxide)

'H-NMR (250.13 MHz, CD2C12): 61.93 (dd, 3 H, ] = 6 5, CHCH3), 1.95 (dd, 3 H, J = 7.5, CHCH3),

1.98 (dd, 3 H, J - 7.0, CHCH3), 3.30 (m, 1 H, CHCH3), 3.55 (m, 1 H, CHCH3), 3.72 (s, 5 H,

CH(cp')), 3 81 (m, 1 H, CHCH3), 4.05 (s, 5 H, CH(cp')), 3.90 (s, 1 H, CH(cp)), 4.01 (m, 2 H,

CH(cp)), 4.09 (m, 1 H, CH(cp)), 4.10 (s, 5 H, CH(cp')), 4.26 (m, 2 H, CH(cp)), 7.27 (m, 5 H,

CH(Ph)), 7.43 (m, 5 H, CH(Ph)), 7.59 (m, 6H, CH(Ph)), 7.67 (m, 4H, CH(Ph)), 7 89 (m, 4H,

CH(Ph)). 31P{'H}-NMR (101.26 MHz, CDC13): Ô -30.06 (s br, PAPh2), -27.26 (s br, PBPh2), 29.89

(dd, I = 17.9, J = 29.7, PCH(CH3)Fc).

Bis{(lR)-l-[(S)-2-(diphenylphosphino)ferrocenyl]ethyl}sulfide(Fe40)

(R)-(S)-S-Pigiphos

A solution of Fel3 (100 mg, 0.23 mmol) dissolved in THF (2.3

mL) was added to a suspension of NaH (13 mg, 0.33 mmol,

60% in mineral oil) in THF (2.3 mL) The reaction mixture

was stirred at room temperature for 15 min. After
t(—o.

evaporation of the solvent, the orange oil was dissolved in
IJ

MeOH (4 5 mL) and Fe8 (106 mg, 0.23 mmol) was added to this solution The solution was

heated to reflux for 3 h. The solution was allowed to cool to room temperature and an orange

powder precipitated. The product was isolated by filtration recrystallization from

Et20/MeOH. 115 mg (59%) of orange microcrystals.

'H-NMR (300.13 MHz, CDCL): ô 1.41 (d, 6H,J = 6.7, CHMe), 3.80 (s, 2 H, CH(cp)), 3.88 (m, 10

H, CH(cp)), 4.01 (m, 1 H, CHMe), 4.19 (m, 2 H, CH(cp)), 7.25 (m, 10 H, CH(Ph)), 7.37 (m, 6H,

CH(Ph)), 7 58 (m, 4H, CH(Ph)). 13C{DEPT}-NMR (75 47 MHz, CDCL): Ö 22.13 (Me), 37 67 (d,

J= 12.9, CHMe), 68.18 (CH(cp)), 68.78 (CH(cp)), 69.12 (CH(cp)), 70.56 (CH(cp)), 127 08

(CH(Ph)), 127.19 (CH(Ph)), 127 28(CH(Ph)), 127.65 (CH(Ph)), 127.76 (CH(Ph)), 128 76

(CH(Ph)), 132.71 (d, J = 18 1, o-CH(Ph)), 135.18 (d, J = 22, o-CH(Ph)). 3IP{'H}-NMR (121 49

MHz, CDC13): 6-22 92 (PPh2).

(R)-l-[(S)-2-{Bis[3,5-bis(trifluoromethyl)phenyl]phosphino/ferrocenyl]ethyl-

(R)-l'-[(S)-2'-(diphenylphosphino)ferrocenyl]ethylthioether(Fe41)

A solution of Fel3 (150 mg, 0 348 mmol) and of FelO (253.2

mg, 0.348 mmol) in degassed acetic acid (0.5 mL) was

stirred at 80 °C for 48 h. The solvent was removed under

reduced pressure and the residue was purified by flash

chromatography (hexane:TBME = 10:1): 121 mg (40%),

orange microcrystals.

'H-NMR (300.13 MHz, CDCL). ô 1.38 (d, 3 H, J = 6.5,

CHMe), 1 48 (d, 3 H, J = 6 7, CHMe), 3.63 (s, 1 H, CH(cp)), 3.87 (m, 2 H, CHCH3), 3.89 (s, 10 H,

CH(cp')), 3.95 (m, 1 H, CH(cp)), 4.08 (s, 1 H, CH(cp)), 4.17 (m, 1 H, CH(cp)), 3.20 (m, 1 H,

CH(cp)), 4.23 (m, 1 H, CH(cp)), 4.33 (s, 1 H, CH(cp)), 7 2 (m, 5 H, CH(Ph)), 7 3 (m, 3 H,
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CH(Ph)), 7.5 (m, 2 H, CH(Ph)), 7.6 (m, 2 H, CH(Ph)), 7.8 (m, 1 H, CH(Ph)), 8.0 (m, 3 H, CH(Ph)).

'3C{'H}-NMR (75.47 MHz, CDCL): 5 21.58 (Me), 33.39 (CHMe), 37.95 (t, J = 6.2, CHMe), 68.69

(t, J = 2.0, CH(cp)), 69.11 (CH(cp)), 69.38 (CH(cp)), 71.38 (t, J = 2.1, CH(cp)), 74.56 (m, C(cp)),

96.70 (m, C(cp)), 127.03 (CH(Ph)), 127.30 (t, ] = 2.9, CH(Ph)), 127.73 (t, J = 4.0, CH(Ph)), 128.80

(CH(Ph)), 132.16 (m, o- CH(Ph)), 135.24 (m, o-CH(Ph)), 138.35 (dd, J = 9.1, J = 2.6, C(Ph)), 135.18

(dd, J = 8.2,1 = 2.6, C(Ph)). "F-NMR (282.40 MHz, CDC13): 5 -63.30 (d, J = 41.8, CF3). 3,P{'H}-

NMR (121.49 MHz, CDC13): 5-23.8 (P[3,5-(CF3)2Ph]2), -20.5 (PPh2).

{(R)-l-[(S)-2-(Diphenylphosphino)ferrocenyl]ethyl-(R)-l'-[(S)-2'-(3-lH-pyrazolyl)

ferrocenyl] ethyl}thioether (Fe42)

Fel3 (129 mg, 0.3 mmol) and Fe24 (116 mg, 0.36 mmol) were
_

/^^>
dissolved in degassed acetic acid (1.5 mL) and TFA (28 iil). Jf ; Fe

The mixture was stirred at 60 °C for 5 d, then the solvent was NboT yfa^f
Fe PPh, N=(

removed under reduced pressure (HV). The residue was /C~^\ ' \

washed with THF (2x). The resulting oil was dissolved in N^

THF (2 mL) and BH3.SMe2 (0.17 mL, 1.8 mmol) was added dropwise to this solution. The

solution was stirred at room temperature for 16 h. The solvent was removed under reduced

pressure (HV) and the crude product was filtered over Alox (hexane:EtOAc = 4:1) and

purified by flash chromatography (hexane:EtOAc = 10:1), yielding the tetraborane protected

derivative.

'H-NMR (300.13 MHz, CDCL): 51.01 (br, 3 H, BH3), 1.42 (br, 6 H, BH3), 1.47 (s, 3 H, BH3), 2.07

(d, 3 H, J = 6.8, CHMe), 2.14 (d, 3 H, J = 7.0, CHMe), 3.75 (dd, 1 H, J = 2.3, J = 3.7, cp), 4.03 (s, 5

H, CH(cp')), 4.13 (m, 1 H, CH(cp)), 4.14 (m, 1 H, CH(cp)), 4.15 (s, 5 H, CH(cp')), 4.17 (m, 1 H,

CH(cp)), 4.44 (dd, 1 H, J = 1.4, J = 2.4, CH(cp)), 5.14 (m, 1 H, CH(cp)), 5.38 (q, 1 H, J = 7.0,

CHMe), 5.62 (d, 1 H, J = 2.2, C(4)-H Pz), 6.30 (q, 1 H, J = 6.8, CHMe), 7.05 (d, 1 H, J = 2.3, C(5)-

H Pz), 7.11 (m, 3 H, PPh2), 7.19 (m, 3 H, PPh2), 7.42 (m, 2 H, PPh2), 7.84 (dd, 2 H, PPh2). 13C{'H}-

NMR (62.90 MHz, CDCL): 518.12 (CHMe), 22.79 (CHMe), 43.76 (CHMe), 51.91 (CHMe), 54.85

(CH(cp)), 62.37 (CH(cp)), 67.35 (C(cp)), 68.18 (C(cp)), 71, 13 (CH(cp')), 71.23 (CH(cp')), 73.08

(CH(cp)), 73.17 (CH(cp)), 73.23 (CH(cp)), 73.27 (CH(cp)), 81.42 (C(cp)), 84.25 (C, Pz), 94.53 (d, J

= 15.5, C, cp-PPh2), 103.45 (C(4)-H Pz), 128.5 (C, PPh2, C(5)-H Pz ), 128.61 (C, VPh2), 128.77 (C,

FPh2), 128.90 (C, PP/z2), 129.16 (C, PPh2), 130.77 (d, J= 2.3, CH PPh2), 131.25 (d, J= 2.3, CH FPh2),

131.93 (d, J = 28.9, C, PPh2), 132.75 (d, J = 9.4, CH PPJz2), 134.14 (d, J = 9.4, CH VPh2. 31P{'H}-

NMR (101.26 MHz, CDC13): 513.77 (br, H3B PPh2).

The tetraborane protected derivative was dissolved in excess of diethylamine and heated at

reflux for 18 h, yielding a yellowish oil (12 mg, 6.5%).

^P^Hl-NMR (101.26 MHz, CDCL): 5-23.7 (s, PPh2).

l-{(R)-l-[(S)-2-(Diphenylphosphino)ferrocenyl]ethyl}-3-

{2-[(ix>l'-(dicyclohexyl-phosphino)ethyl]ferrocenyl}-lH-

pyrazol-tris(borane) (Fe43)

Fe25 (295 mg, 0.62 mmol) and Fe2 (333 mg, 0.74 mmol)

were dissolved in degassed acetic acid (2 m) and TFA (56
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/il, 0.74 mmol). The solution was stirred at 60 °C for 24 h, the solvent was removed under

reduced pressure (HV), and the residue was washed with THF (2x). The resulting oil was

dissolved in THF (2 mL) and BH3.SMe2 (0.35 mL, 3.72 mmol) was added to this solution. The

solution was stirred for 20 h at room temperature, the solvent was removed under reduced

pressure (HV), and the crude product purified by flash chromatography over Alox

(hexane:EtOAc = 10:1+2% NEt3): 0.384 g (66%), orange solid.

'H-NMR (300.13 MHz, C6D6): 5 0.8-2.2 (m, 22 H, PCy2), 0.8-2.2 (m, 9 H, BH3), 1.97 (d, 3 H, J =

6.9, N-PzCHMe), 2.18 (dd, 3 H, J = 7.3, J = 14.6, Cy2P-CHMe), 3.74 (dd, 1 H, J = 2.3, J = 3.7,

CH(cp)), 4.13 (s, 5 H, CH(cp')), 4.15 (t, 1 H, J = 2.5, CH(cp)), 4.19 (m, 1 H, CH(cp)), 4.20 (s, 5 H,

CH(cp')), 4.35 (m, 1 H, J = 7.4, J = 12.5, Cy2P-CHMe), 4.41 (dd, 1 H, J - 1.4, J = 2.4, CH(cp)), 4.64

(m, 1 H, CH(cp)), 4.96 (m, 1 H, CH(cp)), 5.56 (d, 1 H, J = 2.2, C(4)-H Pz), 6.26 (q, 1 H, J = 6.9, N-

PzCHMe), 7.00 (d, 1 H, J = 2.2, C(5)-H Pz), 7.1-7.25 (m, 6 H, FPh2), 7.41 (m, 2 H, FPh2), 7.82 (m, 2

H, ?Ph2). 13C{'H}-NMR (75.47 MHz, C6D6): 5 19.81 (d, 1=4.2, Cy2P-CHMe), 22.24 (N-PzCHMe),

24.41 (d, J = 26.4, Cy2P-CHMe), 26.53, 26.76, 27.60-28.25, 28.64, 28.85 (CH2, PCy2), 32.22 (d,

Jpch=28.8, CH Cy2P), 33.35 (d, J = 27.7, CH Cy2P), 54.60 (N-PzCHMe), 67.86 (d, J = 5.7, CH cp),

69.29 (CH, cp), 70.35 (CH, cp), 70.76 (CH, cp'), 71.02 (CH, cp), 71.21 (CH, cp'), 72 (d, C cp),

72.80 (d,J = 7.4, CH cp), 73.36 (d, J = 2.9, CH cp), 79.66 (C, cp), 90.30 (C, cp), 94.46 (d, J = 15.5,

C-PPh2), 103.71 (C(4)-H Pz, Pz), 104.11 (C, Pz), 127.94 (CH, FPh2), 128.02 (CH, FPh2), 128.15

(CH, FPh2), 128.32 (CH, PP/z2), 128 (C, FPh2), 130.81 (d, J= 2.3, CH FPh2), 131.33 (d, CH, FPh2),

131.71 (d, J= 21.4, C, FPh2), 132.30 (CH, FPh2), 132.56 (d, J= 5.4, CH PPJz2), 132.77 (d, J= 9.4, CH

FPh2), 134.13 (d, J= 9.4, CH FPh2), 150.06 (C(5)-H Pz, Pz). 31P{'H}-NMR (121.26 MHz, CDCL): 5

14.21 (br, H3BPPh2), 38.30 (br, H3BPCy2). "B-NMR (96.29 MHz, CDCL): 5-34 (br), -10.5 (s).

l-{(R)-l-[(S)-2-(Diphenylphosphino)ferrocenyl]ethyl}-3-{(S)-[(R)-l'-(dicyclohexyl-

phosphino)ethyl]ferrocen-2-yl}-lH-pyrazole (Fe44)

Fe42 (302 mg, 0.32 mmol) was dissolved in HNEt2 (5 mL,

dest. from KOH) and heated to reflux for 3 d. The solvent

was removed under reduced pressure (HV). The residue

was dissolved in morpholine and stirred at 100 °C for 2 d.

The solvent was removed under reduced pressure (HV) and the product purified by filtration

over alox (toluene): 60 mg (21%), orange powder.

'H-NMR (250.13 MHz, C6D6): 5 1.0-2.2 (m, 22 H, PCy2), 1.95 (dd, 3 H, J = 7.2, J = 12.7,

CHMePCy2), 2.03 (d, 3 H, CHMePPh2), 3.93 (s, 5 H, CH(cp')), 3.96 (m, 2 H, CH(cp)), 4.19 (s, 5 H,

CH(cp')), 4.19 (m, 1 H, CH(cp)), 4.35 (dd, 1 H, J = 1.5,1 = 2.4, CH(cp)), 4.61 (dd, 1H,J = 1.54,

J = 2.4, cp), 4.71 (dd, 1 H, J = 2.3, J = 3.5, CH(cp)), 5.75 (q, 1 H, CHMe), 5.94 (d, 1 H, J = 2.2, C(4)-

H Pz), 6.95 (d, 1 H, J = 2.2, C(5)-H Pz), 7.08-7.21 (m, 9 H, FPh2), 7.75 (m, 2 H, CHMe, FPh2).

31P{'H}-NMR (101.26 MHz, QD6): 5-23.98 (s, PPh2), 24.91 (s, PCy2).
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4.3. Synthesis of complexes

[NiCl2((R)-(S)-Josiphos)] (Nil)

NiCl2-6H20 (0.4 g, 1.7 mmol) and Josiphos (1.0 g, 1.7 mmol) were

suspended in EtOH (15 mL). The mixture was gently heated until the ci*===5>--^^PCy2
the solution became a dark red-purple color (50 °C). The solution was Fe xp i^;_q

cooled to -20 °C and a solid precipitated. The solid was then washed ^^^^ 2
q

with hexane (3x) and recrystallized from CH2C12/pentane: 0.955 g (77.6%) of dark purple

crystals.

'H-NMR (250.13 MHz, CDC13): 5 0.6-2.7 (m, 22 H, CH2(Cy) or CH(Cy)), 3.25 (s br, 6H,

2xCHCH3), 3.54 (s, 5 H, 5xCH(cp')), 4.03 (s, 1 H, CH(cp)), 4.49 (s, 1 H, CH(cp)), 4.98 (s, 1 H,

CH(cp)), 5.45 (s br, 1 H, CHMe), 6.49 (m, 1 H, CH(Ph)), 6.94 (m, 2 H, CH(Ph)), 7.35 (t, 1 H,

I = 7.2, CH(Ph)), 7.79 (t, 2 H, J = 6.7, CH(Ph)), 8.26 (m, 2 H, CH(Ph)), 8.60 (m, 2 H, CH(Ph)).

13C{DEPT}-NMR (75.47 MHz, CDCL): ô 18.83 (CH3), 25.78, 26.23, 26.98, 28.80, 29.19, 33.71

(CH2), 34.81, 37.49, 39.16 (PCH), 67.19 (CH(cp)), 70.31 (CH(cp')), 70.81, 71.87, 94.59 (C(cp)),

124.53,131.79, 132.52,135.33, 143.0,143.8,154.29 (C(Ph). 31PPH}-NMR (121.49 MHz, CDC13): 5

27.28 (s br), 53.61 (s br). MS (HiResMALDI): m/z 805 (20, [M+CH2C12]+), 721 (20, [M]+, 649

(100, [M-cp]+; Monoisotopic mass: calc: 722.09927; found: 722.0994. EA: Anal. Calc. for

C36H44P2Cl2FeNi+0.5CH2Cl2 (766.61): C, 57.18%%; H, 592%; found: C, 57.87%; H, 5.81%.

[NiCl2(R)-(S)-Ph,Ph-Josiphos](Ni2)

NiCl2-6H20 (71.3 mg, 0.3 mmol) and (Ph,Ph)-Josiphos (174A mg, 0.3 I

mmol) were suspended in EtOH (10 mL). The mixture was gently ^gf^Sy—^^PPh?

heated until the the solution became a dark red-purple color (50 °C). Fe
p —Ni —Cl

The solution was cooled to -20 °C and a solid precipitated. The solid ^^^"""^ 2
Cl

was then washed with hexane (3x) and recrystallized from acetone/hexane. Recrystallization

from CHCL/pentane yielded dark purple X-ray quality crystals: 180 mg (84.4%).

'H-NMR (250.13 MHz, CDC13): 51.81 (s br, 3 H, CH3CH), 3.59 (s, 5 H, SxCH(cp')), 3.84 (m, 1 H,

CH(cp)), 4.28 (m, 1 H, CH(cp)), 4.93 (s, 1 H, CH(cp)), 6.55 (m, 1 H, CHMe), 6.77 (m, 2 H,

CH(Ph)), 6.98 (m, 2 H, CH(Ph)), 7.38 (m, 1 H, CH(Ph)), 7.53 (t, 1 H, J = 7.5, CH(Ph)), 7.79 (m,

7H, CH(Ph)), 8.26 (m, 4H, CH(Ph)), 8.61 (m, 2 H, CH(Ph)). '3C{'H}-NMR (75.47 MHz, CDCL): 5

8.4 (CH3), 42.4 (PCH), 68.0, 69.7 (CH(cp)), 70.2 (CH(cp')), 72.8 (CH(cp)), 92.9 (PC(cp)), 123.4,

127.8,128.0, 131.6, 132.4, 134.3, 135.5, 139.0, 142.6 (C(Ph). 31P-NMR (121.49 MHz, SolidState -

rel to (NH4)H2P04): ô 12.1 (iso), 23.5 (iso). MS (ESI+Q1MS): m/z 729.0 (10, [M+PO]+), 711.0 (4,

[M]+), 657.9 (22, [M(PO)-Cl2]+, 637 (100, [M(PO)-cp -Cl]+. EA: Anal. Calc. for

C36H32P2CLFeNi+2 CH2C12 (881.915): C, 51.75%; H, 4.11%; found: C, 51.40%; H, 4.36%.

[NiCl(QF5)<Josiphos)] (Ni3)

Nil (300 mg, 0.41 mmol) was dissolved in Et20 (5 mL). The ^S==^JL
solution was cooled at 0 °C with an ice/water bath and ^f I / \

Fe p_Ni—(\ y)
QF5MgBr (0.84 mL, 0.42 mmol, 0.5 M in Et20) was added ^^3^ ph2 I \|_/
dropwise. The solution was stirred and slowly warmed to room F5

major
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temperature over the course of 1 h. The solvent was removed under

reduced pressure (HV), and the product was recrystallized from

CH2C12/Et20/pentane: 218.6 mg (62.3%) (mixture of 2 isomers, ratio

5:1). 4^ Ph2

'H-NMR (300.13 MHz, CDC13): 5 1.2-3.0 (m, 30H, 2xCy+CH3CH), 3.1

(m, 1 H, CHMe), 3.63, 3.65 (s, 5 H, 5xCH(cp')), 4.36 (m, 1 H, CH(cp)),
mm°r

4.43 (m, 1 H, CH(cp)), 4.57 (m, 1 H, CH(cp)), 7.0-7.3 (m, 4H, CH(Ph)),

7.6 (m, 4H, CH(Ph)), 8.6 (m, 2 H, CH(Ph)). 31P{]H}-NMR (121.49 MHz, QDt): 5 7.5 (dd, J = 65,

I = 105, Prainor(Ph)), 22.8 (dd, I = 66, J = 279, Pmajor(Ph)), 49.9 (dd, J = 66, J = 105, Pma,or(Cy)), 59.0

(dd, I = 63, J = 280, Pminor(Cy)). 31F-NMR (282.40 MHz, CDC13): 5 -165.1 (m, 1 F, zn-F(Ph)ma)or), -

164.4 (m, 1 F, zn-F(Ph)minor), -163.8 (m, 1 F, m-F(Fh)m3pr), -163.6 (m, 1 F, p-F(Ph)), -162.0 (m, 1 F, p-

HPhUJ, -120.2 (dd, 1 F, J = 25, J= 141, o-F(Ph)ma)or), -115.1 (dd, 1 F, J = 34, J = 280, o-F(Ph)ma)or),
-112.6 (m, 1 F, o-F(Ph)minor), -111.5 (m, 1 F, o-F(Ph)^nol). MS (FAB+): m/z 855.8 (5, [M]+), 818.9

(10, [M-C1D, 686.9 (22, [M-C6F5]+, 651.9 (100, [M-C6F5 -Cl]+.

[NiBr(C6F5)(PP-(Ph,Ph)Josiphos)] (Ni4)

(Ph,Ph)-Tosiphos (200 mg, 0.34 mmol) and [NiBr(C6F5)] (100.0 g, I

0.31 mmol, prepared from C6F5MgBr+NiBr2 in THF, were çg=5y^^PPh?
dissolved in CH2C12 (10 mL) and stirred at room temperature for Fe

p —pji

4 h. The solvent was removed under reduced pressure and ^^^"^ 2
Br I

F
hexane was added. The suspension was cooled overnight at -20

°C. Filtration and recrystallization (CH2C12/pentane) yielded 200.0 mg (72.6%) of the

crystalline product.

'H-NMR (300.13 MHz, C6D6): 5 0.96 (t, 3 H, J = 6.6, CH3CH), 3.43 (s, 5 H, 5xCH(cp')), 3.57 (m, 1

H, CH(cp)), 3.58 (m, 1 H, CHMe), 3.71 (m, 1 H, CH(cp)), 4.28 (m, 1 H, CH(cp)), 6.8-7.1 (m, 12 H,

CH(Ph)), 7.4 (w, 2 H, CH(Ph)), 8.2 (m, 3 H, CH(Ph)), 8.8 (m, 3 H, CH(Ph)). 31P{'H}-NMR

(121.49 MHz, QD6): ô 18.01 (d, J = 60), 46.47 (d, } = 60). "F-NMR (282.40 MHz, CDCL): 5-163.7

(dd, 1 F, I = 27,1 = 54, m-F(Ph)), -163.4 (dd, 1 F, J = 26, J = 55, m-F(Ph)), -163.0 (dd, 1 F, J = 21,

I = 51, p-F(Ph)), -118.4 (dt, 1 F, I = 23, J = 282, o-F(Ph)), -113.3 (dt, 1 F, I = 28, J = 282, o-F(Ph)).

[NiCl((R)-(S)-Pi£tp/ios)]PF6 (Ni5)

NiCl2-6H20 (52 mg, 0.22 mmol) was dissolved in
^_=_.

—i + pp
-

EtOH (2 mL) and the resulting green solution was I Cy ?

poured into an orange toluene solution (5 mL) of (R)- ^^^^-""""""^P"
(syPigiphos Fe30 (200 mg, 0.22 mmol). Upon Fe P^— Ni F

addition of T1PF6 (84.5 mg, 0.24 mmol) the solution ^^
2

cl

turned red. The mixture was stirred at room temperature for 1 h. TlCl was removed by

filtration, the volatiles were removed under reduced pressure, and the product was

recrystallized from CH2C12/Hexane: 224.5 mg (90.5%) of red crystals.

'H-NMR (300.13 MHz, CD2C12): 5 0.8-2.7 (m, 11 H, CH2(Cy) or CH(Cy)), 1.90 (m, 6H,

2xCHCH3), 3.44 (m, 2 H, 2xCHMe), 3.72 (s, 5 H, 5xCH(cp)), 3.84 (s, 5 H, 5xCH(cp)), 4.42 (m, 2

H, 2xCH(cp)), 4.61 (m, 1 H, CH(cp)), 4.65 (m, 1 H, CH(cp)), 4.78 (m, 1 H, CH(cp)), 4.84 (m, 1 H,
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CH(cp)), 7.1-7.8 (m, 18H, 18xCH(Ph)), 8.05 (m, 2 H, CH(Ph)). 31P{'H}-NMR (121.49 MHz,

CD2C12): 5 -143.78 (heptet, IPF= 710.35, PF6), 9.9 (d br, Jds=75.1, 2xPPh2), 73.87 (dd, J = 60.1,

J = 70.1, PCy). 13C{'H}-NMR (75.47 MHz, CDCL): 5 14.5, 14.6 (2xCH3CH), 24.9, 25.2, 26.2, 28.4,

29.4, 31.4 (CH2(Cy) or CH(Cy)), 37.6, 37.9 (PCHCH3), 69.3, 69.4, 70.1, 70.5 (CH(cp)), 70.8

(2xCH(cp')), 73.5, 74.5 (CH(cp)), 88.5 (2xPC(cp)), 127.7-135.0 (20xCH(Ph)+4xC(Ph)). MS

(HiResMALDI): m/z 1001 (80, [M]+), 965 (8, [M-C1]+, 845 (100, [M-Cl -Fecp]+; Monoisotopic

mass, calc: 1001.1252; found: 1001.1254. EA: Anal. Calc. for C54H55F6P4ClFe2Ni+CH2Cl2

(1147.75): C, 55.74%; H, 4.78%; found: C, 55.71%; H, 5.09%.

[Ni((R)-(S)-Pt£i>/tos)(THF)](C104)2 (Ni6)

Ni(C104)2-6H20 (183 mg, 0.5 mmol) and Pigiphos Z^^TI + (CIO ")

Fe30 (398 mg, 0.44 mg) were dissolved in THF I Cy f ^r
(10 mL). The mixture was stirred for 1 h at room Cgg=i=5y~""~^P'

temperature yielding a dark red solution. The Fe p Ni P

/X~"j\ 1 n2 A- ^ ^2
solvent was removed under reduced pressure ^^^"^

/ \

(HV), the solid washed 2x with hexane (in a \ /

glove box). The product was dissolved in THF (20 mL) and purified by filtration of the

suspension. Evaporation of the solvent yielded 454 mg (84.7%) of a dark red hydroscopic

solid.

'H-NMR (300.13 MHz, D8-THF): 5 0.8-2.7 (m, 11 H, CH2(Cy) or CH(Cy)), 1.89 (m, 4H, CH2),

2.27 (m, 6H, 2xCHCH3), 2.71, 2.76 (m, 2 H, 2xCHMe), 3.72 (m, 4H, OCH2), 3.80 (s, 5 H,

5xCH(cp)), 4.16 (s, 1 H, CH(cp)), 4.37 (s, 5 H, 5xCH(cp)), 4.79 (m, 1 H, CH(cp)), 4.85 (m, 1 H,

CH(cp)), 4.92 (m, 1 H, CH(cp)), 5.21 (m, 1 H, CH(cp)), 5.47 (m, 1 H, CH(cp)), 6.72 (m, 2 H,

CH(Ph)), 7.17 (m, 2 H, CH(Ph)), 7.43 (m, 4H, CH(Ph)), 7.62 (m, 4H, CH(Ph)), 7.73 (m, 4H,

CH(Ph)), 8.10 (m, 2 H, CH(Ph)). 31P{'H}-NMR (121.49 MHz, DB-THF): Ö 6.31 (dd, J = 84.7,

J =247.8, PAPh2), 10.39 (dd, J = 65.7, J = 247.5, PBPh2), 74.26 (dd, J = 83.9, J = 67.5, PCy).

13C{DEPT}-NMR (75.47 MHz, D3-THF): ô 12.36 (CH3CH), 22.8 (CH(Cy)), 25.3 (CH2), 25.8, 29.3,

31.0 (CH2(Cy)), 36.4 (PCHCH3), 65.1, 65.2 (CH(cp)), 66.1 (OCH2), 68.9, 69.8 (2xCH(cp')), 69.5,

72.0 (CH(cp)), 126.0-134.0 (20xCH(Ph)).

^+(C104)2

[Ni((RH$)-Pigiphos)(H20)](C\Ot)2 (Ni7) (only NMR experiment)

A suspension of crude Ni6 in THF was filtered and

the solid washed with THF. H20 was added to the
^

=

solid, the dark brown suspension dried (HV) and ^=^^""^-p-
washed with hexane. Fe P—Ni P'

'H-NMR (300.13 MHz, acetone-d6): 5 1.4-2.3 (m, 11 ^jj5^P 2
OH2

?
2

H, CH2(Cy) or CH(Cy)), 2.1 (m, 6H, 2xCHCH3), 2.6 (m, 1 H, 2xCHMe), 2.7 (m, 1 H, 2xCHMe),

3.9 (s, 5 H, 5xCH(cp)), 4.0 (s, 5 H, 5xCH(cp)), 4.2 (s, 2 H, CH(cp)), 4.5 (m, 1 H, CH(cp)), 4.6 (m,

1 H, CH(cp)), 4.8 (m, 1 H, CH(cp)), 5.2 (m, 1 H, CH(cp)), 7.3-7.8 (m, 16 H, CH(Ph)), 8.3 (m, 4 H,

CH(Ph)). 3,P{'H}-NMR (121.49 MHz, acetone-rf6): 5 -29.4 (s br, PPh2), -29.9 (s br, PPh2), 35.0 (s

br, PCy).
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[Ni((R)-(S)-Pigip/ios)(NCCH3)KC104)2§ (Ni8)

Ni(C104)2-6H20 (120.7 mg, 0.33 mmol) and -i + ,q0
.,

Pigiphos Fe30 (300 mg, 0.33 mmol) were f Cy r
^*<^ '

dissolved in CH3CN/Et20 (20 mL, 1:1). The <g^5r^~F
mixture was stirred 1 h at room temperature. Fe P—Ni P

/r=2\Ph2 I Ph2
The resulting red-violet solution was filtered ^^0^ N

over 0.45 fzm Millipore, the solvent removed Ç

under reduced pressure (HV), and the solid

washed with hexane. After drying: 304 mg (76.3 %) of a red powder.

'H-NMR (300.13 MHz, CDCL): 5 0.5-2.8 (m, 11 H, CH2(Cy) or CH(Cy)), 1.91 (m, 6H,

2xCHCH3), 1.99 (s, CH3CN), 3.42 (m, 1 H, CHMe), 3.75 (m, 1 H, CHMe), 3.90 (s, 5 H, 5xCH(cp)),

4.19 (s, 5 H, 5xCH(cp)), 4.35 (s, 1 H, CH(cp)), 4.72 (s, 1 H, CH(cp)), 4.77 (s, 1 H, CH(cp)), 4.86

(s, 1 H, CH(cp)), 5.01 (s, 1 H, CH(cp)), 5.08 (m, 1 H, CH(cp)), 6.92 (m, 2 H, CH(Ph)), 7.44 (m, 2

H, CH(Ph)), 7.5-7.9 (m, 12 H, CH(Ph)), 8.0 (m, 4H, CH(Ph)). 3'P{'H}-NMR (121.49 MHz,

CDCL): 5 9.6 (dd, J = 69.1, J = 188.8, PAPh2), 18.6 (dd, J = 65, J = 189, PBPh2), 84.75 (d br, J = 64,

PCy). 13C{DEPT}-NMR (75.47 MHz, CDCL): 5 14.26 (CH3CH), 14.36 (CH3CH), 24.0-28.0

(CH2(Cy)), 38.1, 38.2 (PCHCH3), 70.6 (CH(cp)), 71.3, 71.7 (2xCH(cp')); 72.3 72.6, 73.0, 74.9, 76.1

(CH(cp)), 129.5, 129.6, 131.9, 132.4, 132.9, 133.2, 133.5, 133.7, 134.9, 135.3 (20xCH(Ph)). IR

(KBr): 2856.7 (br, CH), 2319, 2285 (s, CN), 1460.9 (s), 1377.0 (s), 1088.2 (s), 973.5 (s).

[Ni((R)-(S)-P/£ip/Yos)(NCCH3)KBF4)2 (Ni8a)

Ni(BF4)2-6H20 (172.4 mg, 0.33 mmol) dissolved in /?=S\~| + (BF ")

EtOH (2 mL) was added to a solution of Pigiphos I Cy ; ^Tj^*^
Fe30 (300 mg, 0.33 mmol) in CH3CN (7 mL). The cg^r^^P^^~~~^^
mixture was stirred at room temperature for 12 h. ^e

.

p Ni P

/Ö\Ph2 I Ph2
The solvent was removed under reduced pressure ^^^^ j|j

(HV), and the solid washed with hexane. Red- ,

Me
brown powder was isolated after drying: 252 mg

(64.6%).

'H-NMR (250.13 MHz, CDCL): 5 0.5-2.8 (m, 11 H, CH2(Cy) or CH(Cy)), 1.95 (m, 6H,

2xCHCH3), 2.16 (s, CH3CN), 3.37 (m, 1 H, CHMe), 3.67 (m, 1 H, CHMe), 3.87 (s, 5 H, 5xCH(cp)),

4.15 (s, 5 H, 5xCH(cp)), 4.34 (s, 1 H, CH(cp)), 4.70 (s, 1 H, CH(cp)), 4.74 (s, 1 H, CH(cp)), 4.82

(s, 1 H, CH(cp)), 4.93 (s, 1 H, CH(cp)), 5.04 (m, 1 H, CH(cp)), 6.88 (m, 2 H, CH(Ph)), 7.4-8.1 (m,

18H, CH(Ph)). 3,P{'H}-NMR (121.49 MHz, C6D6): 510.1 (m br, PAPh2), 18.7 (m br, PBPh2), 84.43

(m br, PCy).

[Ni(Pi^iplios)(NC-CH=CH2)](PF6)j (Ni9)

[Ni(PPP)Cl]PF6 NÎ5 (20 mg, 0.017 mmol), T1PF6 (6.7 mg, 0.019 mmol) were suspended in

benzene-d6 (2 mL) in the glove box and acrylonitrile (0.1 mL, 0.17 mmol) was added. The

mixture was stirred overnight at room temperature and CH2C12 (2 mL) was added. The

§
Improved procedure of the synthesis reported by Barbaro"
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= ^H
+ (PF/)6^2

resulting suspension was stirred for 72 h at room

temperature After evaporation of the solvents

(HV) the solid was washed with hexane (2x) and

recrystallized from CH2C12/hexane: 12.2 mg

(54.9%).

'H-NMR (300.13 MHz, CDCL): 5 0.5-2.8 (m, 11 H,

CH2(Cy) or CH(Cy)), 2.05 (m, 6H, 2xCHCH3), 3.37

(m, 1 H, CHMe), 3.68 (m, 1 H, CHMe), 3.85 (s, 5 H, 5xCH(cp)), 4.18 (s, 5 H, 5xCH(cp)), 4.24 (s, 1

H, CH(cp)), 4.68 (s, 1 H, CH(cp)), 4.78 (s, 1 H, CH(cp)), 4.82 (m, 1 H, CH(cp)), 4.98 (s, 1 H,

CH(cp)), 5.01 (m, 1 H, CH(cp)), 6.05 (d, 2 H, CH2=CHCN), 6.88 (m, 2 H, CH(Ph)), 7.2-8.1 (m,

18H, CH(Ph)). 31P{'H}-NMR (121.49 MHz, CDCL): 5 -143.7 (heptet, 2xPF6), 10.4 (m br, PAPh2),

18.7 (m br, PBPh2), 85.2 (m br, PCy).

J

/

+ PFfi

[NiCl((R)-(S)-Gjptp/zos)]PF6 (NilO)

An EtOH solution (1 mL) of NiCl2-6H20 (26.5 mg, 0.11

mmol) was added to a solution of Gipiphos Fe37 (100 mg,

0.11 mmol) and T1PF6 (46.7 mg, 0.13 mmol) in 2mL

toluene/CH2C12 (1:1). The resulting mixture was stirred at

room temperature for 12 h. After evaporation of the

solvents, the crude product was dissolved in CH2C12,

filtered through 0.45 fim Millipore and recrystallized from

CH2C12/hexane: 116 mg (92.4%).

'H-NMR (300.13 MHz, CD2C12): 51.64 (dd, 6H, J = 7.0, J = 9.0, 2xCHCH3), 3.05 (s, 1 H, CH(cp)),

3.32 (s, 1 H, CH(cp)), 3.83 (s, 5 H, 5xCH(cp)), 4.04 (s, 1 H, CH(cp)), 4.29 (s, 5 H, 5xCH(cp)), 4.30

(m, 1 H, CH(cp)), 4.32 (m, 1 H, CHMe), 4.61 (s, 1 H, CH(cp)), 4.82 (s, 1 H, CH(cp)), 5.45 (m, 1 H,

CHMe), 7.2-8.4 (m, 25 H, CH(Ph)). ^Pl^Hl-NMR (121.49 MHz, CD2C12): 5 -143.1 (heptet, PF„),

34.6 (s br, PAPh2), 36.6 (s br, PBPh2), 39.6 (s br, PPh).

P—Ni-

P^
X^Ph

-PPh,

[NiCl((RMS)-(S)-PPPC/n»]PF6 (Nill)

A dichloromethane solution (1 mL) of (R)-(S)-(S)-PPPC/izV _ ~| + PFfi

(10 mg, 0.0151 mmol) was mixed with T1PF6 (5.9 mg, 0.017

mmol) and a EtOH solution (1 mL) of NiCl2.6H20 (3.6 mg, p„

0.0151 mmol). The resulting suspension was stirred at 4C—3^ Ph2 I

room temperature for 1 h. The suspension was filtered

through 0.45 fun Millipore and the product recrystallized from CH2C12/hexane: 9.5 mg

(83.2%) orange powder. Traces (5-10%) of the complex [NiCl((R)-(S)-(S)-PPPOzzV]PF6 were

also detected by 31P{1H)-NMR.

'H-NMR (250.13 MHz, CD2C12): 51.27 (d, 3 H, J = 9.5, CHCH3), 3.32 (s, 5 H, 5xCH(cp)), 3.43 (s,

2 H, CH(cp)), 3.75 (m, 2 H, CH2P), 4.0 (s, 1 H, CH(cp)), 4.0 (m, 2 H, CH2P), 4.6 (m, 1 H, CHMe),

7.1-8.1 (m, 22 H, CH(Ph)), 8.7-9.3 (m, 3 H, CH(Ph)). "P{'H}-NMR (101.25 MHz, CD2C12): 5

-143.56 (heptet, PF6), 11.81 (dd, J = 80, J = 287, cpPPh2), 58.17 (dd, J = 78, J = 287, CH2PPh2), 72.1

(dd, J = 47,1 = 80, CHPPh).
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[NiCl(Fe40)]PF6 <Nil2)

NiCl2-6H20 (15.2 mg, 0.064 mmol) was dissolved in

EtOH (0.5 mL). T1PF6 (23.6 mg, 0.067 mmol) was

added, followed by a tolene solution (1 mL) of Fe40

(53.2 mg, 0.063 mmol). The suspension was stirred at

Fe

h+pf*

Fe

room temperature for 45 min, then filtered. The ^^^^ 2
Cl

solvents were removed under reduced pressure (HV) and the product was purified by

recrystallization from CH2C12/hexane, yielding 40 mg (59%) of dark-lila crystals.

'H-NMR (250.13 MHz, CDCL): 5 2.09 (rf, 6H, J = 6.5, CHCH3), 3.78 (s, 10H, CH(cp)), 4.11 (s, 2

H, CH(cp)), 4.47 (m, 2 H, CH(cp)), 4.55 (q, 2 H, J = 6.5, CHMe), 4.99 (s, 1 H, CH(cp)), 7.36-7.60

(m, 16H, CH(Ph)), 7.79 (m, 4H, CH(Ph)). 13C{'H}-NMR (62.90 MHz, CDC13): 5 22.39 (CH3CH),

30.92 (PCHCH3), 66.77, 70.66 (CH(cp)), 71.17 (CH(cp')), 71.94 (C(cp)), 72.38 (CH(cp)), 91.61 (t, J

= 8.9, PC(cp)), 128.03,128.40,128.43,128.51,128.59 (CH(Ph), 130.96 (t, J = 1.7, C(Ph)), 131.48 (t,

J = 1.4, C(Ph)), 133.93 (t, J = 4.9, o-CH(Ph)), 134.87 (t, J = 6.3, o-CH(Ph)). 31P{'H}-NMR (101.25

MHz, CDC13): ô -143.47 (heptet, JPF=712.7, PF6), -0.93 (s, PPh2). EA: Anal. Calc. for

C48H44F6P3ClFe2NiS (1065.69): C, 54.10%; H, 4.16%; found: C, 53.98%; H, 4.23%.

[NiCl(Fe41)]PF6 (Nil3)

NiCl2-6H20 (25.8 mg, 0.11 mmol) was dissolved in

EtOH (1 mL). T1PF6 (41.9 mg, 0.12 mmol) was added

followed by a toluene solution (2 mL) of Fe41 (94.9

mg, 0.11 mmol, via cannula). The resulting dark red

suspension was stirred overnight at room

temperature. The volatiles were removed under

reduced pressure and the product was recrystallized

from CH2C12/hexane: 95.4 mg (82.5%) violet microcrystals.

'H-NMR (250.13 MHz, CD2C12): 51.96 (s br, 3 H, CHCH3), 2.07 (s br, 3 H, CHCH3), 3.85 (s, 5 H,

CH(cp)), 3.98 (s, 5 H, CH(cp)), 4.21 (s, 1 H, CH(cp)), 4.53 (m, 1 H, CH(cp)), 4.55 (s br, 1 H,

CHMe), 4.59 (s, 2 H, CH(cp)), 4.71 (s, 1 H, CH(cp)), 4.92 (s, 1 H, CH(cp)), 5.12 (s, 1 H, CH(cp)),

7.5 (m, 6H, CH(Ph)), 7.6 (m, 3 H, CH(Ph)), 7.9 (m, 4H, CH(Ph)), 8.2 (d, 3 H, J = 9.2, CH(Ph)).

31P{'H}-NMR (101.25 MHz, CDCL): 5 -143.65 (heptet, JPF=710.8, PF6), 0.57 (d, J = 318.5, P(3,5-

CF3-Ph2), 4.73 (d, J = 318.4, PPh2). MS (FAB+): m/z 1192 (50.4, [M]+), 1156 (19.9, [M-C1]+, 669.9

(32.5, [M- SCH(CH3)cp(PPh2)Fecp']+, 397.2 (100, [M-SCH(CH3)cp(P-3,5-(CF3)2-Ph2)Fecp']+.

[NiCl(Fe42)]PF6 (Nil4)

A solution of NiCl2-6H20 (4.5 mg, 0.019 mmol) and of

NH4PF6 (3.8 mg, 0.023 mmol) in EtOH (0.5 mL) was

added to a toluene solution (1 mL) of Fe42 (13.5 mg,

0.019 mmol). The mixture was stirred at room

temperature for 16 h and then heated to 60 °C for 24

h. The volatiles were removed under reduced

Ff- ~P—Ni—N^
/Ö^ Ph2 I /
^V^ z I HN

Cl

+ PF*
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pressure (HV) and the crude product was dissolved in CH2C12 and filtered through Alox,

yielding yellow-orange powder (6.5%), after evaporation of the solvent.

'H-NMR (250.13 MHz, CDCL): ô 1.68 (à, 3 H, J = 6.9, CHMe), 2.03 (à, 3 H, J = 7.1, CHMe), 3.93

(m, 1 H, cp), 4.02 (s, 5 H, cp'), 4.03 (s, 5 H, cp'), 4.24 (m, 2 H, cp), 4.29 (m, 1 H, cp), 4.44 (m, 1 H,

cp), 4.77 (m, 1 H, cp), 5.75 (dq, 1 H, CHMe), 6.07 (br, 1 H, C(4)-H Pz), 6.38 (br, 1 H, CHMe), 6.8-

7.0 (m, 4 H, ?Ph2), 7.29 (br, 1 H, C(5)-H Pz), 7.41 (m, 3 H, FPh2), 7.54 (m, 3 H, PP?z2), 10.37 (br, 1

H, H-Pz). "CI'HJ-NMR (62.90 MHz, CDC13): 5 20.68 (CHMe), 34.31 (CHMe), 67.64 (CH(cp)),

68.09 (CH(cp)), 68.45 (CH(cp)), 69.99 (CH(cp)), 70.13 (CH(cp')), 70.73 (CH(cp')), 71.32 (C(cp)),

72.16 (CH(cp)), 75.22 (C(cp)), 77.18 (CH(cp)), 93.66 (C(cp)), 94.08 (C(cp)), 104.68 (CH(Pz)),

127.28, 127.46, 127.55, 128.15, 128.28, 128.42, 129.78, 130.59, 130.84, 135.26, 135.61 (CH, FPh2,

Pz), 139.69 (C, FPh2, Pz). 31P{'H}-NMR (101.26 MHz, CDCL,): 5 -143.56 (heptet, PF6), -22.88

(PPh2).

[NiCl(Fe44)]PF6250 (Nil5)

(R)-(S)-PPFA (185.4 mg, 0.42 mmol) and Fe26 (168

mg, 0.35 mmol) were dissolved in degassed acetic

acid (1.5 mL). The solution was stirred at 60 °C for

23 h. The solvent was removed under reduced

pressure and the ligand was dissolved in toluene (2

mL). Separately, T1PF6 (135.1 mg, 0.385 mmol) was added to a solution (EtOH, 1 mL) of

NiCl2-6H20 (83.2 mg, 0.36 mmol). After 10 min the toluene solution containing the PNP

ligand was added to the Ni-suspension and the mixture was stirred at room temperature for

12 h. The volatiles were removed under reduced pressure and the product was purified by

recrystallization from CH2C12/hexane, CH3CN/Et20 and finally from CH2C12/pentane,

yielding 37.5 mg (9.7%) of red crystals.

'H-NMR (300.13 MHz, CD2C12): 5 1.17-1.30, 1.59, 1.72-1.78, 1.95, 2.05-2.09, 2.22-2.44 (m, 3 H,

CHMe, m, 22 H, PCy2), 2.21 (d, 3 H, J = 7.2, CHMe), 2.66 (m, 1 H, CHMe), 3.79 (m, 1 H, cp), 4.07

(s, 5 H, cp'), 4.46 (m, 1 H, cp), 4.51 (m, 1 H, cp), 4.57 (m, 1 H, cp), 4.67 (s, 5 H, cp'), 5.19 (m, 1 H,

cp), 5.36 (m, 1 H, cp), 5.95 (d, 1H,J = 2.7, C(4)-H Pz), 6.99 (t, 2H,J = 9.0, PPh2), 7.3-7.4, 7.4-7.6

(m, 5+4 H, FPh2, C(5)-H Pz), 8.79 (q, 1 H, J = 7.1, CHMe). 13C{'H}-NMR (75.47 MHz, CD2CL>. 5

15.57 (2 CH, PCy2), 18.39 (CHMe), 26.64 (CH2 FCy2), 27.01 (CH2 FCy2), 27.3-27.5 (CH2 PCj/2),

30.36 (CH2 PQ/2), 30.43 (CH2 PCy2), 30.69 (CH2 PCy2), 30.76 (CH2 PCjy2), 30.86 (CH2 PCy2), 30.95

(CH2 PCy2), 34.64, 34.88 (CHMe, CHMe), 60.76 (CHMe), 68.18 (d, JpcH=27.3, Cy2P-CHMe), 70.99

(C(cp)), 71.13 (CH(cp')), 71.43 (CH(cp)), 71.55 (CH(cp)), 72.03 (CH(cp')), 75.60 (C(cp)), 87.9

(C(cp)), 88.00 (C(cp)), 89.84 (C(cp)), 90.05 (C(cp)), 113.53 (CH, Pz), 127.06 (d, J= 50.7, C, PP/z2),

127.95 (d, J = 9.9, CH FPh2), 129.01 (d, J = 9.1, CH PP/z2), 129.88 (d, J = 36.5, C, FPh2), 131.05 (d,

J= 15.5, CH FPh2), 132.74 (d, J = 10.8, CH FPh2), 133.59 (CH, Pz), 134.86 (d, J = 7.2, CH FPh2),

154.02 (C, Pz). 31P{'H}-NMR (101.26 MHz, CDCLJ: 5 -143.68 (heptet, PF6), -11.49 (d, } = 351,

PPh2), 37.41 (d, J= 352, PCy2).

+ PF,
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4.4. Substrates and products of catalysis

General hydroamination procedure in THF:

In the glove box or in a teflon valve flask (young), 0.02 - 0.1 mmol (5 mol%) of Ni(C104)2-6H20

and 0.02 - 0.1 mmol (5 mol%) of the appropriate ligand were dissolved in THF (3 mL). The

resulting red-purple solution was stirred at room temperature for 20-30 min and then 0.4-2.0

mmol of olefin was added. The solution was stirred for an additional 10-30 min. In some

cases precipitation of the [Ni(PPP)(01efin)]2+ was observed. After the addition of 0.2-1.0 mmol

of the amine the solution was stirred overnight at room temperature After 24 h, hexane was

added to precipitate the catalyst, and the product was purified by flash column

chromatography.

General hydroamination procedure in Ionic Liquids:

In a Schlenk flask, 0.02 - 0.1 mmol (5 mol%) of Ni(C104)2-6H20 and 5 mol% of the appropriate

ligand 0.02 - 0.1 mmol (5 mol%) were suspended in ionic liquid (2 mL). 2-4 mL of THF or

acetone was added until the solid completely dissolved. After stirring the solution at room

temperature for 15 min the organic solvent was removed under reduced pressure (HV). To

the resulting red-purple solution, 0.4-2.0 mmol of the olefin was added. The mixture was

stirred for additional 10-30 min. After the addition of 0.2-1.0 mmol of the amine, the solution

was stirred overnight at room temperature. After 24 h, the organic substrates were extracted

5-10 times with hexane:Et20 (5:1) and the products were purified by flash column

chromatography.

General hydroamination in Quest 210 (10 parallel vials):

Procedure A

In a Schlenk flask, 0.1 - 0.5 mmol (5 mol%) of Ni(C104)2-6H20 and 0.1 - 0.5 mmol (5 mol%) of

Pigiphos (or 0.1 - 0.5 mmol (5 mol%) of the corresponding isolated complex

[Ni(PPP)(THF)](C104)2) were dissolved in 20 mL of solvent (for the catalysis in Ionic Liquids:

see above for the solution of the complexes). 2 mL of this standard solution was added via

syringe to each vial (from vial 1 to 10) of the Quest. To the resulting red-purple solution 0.2-

1.0 mmol of the olefin was added. The mixture was stirred for additionall0-30 min. After the

addition of 0.1-0.5 mmol of the amine, the solution was stirred overnight at room

temperature. After 24 h, the solution was poured into a vial, hexane was added and the

products were purified by flash column chromatography.

Procedure B

Ni(C104)2-6H20 (22.5 mg, 0.06 mmol) and Pigiphos (55.7 mg, 0.06 mmol) were placed in each

vial of the Quest. THF (3 mL) was added via syringe and the suspension stirred at room

temperature until complete solution of the complex (15-30 min). To the resulting red-purple

solution 2.45 mmol of the olefin were added and the solution was stirred for 10 min. After the

addition of 1.23 mmol of the amine the solution was stirred overnight at room temperature.

After 24 h, the solution was poured into a vial, hexane was added and the products were
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purified by flash chromatography.

Spot Tests

Procedure I: Detection of secondary amines'07254'256

Stock solutions of ligands (160 id, 0.063 M for the biphosphines, 200 fil, 0.05 M for the

triphosphine), 0.01 mmol of the catalyst (2 mg NiCl2,3.6 mg Ni(C104)2.6H20, 2.0 mg NiCl2+1.6

mg NH4PF6, 2.6 mg PtCL+1.6 mg NH4PF6, 3.3 mg Pd(TFA), 4.2 mg [Pd(cod)(allyl)]PF6),

crotonitrile (32.5 fd, 0.4 mmol), aniline (18fil, 0.2 mmol) and solvent up to 0.5 mL were loaded

into a 21-vials system (bounded, on the magnetic stirrer), using Eppendorf pipettes. The vials

were closed and the solutions stirred at room temperature for 12 h. Aliquots that were 10 fil

in volume were transferred to another 21-vials system and to these, aliquots of 2-furaldehyde

(10 fil) and acetic acid (50 fil) were added. The resulting red (remaining aniline) or yellow

(only secondary amines) solutions were diluted by adding THF and CH3COOH in order to

distinguish the colors clearly.

Procedure II: Detection of tertiary amines254'235256

Stock solutions of ligands (160 fil, 0.063 M for the biphosphines, 200 fil, 0.05 M for the

triphosphine), 0.01 mmol of the catalyst (2 mg NiCl2, 3.6 mg Ni(C104)2.6H20, 1.8 mg

Ni(SCN)2+1.6 m, 3.3 mg Pd(TFA), 4.2 mg [Pd(cod)(allyl)]PF6), methacrylonitrile (33.5 fd, 0.4

mmol), morpholine (17.5ftl, 0.2 mmol) and THF until 0.5 mL were loaded into a 21-vials

system (bounded, on the magnetic stirrer), using Eppendorf pipettes. The vials were closed

and the solutions stirred at room temperature for 12 h. Aliquots that were 15 fd in volume

were transferred to another 21-vials system and to these aliquots of acetaldehyde (15 fd),

Na2[Fe(CN)5NO].2 H20 (30 fil of saturated solution in saturated NaHC03) and 0.4 mL

saturated aqueous solution of NaHC03 were added. The resulting blue or red solutions

indicated the presence or the absence of morpholine, respectively.

Using Quest 210

Procedure I or Procedure II were also carried out in the Organic Synthesizer, using the

following parameters: stock solution of the catalysts (0.6 mmol in 20 mL THF, 2 mL (0.06

mmol) in each vial), 2.5 mmol of the olefin, 1.2 mmol of the amine and solvent up to 4 mL.

Reaction time: 24 h at room temperature. Aliquots of the products (10 id) were

colorimetrically analyzed (analogous procedure as above).

149



4. Experimental

2-Methyl-3-GV-morpholinyl)-propionitrile (Cl)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 +5%

NEt3). 'H-NMR (250.13 MHz, CDCL): 51.31 (d, 3 H, J = 7.0, 0^y^N~~^^CN
CH3CHCN), 2.38 (dd, 1 H, J = 12.5,J = 12.5, CHH'), 2.48 (dd, 4H, I = 4.75, CH2N), 2.6 (dd, 1 H,

J = 12.5, J = 12.5, CHH'), 2.82 (m, 1 H, CHCH3), 3.67 (t, 4H, J = 4.75, CH20). 13C{DEPT}-NMR

(62.90 MHz, CDC13): 5 15.74 (CH3), 23.98 (CHCN), 53.68 ((CH2)2N), 61.41 (CH2CH), 66.73

((CH2)20). GC-MS (120 °C iso): ret. time 6.15 min, m/z 154.1 (0.5, [M]+), 100.0 (100, [M-

CH3CHCN]+). EA: Anal. Calc. for C8H14N20 (154.21): C, 62.31%; H, 9.15%; N, 18.17%; found:

C, 62.49%; H, 9.15%; N, 18.36%. ). [a]D -32.18 (c=l, CHC13, 93.2% ee). GC4 (ß-dex, 92 °C iso):

ret. time 139.2 min (R), 142.7 min (S). ). GC1 (ß-dex, 90 °C iso): ret. time 168.5 min (R), 174.3

min (S).Registry Number: 98610-95-8.

2-Methyl-3-(N-thiomorpholinyl)-propionitrile (C2)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 + 5%
^^ i

NEt3). 'H-NMR (250.13 MHz, CDCL): 50.79 (d, 3 H, J = 7.0, S^/^N^^CN
CH3CHCN), 1.78 (dd, 1 H, J = 8.0, J = 10, CHH'), 2.06 (dd, 1H,J= 8.0, J = 11, CHH'), 2.33 (t,

4H, I = 5.0, CH2N), 2,38 (t, 4H, J = 5.0, CH2S), 2.8 (m, 1 H, J = 4.0, CHCH3). 13C{DEPT}-NMR

(75.47 MHz, CDC13): 5 15.95 (CH3), 24.51 (CHCN), 27.96 ((CH2)2N), 55.26 ((CH2)2S), 61.73

(CH2CH). GC-MS (120 °C iso): ret. time 13.21 min, m/z 170.0 (0.5, [M]+), 116.0 (100, [M-

CH(CH3)CN]+). EA: Anal. Calc. for C8H14N20 (170.28): C, 56.43%; H, 8.29%; found: C, 56.78%;

H, 8.14%. [<z]D -31.17 (c=l, CHC13, 91.1% ee). HFLC (OJ, 95:5 Hexane.'PrOH, 0.5 mL/min, 25

°C, DAD 230 nm): ret. time 26.0 min, 28.4 min.

2-Methyl-3-(N-piperidinyl)-propionitrile (C3)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 + 5% s\ I

NEt3). 'H-NMR (250.13 MHz, CDCL): ô 1.29 (d, 3 H, J = 8.0, ^\^~"N^^CN
CH3CHCN), 1.45 (m, 2 H, CH2), 1.59 (m, 4H, J = 4.0, J = 5.0, CH2), 2.33 (dd, 1 H, J = 7.0, CHH'),

2.43 (q, 4H, J = 7.0, CH2N), 2.57 (dd, 1 H, J = 8.0, CHH'), 2.78 (m, 1 H, CHCH3). 13C{DEPT}-

NMR (62.90 MHz, CDCL): 5 13.33 (CH2), 19.41 (CH3), 29.70 (CHCN), 36.42 ((CH2)2), 69.95

((CH2)2N), 70.22 (CH2CH), GC-MS (120 °C iso): ret. time 5.32 min, m/z 152 (0.5, [M]+), 98.0

(100, [M-CH3CHCN]+). [a]D -25.71 (c=l, CHC13, 91.9% ee). GC1 (a-dex, 52 °C iso): ret. time

447.9 min, 453.2 min. Registry Number: 73067-27-3.

2-Methyl-3-(N-piperazinyl)-propionitrile (C4)

The resulting product was purified by FC (Hexane:EtOAc 1:4 + 5% y^
i

NEt3). 'H-NMR (250.13 MHz, CDC13): 5 1.35 (d, 3 H, J = 8.0, HNs^~~"N^^CN
CH3CHCN), 2.52 (s br, 1 H, NH), 3.01 (dd, 1 H, J = 7.0, J = 15, CHH'), 3.08 (m, 1 H, CHCH3),

3.28 (m, 4H, (CH2)2N), 3.35 (dd, 1 H, J = 7.0, J = 14, CHH'), 3.64 (m, 4H, (CH2)2NH). GC-MS

(120 °C iso): ret. time 8.50 min, m/z 153.2 (1, [M]+), 99.1 (100, [M-CH3CHCN]+). GC4 (ß-dex, 92

°C iso): ret. time 134.1 min, 136.7 min.
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N,N'-Bis-(2-nitrilopropyl)-piperazine (C5)

The resulting product was purified by FC

(Hexane:EtOAc = 1:1 + 5% NEt3). 'H-NMR (250.13 MHz, NC-J~~~^^^X~~~N~~^^'CN
CDCL): 5 1.29 (d, 6H, J = 7.0, 2xCH3CHCN), 2.38 (dd, 2 H, J = 6.0, J = 13.0, 2xCHH), 2.52 (s br,

8H, 2x(CH2)2N), 2.60 (dd, 2 H, J = 8.0, J = 13.0, 2xCHH'), 2.75 (m, 2 H, 2xCHCH3). 13C{DEPT}-

NMR (62.90 MHz, CDCL): 516.1 (2xCH3), 24.4 (2xCHCN), 53.1 (2x(CH2)2N), 60.9 (2xCH2CH).

GC-MS (120 °C iso): ret. time 17.49 min, m/z 220.3 (3, [M]+), 166.1 (100, [M-CH3CHCN]+).

2-Methyl-3-[N-(iV'-methylpiperazinyl]-propionitrile (C6)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 +

5% NEt3). 'H-NMR (250.13 MHz, CDCL): 5 1.30 (d, 3 H, J = 7.0, ^N;

CH3CHCN), 2.28 (s, 3 H, NCH3), 2.41 (dd, 1 H, J = 6.2, J = 12.5,

CH2), 2.47 (s br, 4H, CH2N), 2.55 (s br, 4H, CH2NMe), 2.62 (dd, 1 H, J = 8.0, J = 12.5, CHH'),

2.76 (m, 1 H, CHCH3). 13C{DEPT}-NMR (75.47 MHz, CDC13): 5 16.02 (CH3), 24.45 (CHCN),

45.60 (CH3N), 52.71 ((CH2)2N), 54.78 ((CH2)2N), 60.80 (CH2CH). GC-MS (120 °C iso): ret. time

11.37 min, m/z 167.1 (16, [M]+), 113.1 (67.2, [M-CH(CH3)CN]+, 70.0 (100, [M-

CH2CH(CH3)CN]+). EA: Anal. Calc. for C8H,4NzO (167.25): C, 64.63%; H, 10.24%; found: C,

64.01%; H, 9.24%. [a]D -36.28 (c=l, CHC13, 96.1% ee). GC2 (a-dex, 80 °C iso): ret. time 230.8

min, 234.9 min.

2-Methyl-3-(N-phenylamino)-propionitrile (C7)

The resulting product was purified by FC (Hexane:EtOAc =1:1+5% H

NEt3). 'H-NMR (300.13 MHz, CD2C12): ô 1.37 (d, 3 H, J = 8.0, [jY'
^ "CN

CH3CHCN), 2.99 (m, 1 H, CHCH3), 2.99 (m, 2 H, CH2), 3.39 (dd, 4H, J =

6.0, J = 8.0, CH2), 4.11 (s br, 1 H, NH), 6.65 (d, 2 H, J = 9, o-(Ph)-CH), 6.75 (dd, 1 H, J = 8, J =

9,m-(Ph)-CH), 7.20 (dd, 2 H, J = 8, J = 9, p- (Ph) CH). '3C{DEPT}-NMR (75.47 MHz, CDCL): 5

15.42 (CH3), 25.99 (CHCN), 46.99 (CH2NH), 113.04 (CH(Ph)), 118.45 (CH(Ph)), 129.53

(CH(Ph)). GC-MS (120 °C iso): ret. time 18.95 min, m/z 160.0 (12.5, [M]+), 106.0 (100, [M-

CH(CH3)CN]+). EA: Anal. Calc. for C10H12N2 (160.22): C, 74.97%; H, 7.55%; N, 17.48%; found:

C, 75.19%; H, 7.50%; N, 17.31%. HPLC (OD-H, 98:2 Hexane.'PrOH, 1.0 mL/min, 25 °C, DAD

254 nm): ret. time 38.09 min, 39.53 min. Registry Number: 113683-09-3.

2-Methyl-3-[N-(2,3-dimethylphenylamino)]-propionitrile(C8)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 + i j-j i

5% NEt3). 'H-NMR (300.13 MHz, CD2C12): 5 1.37 (d, 3 H, J = 7.0, Nj/^*r^N^^^CN
CH3CHCN), 2.09 (d, 3 H, J = 6.0, CH3Ph), 2.28 (d, 3 H, J = 7.0, K^
CH3Ph), 3.03 (m, 1 H, CHCH3), 3.42 (m, 2 H, CH2NH), 3.95 (s br, 1 H, NH), 6.56 (m, 2 H,

CH(Ph)), 6.89 (dd, 1 H, J = 4, J = 7, CH(Ph)). 13C{DEPT}-NMR (75.47 MHz, CDCL): 5 12.50

(CH3Ph), 15.45 (CH3), 20.74 (CH3Ph), 25.88 (CHCN), 42.25 (CH2NH), 107.87 (CH(Ph)), 120.41

(CH(Ph)), 126.23 (CH(Ph)). GC-MS (120 °C iso): ret. time 39.38 min, m/z 188.1 (14.4, [M]+),

134.0 (100, [M-CH(CH3)CN]+). EA: Anal. Calc. for C,2H16N2 (188.27): C, 76.56%; H, 8.57%; N,

14.88%; found: C, 76.71%; H, 8.53%; N, 14.76%. HPLC (OD-H, 98:2 Hexane.'PrOH, 1.0
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mL/min, 25 °C, DAD 254 nm): ret. time 50.64 min, 54.35 min. Registry Number: 533926-84-0.

2-Methyl-3-[N-(3,5-dimethylphenylamino)]-propionitrile(C9)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 +

5% NEt3). 'H-NMR (300.13 MHz, CD2C12): 5 1.35 (d, 3 H, J = 8.0,

CH3CHCN), 2.24 (s, 6H, CH3Ph), 3.00 (m, 1 H, CHCH3), 3.35 (m, 2 H,

CH2NH), 4.0 (s br, 1 H, NH), 6.28 (s, 2 H, CH(Ph)), 6.43 (s, 1 H, CH(Ph)). 13C{DEPT}-NMR

(62.90 MHz, CDC13): 515.18 (CH3), 21.1 (CH3Ph), 25.9 (CHCN), 46.9 (CH2NH), 110.8 (CH(Ph)),

120.1 (CH(Ph)). GC-MS (120 °C iso): ret. time 47.56 min, m/z 188.1 (13.8, [M]+), 134.0 (100, [M-

CH(CH3)CN]+). EA: Anal. Calc. for C,2H,6N2 (188.27): C, 76.56%; H, 8.57%; N, 14.88%; found:

C, 76.74%; H, 8.69%; N, 14.76%. HPLC (OD-H, 98:2 Hexane.'PrOH, 1.0 mL/min, 25 °C, DAD

254 nm): ret. time 20.79 min, 23.71 min. Registry Number: 533926-86-2.

2-Methyl-3-[N-(3,5-dimethoxyphenylamino)]-propionitrile (C10)

The resulting product was purified by FC Hl

(Hexane:EtOAc = 1:10 + 5% NEt3). 'H-NMR (250.13 MHz, Me°Yx%^'N^^^CN
CDC13): 51.31 (d, 3 H, J = 7.5, CH3CHCN), 2.99 (m, 1 H, CHCH3), KX
3.32 (dd, 2 H, J = 3, J = 7.5, CH2NH), 3.75 (s, 6H, OCH3Ph), 3.74 (s OMe

br, 1 H, NH), 5.78 (d, 2 H, J = 2, CH(Ph)), 5.92 (dd, 1 H, J = 2, CH(Ph)). ,3C{DEPT}-NMR (62.90

MHz, CDCL): 5 15.37 (CH,), 25.94 (CHCN), 46.93 (CH2NH), 55.22 (CH3OPh), 90.40 (CH(Ph)),

91.94 (CH(Ph)). GC-MS (120 °C iso): ret. time 66.24 min, m/z 220.1 (18.5, [M]+), 166.0 (100, [M-

CH(CH3)CN]+). EA: Anal. Calc. for C12H16N202 (220.27): C, 65.43%; H, 7.32%; N, 12.72%;

found: C, 65.77%; H, 7.20%; N, 12.14%. Registry Number: 533926-88-4.

2-Methyl-3-(N-pyrrolidinyl)-propionitrile(Cll)

The resulting product was purified by FC (Hexane:EtOAc = 1:10 + 5% I \ ,

NEt3). 'H-NMR (250.13 MHz, CDC13): 51.34 (d, 3 H, J = 7.0, CH3CHCN), ^^N^^CN
1.79 (m, 4H, (CH2)2), 2.54 (m, 1 H, CHCH3), 2.58 (m, 4H, (CH2)2), 2.77 (m, 2 H, CH2N). GC-MS

(120 °C iso): ret. time 3.92 min, m/z 138.0 (1, [M]'), 98.0 (100, [M-CH(CH3)CN]+). Registry

Number: 408509-64-8.

2-MethyI-3-(N-benzylamino)-propionitrile (C12)

The resulting product was purified by FC (Hexane:EtOAc = 5:1 + ^^\

5% NEt3). 'H-NMR (300.13 MHz, CD2CL): 5 1.34 (d, 3 H, J = 8.0, [ JL_N- ^CN
CH3CHCN), 2.74 (m, 2 H, CH2NH), 2.80 (s br, 1 H, NH), 3.07 (m, 1 H,

CHCH3), 7.20-7.67 (m, 5 H, CH(Ph). GC-MS (120 °C iso): ret. time 21.72 min, m/z 173.0 (0.5,

[M]+), 120.0 (36.2, [M-CH(CH3)CN]+), 91.0 (100, [M-NHCH2CH(CH3)CN]+. HPLC (OD-H, 96:4

Hexane.'PrOH, 0.7 mL/min, 25 °C, DAD 254 nm): ret. time 18.5 min, 19.5 min. Registry

Number: 59970-77-3.

3-(N-Morpholinyl)-butyronitrile(C13)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 + 5% NEt3). 'H-NMR (250.13
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MHz, CDC13): 51.15 (d, 3H,J = 6.5, CH3CH), 2.38 (dd, 1 H, J= 7, J - 13,

CHH'), 2.47 (f, 4H, J = 4, CH2N), 2.48 (dd, 1 H, J = 6, J = 13, CHH'), 2.89 (m, 1 jjj
CN

H, CHCH2), 3.65 (t, 4H, J = 5, CH20). 13CfH}-NMR (50.32 MHz, CDCL.): ô

15.23 (CH3), 21.29 (CH2CN), 48.83 ((CH2)2N), 56.31 (CHN), 67.05 ((CH2)20),

118.58 (CN). GC-MS (120 °C iso): ret. time 8.14 min, m/z 154.1 (1.0, [M]+), 139.0 (5, [M-CH3]+,

114 (100, [M-CH2CN]+). EA: Anal. Calc. for C8H14N20 (154.1): C, 62.31; H, 9.15; found: C,

62.42; H, 9.27. GC4 (ß-dex, 100 °C iso): ret. time 95.9 min, 97.09 min. Registry Number: 38405-

81-1.

3-(N-Thiomorpholinyl)-butyronitrile (C14)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 + 5% NEt3).

'H-NMR (300.14 MHz, CD2C12): 5 1.16 (d, 3 H, J = 7.0, CH3CH), 2.35 (dd, 1 H, -N-

J = 7, J = 12, CHH'), 2.52 (dd, 1H,J= 7,] = 16, CHH'), 2.66 (m, 4H, CH2N),), ^s'

2.80 (m, 4H, CH2S), 3.02 (m, 1 H, CHCH2),). 13C{DEPT}-NMR (62.90 MHz, CDC13): 5 15.07

(CH3), 21.09 (CH2CN), 28.32 ((CH2)2N), 50.79 ((CH2)2S), 57.75 (CHN). GC-MS (120 °C iso): ret.

time 8.14 min, m/z 154.1 (1.0, [M]+), 139.0 (5, [M-CH3]+, 114 (100, [M-CH2CN]+). EA: Anal. Calc.

for QH14N2S (170.28): C, 56.43%; H, 8.29%; N, 16.45%; found: C, 56.61%; H, 8.35%; N, 16.60%.

HPLC (OJ, 95:5 Hexane.'PrOH, 0.5 mL/min, 25 °C, DAD 210 nm): ret. time 35.45 min, 38.46

min.

3-(N-Piperidinyl)-butyronitrile (C15)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 + 5% NEt3). ^>^^CN

'H-NMR (300.13 MHz, CDC13): 51.20 (d, 3 H, J = 6.6, CH3CH), 1.44 (m, 2 H, N^

CH2), 1.59 (m, 4H, (CH2)2), 2.34 (dd, 1 H, J = 7.8, J = 16.8, CHH'), 2.46 (m, 4H, ^\7

CH2N), 2.54 (dd, 1 H, J = 8.0, CHH'), 3.00 (m, 1 H, CHCH2). 13C{DEPT}-NMR (75.46 MHz,

CDCL): 5 14.6 (CH3), 20.45 (CH2CN), 24.37 (CH2), 26.03 ((CH2)2), 49.11 ((CH2)2N), 56.43

(CHCH2). GC-MS (120 °C iso): ret. time 6.87 min, m/z 152.1 (1.0, [M]+), 112.1 (100, [M-

CH2CN]+). EA: Anal. Calc. for QH16N2 (152.24): C, 71.01%; H, 10.59%; found: C, 71.40%; H,

9.99%. GC4 (ß-dex, 80 °C iso): ret. time 301.7 min, 304.9 min. Registry Number: 32813-37-9.

N,N'-Bis-(l-methyl-2-nitriloethyl)-piperazine(C16)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 + 5% NEt3).

'H-NMR (250.13 MHz, CDCL): 5 1.14 (d, 6H, J = 7.6, 2xCH3CHCN), 2.40

(dd, 2 H, J = 6.0
, J = 13.0, 2xCHH'), 2.50 (s br, 8H, 2x(CH2)2N), 2.61 (dd, 1 H,

J = 7.0, J = 13.0, 2xCHH'), 2.95 (m, 1 H, 2xCHCH3). 13C{DEPT}-NMR (62.90

MHz, CDC13): 5 8.07 (2xCH3), 21.14 (2xCH2CN), 52.89 (2x(CH2)2N), 55.96 (2xCHN). GC-MS

(120 °C iso): ret. time 23.1 min, m/z 220 (3, [M]+), 184.04 (100, [M-CH3CHCN]+).

3-[N-(N'-Methylpiperazinyl]-propionitrile (C17)

The resulting product was purified by FC (Hexane:EtOAc =1:1+5% NEt3). ^r^^CN

'H-NMR (300.13 MHz, CDCL): 5 1.21 (d, 3 H, J = 4.5, CH3CH), 2.28 (s, 3 H,
-N~

CH3N), 2.33 (dd, 1H,J = 5.0, J= 10.0, CHH'), 2.45 (s br, 4H, CH2NMe), 2.48 (dd,
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1 H, J = 6.0, CHH'), 2.56 (m, 4H, CH2N), 3.00 (m, 1 H, CHCH2),). ,3C{DEPT}-NMR (75.46 MHz,

CDC13): 3 15.4 (CH3), 21.0 (CH2CN), 24.37 (CH2), 45.9 (CH3N), 49.0 (CH2NMe), 54.1 (CH2N),

56.0 (NCHCH2). GC-MS (120 °C iso): ret. time 10.36 min, m/z 166.99 (29, [M]+), 126.98 (100,

[M-CH2CN]% 98.98 (27, [M- CH(CH3)CH2CN]+). GC4 (ß-dex, 90 °C iso): ret. time 308 min, 316

min. Registry Number: 68497-75-6.

3-[N-Phenylamino)]-butyronitrile(C18)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 + 5%

NEt3). 'H-NMR (250.13 MHz, C6D6): 5 0.91 (d, 3 H, J = 6.0, CH3CH), 1.77

(ddd, 2 H, J = 5.0,1 = 13.0, J = 30 CH2), 3.19 (s br, 1 H, NH), 3.23 (s br, 1 H,

CHCH3), 6.31 (d, 2 H, J = 8.0, CH(Ph)), 6.79 (dd, 1 H, J = 7, J = 8,

CH(Ph)), 7.20 (dd, 2 H, J = 8, CH(Ph)). 13C{DEPT]-NMR (75.47 MHz, CDCL): 5 20.42 (CH3),

24.35 (CH2CN), 45.43 (CHNH), 113.56 (CH(Ph)), 118.57 (CH(Ph)), 129.60 (CH(Ph)). GC-MS

(120 °C iso): ret. time 17.24 min, m/z 160.0 (15, [M]+), 120.0 (100, [M-CH2CN]+). EA: Anal. Calc.

for C10H12N2 (160.22): C, 74.97%; H, 7.55%; N, 17.48%; found: C, 75.22%; H, 7.68%; N, 17.21%.

GC2 (a-dex, 120 °C iso): ret. time 116.2 min (S), 118.5 min (R). HPLC (OD-H, 98:2

Hexane.'PrOH, 1.0 mL/min, 25 °C, DAD 254 nm): ret. time 49.8 min (S), 52.6 min (R).

Registry Number: 80935-75-7.

3-[N-(2,3-Dimethylphenylamino)]-butyronitrile(C19)

The resulting product was purified by FC (Hexane:TBME 1:1 + 5%

NEt3). 'H-NMR (300.13 MHz, CD2C12): 5 0.98 (d, 3 H, I = 6.0, CH3CH), v^L^I
1.66 (dd, 1 H, I = 3.0,1 = 16.0, CHH'), 1.82 (s, 3 H, CH3Ph), 1.94 (dd, 1 H, J K^X
= 6.0, J = 17.0, CHH'), 2.18 (s, 3 H, CH3Ph), 3.24 (s br, 1 H, NH), 3.29 (m

br, 1 H, CHCH3), 6.43 (d, 1H,J = 9.0, (CH(Ph)), 6.75 (dd, 1 H, J = 8, CH(Ph)), 7.08 (m, 1 H,

CH(Ph)). I3C{DEPT}-NMR (62.90 MHz, CDCL): 5 12.59 (CH3), 20.65, 20.85 (CH3(Ph)), 24.38

(CH2CN), 45.44 (CHNH), 108.81 (CH(Ph)), 120.43 (CH(Ph)), 126.34 (CH(Ph)). GC-MS (120 °C

iso): ret. time 44.23 min, m/z 188.1 (19.9, [M]+), 148.0 (100, [M-CH2CN]+). EA: Anal. Calc. for

C12H16N2 (188.27): C, 76.56%; H, 8.57%; N, 14.88%; found: C, 76.81%; H, 8.33%; N, 14.63%.

GC2 (a-dex, 120 °C iso): ret. time 206.7 min, 207.1 min. Registry Number: 533926-83-9.

3-[N-(3,5-Dimethylphenylamino)]-butyronitrile (C20)

The resulting product was purified by FC (Hexane:TBME 1:1+5%

NEt3). 'H-NMR (250.13 MHz, C6D6): 5 0.94 (d, 3 H, J = 7.0, CH3CH), 1.68

(dd, 1 H, J - 4.0, J = 15.0, CHH), 1.89 (dd, 1 H, J = 5.0, J = 14.0, CHH'),

2.25 (s, 6H, 2 x CH3Ph), 3.09 (s br, 1 H, NH), 3.23 (m, 1 H, CHCH3), 6.02

(s, 2 H, CH(Ph)), 6.50 (s, 1 H, CH(Ph)). ,3C{DEPT}-NMR (62.90 MHz, CDCL): 5 20.45 (CH3),

21.55 (CH3Ph), 24.38 (CH2CN), 45.44 (CHN), 111.57 (CH(Ph)), 120.53 (CH(Ph)). GC-MS (120

°C iso): ret. time 42.26 min, m/z 188.1 (17.8, [M]+), 148.1 (100, [M-CH2CN]+). EA: Anal. Calc. for

C12H16N2 (188.27): C, 76.56%; H, 8.57%; N, 14.88%; found: C, 76.63%; H, 8.41%; N, 14.69%.

HPLC (OD-H, 98:2 Hexane.'PrOH, 1.0 mL/min, 25 °C, DAD 254 nm): ret. time 18.9 min, 22.5

min. Registry Number: 533926-85-1.
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3-[N-(3,5-Dimethoxyphenylamino)]-butyronitrile (C21)

The resulting product was purified by FC (Hexane:TBME 1:1 + 5%

NEt3). 'H-NMR (250.13 MHz, CDCL): 5 1.42 (d, 3 H, J = 6.5, MeO,

CH3CH), 2.62 (dd, 1H,J = 4.0, J = 15.0, CHH'), 2.66 (dd, 1 H, I = 5.0, J u ^

= 14.0, CHH'), 3.71 (s br, 1 H, NH), 3.75 (s, 6H, 2 x OCH3Ph), 3.81 (m ÇMe

br, 1 H, CHCH3), 5.77 (s, 2 H, CH(Ph)), 5.92 (s, 1 H, CH(Ph)). 13C{DEPT}-NMR (62.90 MHz,

CDCL): 5 20.25 (CH3), 24.22 (CH2CN), 45.32 (CHNH), 55.21 (CH30), 90.41 (CH(Ph)), 92.39

(CH(Ph)). GC-MS (120 °C iso): ret. time 95.76 min, m/z 220.1 (20.8, [M]+), 180.1 (100, [M-

CH2CN]+). Registry Number: 533926-87-3.

3-(N-Benzylamine)-butyronitrile(C22)

The resulting product was purified by FC (Hexane:EtOAc = 5:1 + 5%

NEt3). 'H-NMR (300.13 MHz, CDCL): 5 1.26 (d, 3 H, I = 6.3, CH3CH),

2.48 (m, 2 H, CH2CN), 3.07 (m, 1 H, CHNH), 3.82 (s br, 2 H, CH2NH),

7.2-7.5 (m, 5 H, CH(Ph)). I3C{DEPT}-NMR (75.47 MHz, CDCL): 520.0 (CH3CH), 24.7 (CH2CN),

49.0 (CHNH), 50.8 (CH2NH), 126.7 (CH(Ph)), 127.7 (CH(Ph)), 128.1 (CH(Ph)). GC-MS (120 °C

iso): ret. time 21.43 min, m/z 173.0 (1, [M]+), 134.0 (32.8, [M-CH2CN]+), 91.0 (100, [M-

NHCH(CH3)CH2CN]'). ]+). EA: Anal. Calc. for QH14N20 (174.25): C, 75.82%; H, 8.10%; N,

16.08%; found: C, 75.90%; H, 8.39%; N, 15.87%. HPLC (OD-H, 98.8 : 1.2 Hexane.'PrOH, 0.7

mL/min, 25 °C, DAD 230 nm): ret. time 45.6 min, 49.2 min. Registry Number: 72687-57-1.

3-(N-Phenylamino)-propionitrile (C23)

The resulting product was purified by FC (Hexane:EtOAc = 5:1 +5% pi

NEt3). 'H-NMR (250.13 MHz, QD6): 5 1.53 (t, 2 H, J = 6.5, CH2CN), f^\~N***^CN
2.59 (td, 2 H, J = 3.5, J = 6.7, CH2COOMe), 3.03 (s br, 1 H, NH), 6.22 (d,

2 H, J = 7.7, CH(Ph)), 6.82 (dd, 1 H, J = 7,} = 7.5 CH(Ph)), 7.14 (dd, 2 H, J = 7, J = 7.5, CH(Ph)).

13C{'H}-NMR (62.90 MHz, CD2C12): 533.6 (COOCH3), 39.3 (CH2COOMe), 51.5 (CH2NH), 112.8

(CH(Ph)), 117.4 (CH(Ph)), 129.1 (CH(Ph)), 147.7 (CNH(Ph)), 172.6 (COOMe). GC-MS (120 °C

iso): ret. time 8.21 min, m/z 146.2 (23, [M]+), 106.2 (100, [M-CH2CN]+). GC4 (ß-dex, 142 °C iso):

ret. time 57.8 min. Registry Number: 1075-76-9.

3-(iV-Morpholinyl)-propionic acid methylester (C24)

The resulting product was purified by FC (Hexane:EtOAc = 1:1

+ 5% NEt3. 'H-NMR (300.13 MHz, CD2C12): 5 2.40 (f, 4H, J = 4.5, \^ " ~~^ ^COOMe

(CH2)2N), 2.47 (t, 2 H, J = 7.0, CH2COOMe), 2.63 (t, 2 H, J = 7.0, CH2N), 3.62 (t, 4H, J = 4.8,

(CH2)20), 3.64 (s, 3 H, COOCH3). GC-MS (120 °C iso): ret. time 6.15 min, m/z 173.0 (6.3, [M]+),

100.0 (100, [M-CH2COOMe]+). HPLC (OD-H, 98:2 Hexane.'PrOH, 1.0 mL/min, 25 °C, DAD

254 nm): ret. time 8.7 min. Registry Number: 33611-43-7.

3-(N-Phenylamino)-propionic acid methylester (C25)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 + 5% NEt3). 'H-NMR (250.13
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MHz, CD2C12): 5 2.62 (t, 2 H, J = 6.0, CH2NH), 3.45 (t, 2 H, J = 6.5, H

CH2COOMe), 3.69 (s, 3 H, COOCH3), 4.05 (s br, 1 H, NH), 6.62 fXX' "^^COOMe
*3A

(dd, 2 H, J = 2.0, J = 7.0, CH(Ph)), 6.70 (d, 1H,J= 7, CH(Ph)),

7.17 (dd, 2 H, J = 7,1 = 7.5, CH(Ph)). 13C{'H}-NMR (62.90 MHz, CD2C12): ô 33.6 (COOCH3),

39.3 (CH2COOMe), 51.5 (CH2NH), 112.8 (CH(Ph)), 117.4 (CH(Ph)), 129.1 (CH(Ph)), 147.7

(CNH(Ph)), 172.6 (COOMe). GC-MS (120 °C iso): ret. time 17.37 min, m/z 178.97 (21, [M]+),

105.98 (100, [M-CH2CN]+). HPLC (OD-H, 98:2 Hexane.'PrOH, 1.0 mL/min, 25 °C, DAD 254

nm): ret. time 18.8 min. Registry Number: 21911-84-2.

3-(iV-Morpholinyl)-butyric acid methylester (C26)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 + 5%
^^^

NEt3. 'H-NMR (300.13 MHz, CD2C12): 5 1.04 (d, 3 H, J = 6, CH3CH), 2.25 n^
COOMe

(dd, 1 H, I = 15,1 = 8, CHH'), 2.48 (m, 4H, (CH2)2N), 2.56 (dd, 1 H, J = 16,

J = 8, (CHH'), 3.08 (m, 1 H, CH3CHN), 3.62 (t, 4H, I = 4.0, (CH2)20), 3.65 (s,

3 H, COOCH3). GC-MS (120 °C iso): ret. time 8.54 min, m/z 187.1 (8, [M]+), 172.1 (14.5, [M-

CH3]+), 114.0 (100, [M-CH2COOMe]+). EA: Anal. Calc. for C9H17N03 (187.24): C, 57.73%; H,

9.15%; N, 7.48%; found: C, 57.45%; H, 9.10%; N, 7.66%. HPLC (OD-H, 99.2 : 0.8

Hexane.'PrOH, 0.35 mL/min, 25 °C, DAD 230 nm): ret. time 29.03 min, 30.96 min.

3-(N-Morpholinyl)-butyric acid ethylester (C27)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 + 5% NEt3). ^r^^COOEt

'H-NMR (300.13 MHz, CD2C12): 51.03 (d, 3 H, I = 6.7, CH3CH), 1.24 (t, 3 H, ^X___^

J = 7.2, CH3CH2), 2.22 (dd, 1 H, J = 14, J = 8, CHH'), 2.50 (m, 4H, (CH2)2N), NJ^
2.53 (dd, 1 H, I = 12, J = 7, (CHH'), 3.07 (m, 1 H, CH3CHN), 3.62 (t, 4H, J = 4.2 (CH2)20), 4.11 (q,

2 H, I = 7.1, COOCH2CH3). GC-MS (120 °C iso): ret. time 12.12 min, m/z 201.1 (2, [M]+), 186.1

(6.6, [M-CH3]+), 114.0 (100, [M-CH2COOEt]+). EA: Anal. Calc. for C10H19NO3 (201.27): C,

59.68%; H, 9.51%; N, 6.96%; found: C, 59.41%; H, 9.27%; N, 6.88%. HPLC (OD-H, 99.2 : 0.8

Hexane.'PrOH, 0.35 mL/min, 25 °C, DAD 230 nm): ret. time 25.88 min, 37.39 min.

4'-(N-Morpholinyl)-l,3-oxazolidin-2'-one(C28)

The resulting product was purified by FC (Hexane:EtOAc = 1:1 +

5% NEt3). 'H-NMR (250.13 MHz, CDCL): ô 1.01 (d, 3 H, I = 6.5,

CH3CH), 2.31 (m, 2 H, CH2N), 2.48 (m, 2 H, CH20), 2.85 (m, 1 H,

(CHCH3), 3.06 (m br, 4H, (CH2)2N), 3.36 (m, 2 H, CH2CO), 3.63 (m,

4H, (CH2)20). GC-MS (120 °C iso): ret. time 22.62 min, m/z 242.0 (0.5, [M]+), 114.1 (100, [M-

CH2CONCOO(CH2)2]+). HPLC (OD-H, 90:10 Hexane.'PrOH, 1 mL/min, 25 °C, DAD 254 nm):

ret. time 27.8 min, 30.8 min. Registry Number: 277754-07-1.

2-(Norbornyl)anUine (C29)

The resulting product was purified by FC (Hexane:EtOAc =1:1 + 5% A

NEt3. 'H-NMR (300.13 MHz, CDCL): 5 1.18 (m, 4H, CH2-Norb), 1.53 /y^Ny^
(m, 3 H, CH+CH2-Norb), 1.82 (m, 1 H, CH-Norb), 2.3 (s br, 2 H, CH2- ^~X/ |]
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Norb), 3.24 (m, 1 H, Norb-CHNH), 3.55 (s br, 1 H, NH), 6.62 (d, 2 H, J = 7.0, CH(Ph)), 6.68 (dd, 1

H, J = 7, CH(Ph)), 7.17 (dd, 2H,J= 7, J = 7.5, CH(Ph)). HPLC (OJ, 90:10 Hexane.'PrOH, 0.5

mL/min, 25 °C, DAD 254 nm): ret. time 15.1 min, 16.7 min. Registry Number: 15995-50-3.

(+)-[2-(R)-Methyl-3-(N-morpholinium)-propionitrile][(S)-l,l'-binaphtyl-2,2'-diylphosphate]

(C30)

A solution of (S)-(+) -1,1' - binaphtyl - 2,2' -

diylhydrogen phosphate (80.4 mg, 0.231

mmol) and of 2-methyl-3-(N-morpholinyl)-

propionitrile (37 mg ,
0.231 mmol, 64% ee

from the catalysis) in MeOH (1 mL) was

stirred at room temperature for 15 min (all

the products were dissolved). Et20 was added and a white solid precipitated. The suspension

was cooled at -20 °C and stirred for 4h. The solid was filtered off and washed with Et20 (3 x

20 mL). After drying (HV): 95 mg (80.9% yield; expected from 64%ee: 82%). X-ray-quality

crystals were obtained by recrystallisation from EtOH/Et20.

'H-NMR (250.13 MHz, D20): 5 0.79 (d br, 3 H, CHMe), 2.62 (m br, 7 H,

CH2CH+CHMe+(CH2)2N), 3.36 (s br, 4 H, (CH2)20), 5.82 (s br, 2 H, arom.), 6.28 (s br, 2 H,

arom.), 6.49 (s br, 2 H, arom.), 7.15 (s br, 2 H, arom.), 7.35 (s br, 2 H, arom.), 7.61 (s br, 2 H,

arom.). 31P{'H}-NMR (101.25 MHz, CDC13): ô 6.54 (P04). [a]D +335.2 (c=l, CH2C12, rot.

0.889°). MS (ESI+Q1MS): m/z 155.3 (40, [M]+), 87.3 (10, [M-CH2CH(CH3)CN]\ EA: Anal.

Calc. for C28H27N205P (52.51): C, 66.93; H, 5.42; N, 5.57; found: C, 66.74; H, 5.44; N, 5.45.

The salt (13 mg, 0.0258 mmol) was hydrolyzed with 0.1 M NaOH. The product was extracted

with Et20 (3 x 10 mL), yielding 4 mg (99%) of the pure (R)-enantiomer (product confirmed by

GC-MS and 'H-NMR); retention time in GC4 (ß-dex, 92 °C iso): 139.2 min (major product).

(-)-[2-(R)-Methyl-3-(N-morpholinium)-propionitrile][(R)-l,l'-binaphtyl-2,2'-diylphosphate]

(C31)

A solution of (R)-(-) -1,1' - binaphtyl - 2,2' -

diylhydrogen phosphate (67.4 mg, 0.19

mmol) and of 2-methyl-3-(N-morpholinyl)

-propionitrile (31 mg, 0.19 mmol, 64% ee

from the catalysis) in MeOH (2 mL) was

stirred at room temperature for 1 h (all the products were dissolved). Et20 was added and a

little amount of a white solid precipitated. The suspension was cooled to -20 °C for 4h, then

the white solid was filtered off and washed with Et20 (3 x 20 mL). After drying (HV): 14 mg

(14.6% yield). X-ray-quality crystals were obtained by recrystallisation from EtOH/Et20.

'H-NMR (250.13 MHz, CD2C12): 5 1.35 (d, 3 H, CHMe), 2.99 (m br, 6H, CH2CH+(CH2)2N), 3.40

(m br, 1 H, CHCH3), 3.79 (s br, 4 H, (CH2)20), 7.33-7.53 (m, 8 H, arom.), 7.98 (m, 4H, arom.).

31P{'H}-NMR (101.25 MHz, CDC13): 5 5.27 (P04'). [<x]D -337.3 (c=l, CH2C12, rot. -0.657 °). EA:

Anal. Calc. for C28H27N205P (502.51): C, 66.93; H, 5.42; N, 5.57; found: C, 66.87; H, 5.58; N,

5.33.
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The salt (14 mg, 0.026 mmol) was hydrolyzed with 0.1 M NaOH. The mixture was stirred at

room temperature for 1 h. Extraction with Et20 (3x10 mL), yielded 4 mg (97%) of the pure

(R)-enantiomer (product confirmed by GC-MS and 'H-NMR); retention time in GC4 (ß-dex,

92 °C iso): 139.1 min (major product).

(+)-t3-(N-Morpholinium)-butyronitrile][(S)-l,l'-binaphtyl-2,2'-diylphosphate](C32)

A solution of (S)-(+)-l,l'-binaphtyl-2,2'-

diylhydrogenphosphate (13.55 mg, 0.038 mmol) and

3-(N-morphotinyl)-butyronitrile (6 mg, 0.038 mmol,

racemic mixture from the catalysis) in MeOH (0.5 mL)

was stirred at room temperature for 15 min (all the

products were dissolved). Et20 was added and a

white solid precipitated. The suspension was cooled to -20 °C for 24 h, then the white solid

was filtered off and washed with Et20 (3 x 20 mL).

'H-NMR (300.13 MHz, CD2C12): 51.49 (s br, 3 H, CHMe), 2.9-3.2 (m br, 6H, CH2CH+(CH2)2N),

3.67 (m br, 1 H, CHCH3), 3.97 (s br, 4 H, (CH2)20), 7.2-7.6 (m, 8 H, arom.), 7.98 (m, 4H, arom.).

31P{'H]-NMR (121.49 MHz, CDC13): 5 5.41 (P04). [a]D +145.7 (c=l, CH2C12, rot. 0.102 °).

(-)-[3-(N-Phenylammonium)-butyronitrile][(R)~l,l'-binaphtyl-2,2'-diylphosphate](C33)

A solution of (R)-(-)-l,l'-binaphtyl-2,2'-

diylhydrogen phosphate (63.04 mg, 0.181 mmol)

and 3-(N-phenylamino)-butyronitrile (29 mg,

0.181 mmol, 18% ee from the catalysis) in MeOH

(1 mL) was stirred at room temperature for 15

min (all the products were dissolved). Et20 was

added and a white solid precipitated. The suspension was cooled to -20 °C for 24 h, the white

solid was filtered off and washed with Et20 (3 x 20 mL). After drying (HV): 46 mg (50%

yield; expected from 18%ee: 59%). Crystals suitable for X-ray-diffraction were obtained after

recrystallisation with EtOH/Et20.

'H-NMR (250.13 MHz, D20): 5 1.47 (d, 3 H, J = 7, CHMe), 2.74 (dd, 1 H, I = 8, J = 16, CHH'),

2.90 (dd, 1 H, I = 4,1 = 16, CHH'), 3.71 (m br, 1 H, CHCH3), 4.5 (s br, 1 H, NH), 7.2-7.6 (m, 8 H,

arom.), 7.98 (m, 4H, arom.). 31P{'H}-NMR (121.49 MHz, CDCL): 5 4.53 (PCy). [a]D -204.196

(c=l, CH2C12, rot. -0.326 °).

The salt (24 mg, 0.047 mmol) was hydrolyzed with 0.1 M NaOH. Extraction with Et20 (3 x 10

mL) yielded 8 mg (95%) of the pure (R)-enantiomer (product confirmed by GC-MS and 'H-

NMR); retention time in HPLC (OD-H, 98:2 Hexane^PrOH, 1 mL/min, DAD 254 nm): 52.54

min (major product).

a
NH,
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3-(jV-Benzylamine)-butanoic acid (C34)

A solution of NaOH lM/6% H202 (20 mL, 2.0 mmol) was added to r^\ -s^^-^

an EtOH solution (4 mL) of 3-(/V-benzylamine)-butyronitrile (C23) L II NH

(70 mg, 0.4 mmol). The mixture was stirred at room temperature

for 3 h (precipitation of white crystals). The solid was filtered off, washed with hexane and

dried (HV). Yield 73 mg (95%).

'H-NMR (250.13 MHz, CDCL): 5 1.24 (d, 3 H, J = 6.2, CH3CH), 2.26 (dd, 1 H, J = 6.7, J = 15.5,

CHH'), 2.46 (dd, 1 H, J = 3.5, J = 15.5, CHH'), 3.14 (m, 1 H, CHNH), 3.82 (m, 2 H, CH2NH), 5.63

(s br, 1 H, NH), 7.2-7.5 (m, 5 H, CH(Ph)), 7.85 (s br, 1 H, COOH). GC-MS (120 °C iso): ret. time

19.80 min, m/z 193.0 (0.2, [M]f), 148.0 (0.5, [M-COOH]+), 134.1 (9.2, [M- CH2COOH]+), 106.1

(31.6, [M- CH(CH3)CH2COOH]+), 91.0 (100, [M-NHCH(CH3)CH2COOH]+). HPLC (OD-H,

90 :10 hexane.'PrOH, 1.0 mL/min, 25 °C, DAD 210 nm): ret. time 18.07 min, 19.35 min.

Registry Number: 91246-78-5.

3-Amino-butyric acid (C35)

In a 50 mL steel-autoclave, a solution of 3-(N-benzylamine)-butanoic acid ^^—~COOH

(C35) (50 mg, 0.26 mmol) dissolved in 10 mL EtOH/MeOH 1:1 was added NH2

to a suspension of Pd/C 10% (50 mg) in EtOH (5 mL). The autoclave was pressurized with 3

atm of H2 and the suspension stirred at 60 °C for 3 h. After degassing and filtration of the

suspension, the volatiles were removed under reduced pressure yielding a yellowish solid (24

mg, 90%). 'H-NMR (250.13 MHz, methanol-rf): 5 1.34 (s br, 3 H, CH3CH), 2.60 (s br, 2 H,

CH2COOH), 3.32 (m br, 1 H, CHNH2), 3.62 (s br, 2 H, NH2), 8.05 (s br, 1 H, COOH). GC-MS

(120 °C iso): ret. time 15.29 min (br), m/z 103.0 (0.2, [M]+), 87.1 (4.9, [M-NH2]+), 58.1 (8.6, [M-

COOH]'), 45.1 (35.8, [M-CH2CHNH2]+), 44.1 (100, [M- CH2COOH]+). HPLC (OD-H, 90 : 10

hexane.'PrOH, 1.0 mL/min, 25 °C, DAD 210 nm): ret. time 16.27 min, 24.24 min. Registry

Number: 541-48-0.

2-Methyl-3-(N-morpholinyl)-proionic acid (C36)

2-Methyl-3-(N-morpholinyl)-propionitrile (Cl) (131 mg, 0.78 ,

mmol) was dissolved in EtOH (5 mL). To the solution was added OÇ~/~~^"""^^COOH
NaOH lM/6% H202 (2.8 mL, 2.8 mmol). The solution was stirred at room temperature for 3 h

(precipitation of white crystals). The solid was filtered, washed with hexane and dried (HV).

Yield 112 mg (83%).

'H-NMR (200.13 MHz, D20): 51.18 (d, 3 H, J = 6.2, CH3CH), 2.35 (dd, 1 H, CHH'), 2.36 (m, 4H,

(CH2)2N), 2.51 (dd, 1 H, CHH'), 2.98 (m, 1 H, CHCH3), 3.62 (m, 4H, (CH2)20), 8.31 (s br, 1 H,

COOH). GC-MS (120 °C iso): ret. time 16.46 min, m/z 173.2 (0.5, [M]4), 129.0 (4, [M-COOH]+),

100.1 (100, [M- CH(CH3)COOH]+). HPLC (OD-H, 90 : 10 Hexane.'PrOH, 1.0 mL/min, 25 °C,

DAD 210 nm): ret. time 17.51 min, 21.59 min. Registry Number: 322725-55-3.

2-Methyl-3-(N-thiomorpholinyl)-proionic acid (C37)

To an EtOH (2 mL) solution of 2-Methyl-3-(N-thiomorpholinyl)- „
/^m 1

,

SC/" "^^COOH
propionitrile (C2) (86 mg, 0.505 mmol) was added a solution of

^-^
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NaOH IM/6% H202 (1 mL, 1.0 mmol). The mixture was stirred at room temperature

overnight (precipitation of white crystals). The solid was filtered, washed with hexane and

dried (HV). Yield 76 mg (80%).

'H-NMR (250.13 MHz, CDCL): ô 1.31 (s br, 3 H, CH3CH), 2.65 (dd br, 2 H, CH2), 3.4-3.8 (m br,

8H, CH2N + CH2S), 4.25 (m br, 1 H, CHCOOH), 7.8-8.2 (s br, 1 H, COOH). GC-MS (120 °C iso):

ret. time 18.81 min, m/z 189.0 (1, [M]+), 116.0 (100, [M- CH(CH3)COOH]+). HPLC (OD-H, 90 :

10 Hexane.'PrOH, 1.0 mL/min, 25 °C, DAD 210 nm): ret. time 16.45 min, 18.25 min.

2-Methyl-3-(iV-phenylamino)-propionic acid (C38)

To an EtOH (5 mL) solution of 2-Methyl-3-(N-phenylamino)- /^^n ^

propionitrile (C7) (125 mg, 0.78 mmol) was added a solution of

NaOH lM/6% H202 (2.3 mL, 2.3 mmol). The mixture was stirred

at room temperature for 3 h. The solvent was removed under reduced pressure and the crude

product was washed with hexane and then dryed (HV). Yield 104 mg (75%).

'H-NMR (250.13 MHz, D20): 51.00 (d, 3 H, J = 7.0, CH3CH), 2.49 (m, 1 H, CHCOOH), 2.98 (dd,

1 H, J = 6.2, J = 12.7, (CHH'), 3.17 (dd, 1 H, J = 7.7, J = 12.7, CHH'), 6.73 (m, 3 H, CH(Ph)), 7.16

(dd, 2 H, J = 8.0, (CH(Ph)), 8.34 (s, 1 H, COOH). GC-MS (120 °C iso): ret. time 19.48 min, m/z

178.1 (12, [M]+), 106.0 (100, [M- CH(CH3)COOH]+). HPLC (OD-H, 90 : 10 Hexane.'PrOH, 1.0

mL/min, 25 °C, DAD 254 nm): ret. time 24.90 min, 34.16 min. Registry Number: 73849-53-3.

l,7-Dicyano-3,5-dimethyl-2,5-heptadiene(Sl)

The method of Wadsworth and Emmons was employed.262,263

In a 100 mL round bottom flask, NaH (0.82 g, 20.5 mmol, 60% in mineral

oil) was suspended in DME (50 mL, destilled on Na/K). The suspension

was cooled at 0 °C on an ice /water bath and cyanomethylphosphonate

(3.2 mL, 20.5 mmol, dissolved in 10 mL DME) was added dropwise.

When the gas formation was finished, the mixture was stirred at 0 °C for additional 15 min.

Acetylacetone (1.0 mL, 9.8 mmol, dissolved in 3 mL DME) was then slowly added. The ice

bath was removed and the suspension was stirred overnight. H20 was added and the

products extracted with Et20 (3x 50 mL) and dried over MgS04. Evaporation of the solvents

yielded the crude products, which were purified by flash chromatography (hexane:TBME

5:1). The mixture of the 3 possible isomers (E/E, Z/Z and E/Z-Z/E) was the major fraction,

but only the C2-symmetric product (E/E or Z/Z) was isolated. Yield 363 mg (25.3%)

(complete conversion).

Analysis of the isolated isomer: 'H-NMR (300.13 MHz, CDC13): 51.93 (s, 6H, 2xCH3), 3.53 (s, 2

H, CH2C), 5.36 (s br, 2 H, 2xC=CHCN). 13C{'H}-NMR (75.47 MHz, CDC13): 5 22.2 (CH3), 42.5

(CH2), 99.3 (CHCN), 116.3 (CN), 159.3 (C=CHCN). GC-MS (50 °C (5')-200 °C (20'), 3 °C/min):

ret. time 15.62 min, m/z 145.97 (92, [M]+), 130.9 (59.7, [M- CH3]+), 118.9 (73.7, [M- CN]+), 103.9

(100, [M- CN/ - CH3]+).

Analysis of the isomer mixture (3 distereomeres): 'H-NMR (300.13 MHz, CDCL): 51.91,1.95,

2.03, 2.08 (s, 3 H, CH3), 3.14, 3.23, 3.38, 3.44 (s, 2 H, CH2C or CHH'), 5.14, 5.24, 5.28 (s, 1 H,

C=CHCN). I3C{'H}-NMR (75.47 MHz, CDC13): 5 20.6, 21.4, 22.1, 22.5 (CH3), 42.4, 44.5, 46.7,

NC CN
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50.1, 52.0 (CH2 or CHH), 99.0, 99.1, 99.3, 99.5 (CHCN), 116.18, 116.24, 116.32, 116.37 (CN),

159.25,159.32,159.49,159.51 (C=CHCN). GC-MS (50 °C (5')-200 °C (20'), 3 °C/min): ret. time

15.56,16.33,16.73 min, m/z 145.97 (92, [M]+), (93.1, [M- lBu]+), 142.99 (84.6, [M- OT^u]4), 116.99

(100, [M- COO*Bu]+).

l,8-Dicyano-3,6-dimethyl-2,6-octadiene (S8)

The method of Wadsworth and Emmons was employed.262-263 „pCN

In a 100 mL Schlenk-round bottom flask, NaH (1.11 g, 25.4 mmol,

60% in mineral oil) was suspended in DME (40 mL). The suspension

was cooled to 0 °C with an ice/water bath and

cyanomethylphosphonate (4.0 mL, 25.4 mmol, dissolved in 4 mL

DME) was added dropwise. When the gas evolution was finished, the mixture was stirred at

0 °C for additional 15 min. Acetonylacetone (1.4 mL, 12.0 mmol, dissolved in 4 mL DME) was

then slowly added. The ice bath was removed and the suspension stirred overnight. H20 (50

mL) was added and the products extracted with CH2C12 (4x 40 mL) and dried over MgS04.

Evaporation of the solvents yielded a yellowish oil. Crystallisation from CH2C12 (slow

evaporation of the solvent) yielded yellow X-ray quality crystals (E/E isomer). 487.7 mg

(25.4 %) and 1.12 g of a yellow oil (58.2%) (mixture of the 3 diastereomeres (E/E, Z/Z and

E/Z-Z/E)).

Analysis of the E/E isomer: 'H-NMR (300.13 MHz, CDCL): 52.06 (s, 6H, 2xCH3), 2.36 (s, 4H,

2xCH2C), 5.14 (s, 2 H, 2xC=CHCN). 13C{'H}-NMR (75.47 MHz, CDC13): 5 20.9 (2xCH3), 35.7

(2xCH2), 96.4 (2xCHCN), 116.6 (2xCN), 162.6 (2xC=CHCN). GC-MS (50 °C (5')-200 °C (20'), 3

°C/min): ret. time 16.40 min, m/z 158.9 (25, [M]+), 144.9 (30, [M- CH3]+), 132.9 (75, [M- CN]4),

117.9 (35, [M- CN/ - CH3]+), 79.9 (50, [M- CH2C(CH3)CHCN]+, 1/2[M]+), 52.9 (100, [1/2M-

CN]+). EA: Anal. Calc. for C10H12N2 (160.22): C, 74.97; H, 7.55; N, 17.48; found: C, 74.99; H,

7.62; N, 17.51.

Analysis of the isomers mixture (3 distereomeres): 'H-NMR (300.13 MHz, CDCLJ: 51.89,1.93,

1.98, 2.04 (s, 3 H, CH3), 2.26, 2.29 (t), 2.46 (t), 2.50 (s or t, 2 H, CH2C), 5.06, 5.08, 5.10, 5.15 (s, 1

H, C=CHCN). 13C{'H}-NMR (75.47 MHz, CDC13): 5 (CH3), (CH2), (CHCN), (CN), (C=CHCN).

GC-MS (50 °C (5')-200 °C (20'), 3 °C/min): ret. time 16.40, 17.48, 18.02 min, m/z 158.9 (25,

[M]+), 144.9 (30, [M- CH3]+), 132.9 (75, [M- CN]+), 117.9 (35, [M- CN/ - CH3]+), 79.9 (50, [M-

CH2C(CH3)CHCN]+, 1/2[M]+), 52.9 (100, [1/2M- CN]+).
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Products of catalytic reactions

Table AI. Products of the asymmetric hydroamination of methycrylonitrile.

Amine Olefin Product Analysis Retention Time

code

^-^^NH I Cl GC4, ß-dex, 92 °C iso 139.2 (R), 142.7 (S) min

° "S^CN GC1, ß-dex, 90 °C iso 168.5 (R), 174.3 (S) min

NH | C2 HPLC, OJ, hexane:TrOH 26.0 min, 28.4 min

O^
95:5,0.5 mL/min, 25 °C

X

X

£^NH x

X

X.

X

HN-

HN-

NH | C3 GO, a-dex, 52 °C iso 447.9 min, 453.2 min

CN

NH | C4 GC4, ß-dex, 92 °C iso 134.1 min, 136.7 min

CN

NH I C5 GC-MS, 120 °C iso 17.49 min

MeN'

CN

-NH | C6 GC2, a-dex, 80 °C iso 230.8 min, 234.9 min

CN

I C7 HPLC, OD-H, hexane: 38.1 min, 39.5 min

S^ ^r~NH2 ^X^ TrOH 98:2, 1.0 mL/min,

25 °C, DAD 254 nm

I C8 HPLC, OD-H, hexane: 50.6 min, 54.3 min

<^-CN TrOH 98:2, 1.0 mL/min,

25 °C, DAD 254 nm

C9 HPLC, OD-H, hexane: 20.8 min, 23.7 min

-CN
'PrOH 98:2, 1.0 mL/min,

25 °C, DAD 254 nm

NH,

<P^NH2
X

MeO

0~nh2
MeO

X

Qnh X

ryj*"* X

C10 GC-MS, 120 °C iso 66.2 min

CN

CN

CN

CH GC-MS, 120 °C iso 3.92 min

C12 HPLC, OD-H, hexane: 18.5 min, 19.5 min

TrOH 96:4, 0.7 mL/min,

25 °C, DAD 254 nm
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Table A2. Products of the asymmetric hydroamination of various activated olefins.

Amine Olefin Product Analysis Retention Time

code

o-

S~

P&

-NH

.NH

NH

HN'

MeN"

\ //

-NH

NH

NH,

NH,

^^CN

^^CN

^^CN

^^CN

^^CN

CN

"cn

^N
CN

NH,

MeO ^^
CN

2 \^;K-
CN

\ //

-NH

NH,

-NH

<X^COOMe

-^^COOMe

O'
XOOMe

NH \^\
COOEt

NH

o-

o «

6

C13 GC4, ß-dex, 100 °C iso 95.6 min, 97.1 min

C14 HPLC, OJ, hexane: TrOH 35.4 min, 38.5 min

95:5,0.5 mL/min, 25 °C

C15 GC4, ß-dex, 80 °C iso 301.7 min, 304.9 min

C16 GC-MS, 120 °C iso

C17 GC4, ß-dex, 90 °C iso 308 min, 316 min

C18 HPLC, OD-H, hexane: 49.8 min (S),

TrOH 98:2, 1.0 mL/min, 52.6 min (R)

25 °C, DAD 254 nm

C19 GC2, a-dex, 120 °C iso 203.7 min, 207.1 min

C20 HPLC, OD-H, hexane: 18.9 min, 22.5 min

TrOH 98:2, 1.0 mL/min,

25 °C, DAD 254 nm

C21 GC-MS, 120 °C iso 95.7 min

C22 HPLC, OD-H, hexane: 45.6 min, 49.2 min

TrOH 98.8:1.2, 0.7 mL/

min, 25 °C, DAD 254 nm

C24 GC-MS, 120 °C iso 6.15 min

C25 GC-MS, 120 °C iso 17.4 min

C26 HPLC, OD-H, hexane: 29.0 min, 31.0 min

TrOH 99.2:0.8, 0.35 mL/

min, 25 °C, DAD 230 nm

C27 HPLC, OD-H, hexane: 25.9 min, 37.4 min

TrOH 99.2:0.8, 0.35 mL/

min, 25 °C, DAD 230 nm

C28 HPLC, OD-H, hexane: 27.8 min, 30.8 min

TrOH 90:10, 1.0 mL/

min, 25 °C, DAD 254 nm
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Crystallographic Data

ORTEP

(30% probability ellipsoids)

M2

r"iï —- v —<
'

Empirical formula

Formula weight

Temperature [K]

Wavelength [Â]

Crystal system

Space group

Unit cell dimensions

Volume [Â3]

Z

Calculated density [g/cm3]

Absorption coefficient [mm'1]

F(000)

Crystal size [mm]

Detector distance [mm]

exposure time frame [s]

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta = 28.91

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on FA2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

C35H35Cl2FeNiP2

735.03

298(2)

0.71073

monoclinic

P2,

a = 8.9288(14), alpha = 90 deg,
b = 19.821(3) A beta = 106.610(3) deg.
c = 11.7110(19) A gamma = 90 deg.

1986.1(6)

2

1.229

1.080

758

0.44 x 0.32 x 0.08

30

1.81 to 28.91 deg.

-12<=h<=ll, -26<=k<=26, -15<=1<=10

12597 / 8555 [R(int) = 0.0331]

89.6 %

0.9186 and 0.6479

Full-matrix least-squares on FA2

8555 / 5 / 431

0.867

Rl = 0.0520, wR2 = 0.1036

Rl = 0.1156, wR2 = 0.1187

-0.002(18)

0.695 and -0.308 e.AA-3
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ORTEP

(30% probability ellipsoids)

Ni5.PF6

Empirical formula

Formula weight

Temperature [K]

Wavelength [A]

Crystal system

Space group

Unit cell dimensions

Volume [A3]

Z

Calculated density [g/cm3]

Absorption coefficient [mm1]

F(000)

Crystal size [mm]

Detector distance [mm]

exposure time frame [s]

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta = 31.40

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on FA2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

C54H55F6Fe2NiP4

1147.72

298(2)

0.71073

orthorombic

P212121

a = 13.2991(17) A alpha = 90 deg.
b = 19.463(3) A beta = 90 deg.

c = 19.494(3) A gamma = 90 deg.

5045.9(12)

4

1.511

1.176

2360

0.60 x 0.52 x 0.50

30

1.85 to 31.40 deg.

-ll<=h<=19, -24<=k<=26, -28<=1<=27

42531 / 14865 [R(int) = 0.0722]

90.8%

0.5909 and 0.5389

Full-matrix least-squares on FA2

14865 / 0 / 613

0.941

Rl = 0.0540, wR2 = 0.0931

Rl = 0.1187, wR2 = 0.1097

-0.017(12)

0.488 and -0.310 e.AA-3
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ORTEP

(30% probability ellipsoids)

Ni5.ClOt

^»0(41

Empirical formula

Formula weight

Temperature [K]

Wavelength [A]

Crystal system

Space group

Unit cell dimensions

Volume [Â3]

Z

Calculated density [g/cm3]

Absorption coefficient [mm'1]

F(000)

Crystal size [mm]

Detector distance [mm]

exposure time frame [s]

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta = 28.46

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on FA2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

C60H60Cl2Fe2NiO8P3

1243.30

273(2)

0.71073

orthorombic

P2,2A

a = 10.0446(11 A alpha = 90 deg.
b = 23.682(3) A beta = 90 deg.

c= 11.7333(13) A gamma = 90 deg.

2689.3(5)

2

1.535

1.125

1286

0.60 x 0.52 x 0.50

30

1.72 to 28.46 deg.

-13<=h<=13, -31<=k<=31, -15<=1<=15

46478 / 13461 [R(int) = 0.0315]

99.5%

0.5909 and 0.5389

Full-matrix least-squares on FA2

13461 / 1 / 634

0.916

Rl = 0.0398, wR2 = 0.1075

Rl = 0.0446, wR2 = 0.1123

0.006(8)

0.537 and -0.307 e.AA-3
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ORTEP

(30% probability ellipsoids)

Nz22

Empirical formula

Formula weight

Temperature [K]

Wavelength [A]

Crystal system

Space group

Unit cell dimensions

Volume [A3]

Z

Calculated density [g/cm3]

Absorption coefficient [mm"1]

F(000)

Crystal size [mm]

Detector distance [mm]

exposure time frame [s]

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta = 28.38

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on FA2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

C48H45ClF6Fe2NiP3S

1066.67

100(2)

0.71073

a = 9.313(3) A alpha = 90 deg.
b = 20.983(7) A beta = 90 deg.

c = 22.854(6) A gamma = 90 deg.

4466(2)

4

1.587

1.333

2180

0.02 x 0.01 x 0.01

30

2.64 to 28.38 deg.

-12<=h<=2, -22<=k<=13, -28<=1<=29

6019 / 4688 [R(int) = 0.0708]

63.5%

Full-matrix least-squares on FA2

4688 / 0 / 289

0.924

Rl = 0.0788, wR2 = 0.1639

Rl = 0.1521, wR2 = 0.1906

0.02(5)

0.756 and -0.740 e.AA-3
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ORTEP

(30% probability ellipsoids)

C30

0,1A )n&î\

Empirical formula

Formula weight

Temperature [K]

Wavelength [A]

Crystal system

Space group

Unit cell dimensions

Volume [A3]

Z

Calculated density [g/cm3]

Absorption coefficient [mm'1]

F(000)

Crystal size [mm]

Detector distance [mm]

exposure time frame [s]

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta = 26.37

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on FA2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

C29H27N205P

522.50

293(2)

0.71073

monoclinic

P2i

a = 8.5080(13) A alpha = 90 deg.
b = 32.822(5) A beta = 105.812(2) deg.

c = 9.9874(15) A gamma = 90 deg.

2683.4(7)

4

1.293

0.146

1096

0.46 x0.44 x 0.05

50

60

2.12 to 26.37 deg.

-10<=h<=10, -40<=k<=25, -12<=1<=12

15906 / 7849 [R(int) = 0.0280]

99.8%

0.9927 and 0.9360

Full-matrix least-squares on FA2

7849 / 1 / 684

1.023

Rl = 0.0406, wR2 = 0.0870

Rl = 0.0702, wR2 = 0.0982

0.01(8)

0.231 and -0.238 e.AA-3
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ORTEP

(30% probability ellipsoids)

C32

Empirical formula

Formula weight

Temperature [K]

Wavelength [Â]

Crystal system

Space group

Unit cell dimensions

Volume

Z

Calculated density [g/cm3]

Absorption coefficient [mm'1]

F(000)

Crystal size [mm]

Detector distance [mm]

exposure time frame [s]

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta = 26.37

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on FA2

Final R indices [l>2sigma(I)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

C28H27NAP

502.49

293(2)

0.71073

orthorhombic

P212121

a = 8.8342(4) A alpha = 90 deg.
b = 13.1579(6) A beta = 90 deg.

c = 21.6690(11) A gamma = 90 deg.

2518.8(2)

4

1.325

0.151

1056

0.93 x 0.08 x 0.03

50

60

1.81 to 26.37 deg.

-10<=h<=ll, -16<=k<=14, -27<=1<=25

14764 / 5132 [R(int) = 0.0331]

99.8%

0.9955 and 0.8724

Full-matrix least-squares on FA2

5132 / 0 / 329

1.065

Rl = 0.0326, wR2 = 0.0785

Rl = 0.0386, wR2 = 0.0816

-0.08(7)

0.197 and -0.356 e.AA-3
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ORTEP

(30% probability ellipsoids)

C33

«
' I '

/ I

Empirical formula

Formula weight

Temperature [K]

Wavelength [Â]

Crystal system

Space group

Unit cell dimensions

Volume

Z

Calculated density [g/cm3]

Absorption coefficient [mm'1]

F(000)

Crystal size [mm]

Detector distance [mm]

exposure time frame [s]

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta = 26.37

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on FA2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

C32H28N304P

549.54

273(2)

0.71073

monoclinic

P2,

a = 12.098(2) A alpha = 90 deg.
b = 10.7411(17) A beta = 117.627(3) deg.

c = 12.394(2) A gamma =90 deg.

1426.9(4)

2

1.279

0.138

576

0.57 x 0.15 x 0.07

30

2.65 to 26.37 deg.

-15<=h<=10, -13<=k<=13, -13<=1<=15

9250 / 5162 [R(int) = 0.0375]

99.6%

0.9905 and 0.9254

Full-matrix least-squares on FA2

5162 / 1 / 369

1.080

Rl = 0.0788, wR2 = 0.2119

Rl = 0.1138, wR2 = 0.2298

0.3(2)

0.435 and -0.352 e.AA-3

183
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ORTEP

(30% probability ellipsoids)

S2

\
/ \

I

^L

Empirical formula

Formula weight

Temperature [K]

Wavelength [A]

Crystal system

Space group

Unit cell dimensions

Volume [A3]

Z

Calculated density [g/cm3]

Absorption coefficient [mm'1]

F(000)

Crystal size [mm]

Detector distance [mm]

exposure time frame [s]

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta = 28.25

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on FA2

Final R indices [I>2sigma(I)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

Ci0H12N2

160.22

273(2)

0.71073

monoclinic

P2,c

a = 4.0801(4) A alpha = 90 deg.
b = 11.3602(10) A beta = 90.319(2) deg.

c = 9.9073(9) A gamma = 90 deg.
459.20(7)

2

1.159

0.070

172

0.60 x0.45 x 0.43

30

2.73 to 28.25 deg.

-5<=h<=5, -15<=k<=14, -8<=1<=13

3376 / 1138 [R(int) = 0.0733]

100.0%

0.9703 and 0.9588

Full-matrix least-squares on FA2

1138 / 0 / 55

1.098

Rl = 0.0445, wR2 = 0.1271

Rl = 0.0471, wR2 = 0.1299

0.325 and -0.164 e.AA-3

184
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Appendix

Table A.4. Atomic coordinates (x 10A4) and equivalent isotropic displacement parameters
(AA2 x 10A3) for Ni5

Atom U(eq)

Ni(l)

FeA

FeB

Cl(l)

P 1A)

P IB)

P 2)

C XA)

C 2A)

c 3A)

c 4A)

c 5A)

c l'A)

c 2'A)

c 3-A)

c 4'A)

c 5'A)

c 6A)

c 7A)

c IB)

c 2B)

c 3B)

c 4B)

c 5B)

c l'B)

c 2'B)

c 3'B)

c TB)

c 5'B)

c 6B)

c 7B)

c 8)

c 9)

c 10)

c 11)

c 12)

c 13)

c 14A)

c ISA)

c 16A)

c 17A)

c 18A)

c 19A)

c 20A)

c 21A)

c 22A)

c 23A)

c 24A)

c 25A)

c 14B)

c 15B)

c 16B)

c 17B)

c 18B)

c 19B)

c 20B)

c 21B)

c 22B)

c 23B)

c 24B)

c 25B)

p 3)

F 1)

F 2)

F 3)

F 4)

F 5)

F S)

8114

8438

5267

9085

8973

7193

7227

9079

8S53

9119

9835

9812

8081

7246

6990

7643

8320

8000

8682

5991

5783

4715

4276

5048

5491

6165

5666

4656

4524

6565

6153

6298

5874

5240

4400

4786

5439

8422

7905

7471

7574

8095

8527

10282

10968

11954

12236

11578

10581

6861

7430

7185

6385

5820

6055

7899

8732

9252

8970

8162

7614

8449

8457

7391

8058

8770

8562

9514

1218 (D

3842 (D

2 (D

544 (D

2110 D

272 D

1872 D

2875 2)

2969 2)

3549 2)

3819 2)

3418 2)

4473 3)

4045 2)

4189 (2)

4687 (2)

4865 2)

2485 2)

2081 2)

381 2)

919 2)

944 2)

427 2)

76 2)

-984 3)

-582 (4)

-118 3)

-212 (3)

-771 (4)

1380 2)

1808 2)

2352 2)

1893 2)

2290 (3)

2658 (3)

3109 (2)

2707 (2)

2323 (2)

1825 (3)

1986 (3)

2624 (4)

3119 (3)

2967 (3)

1910 (2)

1904 (2)

1696 (2)

1497 (2)

1491 (2)

1701 (2)

-100 (2)

-625 (2)

-881 (3)

-614 (4)

-101 (3)

160 (2)

-376 (2)

-194 (2)

-692 (3)

1368 (3)

1553 (2)

1064 (2)

5918 (D

5194 (3)

6051 (5)

5691 (3)

6202 (4)

6652 (3)

5782 (3)

2254 D

2086 1)

837 1)

2851 1)

2678 1)

2098 1)

1587 1)

2172 2)

1500 2)

1199 2)

1667 2)

2259 2)

2897 3)

2729 3)

2042 3)

1789 3)

2326 4)

1090 2)

607 2)

1683 2)

1208 2)

1114 2)

1524 3)

1868 2)

532 3)

217 4)

-168 3)

-100 3)

360 4)

895 2)

291 2)

2095 2)

2676 2)

3177 3)

2809 3)

2227 3)

1729 2)

3504 2)

3871 2)

4489 3)

4761 3)

4425 3)

3789 2)

2862 2)

2333 2)

2441 3)

3092 3)

3609 3)

3512 2)

2927 2)

3221 2)

3861 3)

4219 3)

3938 3)

3289 2)

1635 2)

1252 2)

893 3)

928 3)

1311 3)

1659 2)

4703 1)

4982 4)

4927 3)

4007 2)

5404 2)

4425 3)

4473 4)

27 1)

36 (D

40 (D

47 (D

28 D

30 D

26 1)

30 D

28 D

37 D

38 D

33 D

62 D

53 (D

50 (1)

57 D

68 2)

29 D

49 D

32 D

33 1)

44 D

51 D

43 D

96 3)

86 2)

81 2)

82 2)

96 (3)

32 D

48 D

31 D

44 1)

60 1)

67 2)

58 (D

45 (1)

37 (D

52 (D

74 (2)

94 (2)

81 (2)

56 (D

31 (1)

43 (D

56 (D

56 (1)

52 (1)

40 (D

37 (D

49 <D

72 (2)

83 (2)

76 (2)

52 (D

34 (D

44 (D

54 (D

56 (D

54 (D

42 (D

60 (D

217 (3)

226 (4)

174 (2)

184 (3)

194 (3)

191 (3)

186



Appendix

Table A.5. Atomic coordinates (x 10A4) and equivalent isotropic displacement parameters
(AA2 x 10A3) for NU2

Atom U(eq)

Ni(l) 2285(2) 1497 (1) 1977 (1) 22(1)

Fe(l) 1874(2) 2278(1) 4133(1) 22 (1)

Fe(2) -1643(2) 311(1) 1657 (1) 23(1)

P(l) 2439(4) 2334(2) 2581(1) 19(1)

S(l) 993(4) 957(2) 2581(1) 22 (1)

P(3) 6027(5) 342(3) 4037(2) 24 (1)

Cl(l) 3776(5) 2009(2) 1435(1) 30(1)

P(2) 1619(5) 926(2) 1178 (1) 20(1)

F(l) 6668(11) -220(5) 4439(3) 36 (2)

C(23) 5598 (18) 3497 (10) 3221(6) 30(4)

C(ll) 361(16) 269(9) 1333(5) 21(3)

C(3) 15(16) 1768 (9) 3961(5) 19(3)

C(7) 3338(19) 1815(10) 4649(6) 31(4)

C(4) -255(17) 2424 (9) 3974(6) 28(4)

C(33) 726(17) 1443(10) 676(6) 26(4)

C(9) 2323(15) 2799 (8) 4868 (5) 17 (3)

C(21) 4203(15) 2623(9) 2786(5) 17(3)

C(45) 1786(16) 1035(8) 3323(5) 19(3)

C(47) 1206(16) 108 (8) 2430(6) 20 (3)

C(30) -165(17) 3799(8) 1517(6) 24 (4)

C(26) 5317(15) 2262 (9) 2800(5) 18(3)

C(29) -810(20) 3340(10) 1870(6) 39(5)

F(6) 5383(14) 897(7) 3635(4) 64 (3)

C(39) 2995(16) 539(9) 732(5) 20(3)

C(28) -42(17) 2927 (8) 2199(5) 19(3)

C(37) -790(20) 2371(11) 500(7) 44 (5)

C(40) 3089(16) -118(8) 728(5) 22 (3)

C(13) -713(16) -536(8) 1821(5) 20(3)

C(5) 632(15) 2714(9) 3546(5) 18(3)

C(20) -3005(17) 993(9) 1377 (6) 27 (4)

F(5) 4507 (11) 261(6) 4352(4) 49(3)

C(27) 1448(17) 2947(9) 2195(6) 25(4)

C(l) 1446(14) 2260 (8) 3251(4) 10(3)

F(3) 5625(13) -185(6) 3570(4) 56(3)

C(22) 4296(18) 3277(9) 3001(6) 26 (4)

C(34) 387(18) 1212(10) 102(6) 31 (4)

C(41) 4200(17) -420(10) 394(6) 28(4)

C(24) 6767(19) 3096(9) 3239(6) 28 (4)

C(15) -602(16) -18(9) 954 (6) 24(4)

C(19) -3755(18) 483(10) 1530(6) 32(4)

C(10) 3455(17) 2878(9) 4443(5) 25(3)

C(36) -1050(20) 2144 (11) -77 (7) 44 (5)

C(2) 1161(16) 1658(8) 3531(5) 18(3)

C(48) 2773(17) -97(9) 2380 (6) 30(4)

F(2) 7543(12) 431 (6) 3728(4) 50 (3)

C(32) 2158(18) 3418(9) 1830(5) 26(4)

C(44) 3944 (16) 912(9) 398(5) 19(3)

C(25) 6673(16) 2468 (9) 3035(5) 25(3)

C(14) -1284 (19) -519(9) 1249(6) 31(4)

C(16) -2226(16) 1235 (8) 1871(5) 19(3)

C(43) 5040(20) 623(10) 71 (6) 32 (4)

C(35) -465 (19) 1588(10) -264 (7) 38(5)

F(4) 6487 (13) 854(6) 4528(4) 61(3)

C(17) -2578(19) 817(9) 2338(6) 32(4)

C(38) 120(20) 2001(10) 851(7) 42(5)

C(46) 1394 (17) 471 (9) 3716(5) 24 (4)

C(6) 4041 (18) 2276(9) 4318(6) 27(4)

C(12) 269(16) -35(9) 1884(6) 23(4)

C(31) 1306(17) 3819(9) 1508(6) 26(4)

C(42) 5158(19) -34 (10) 73(6) 29 (4)

C(18) -3457(19) 330 (10) 2140(6) 36(4)

187
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Table A.6. Atomic coordinates (x 10A4) and equivalent isotropic displacement parameters
(AA2 x 10A3) for C31

Atom x y z U(eq)

P(l) 5187(1) 9693(1 7630(1) 45(1)

0(1A) 10175(4) 8958(1 6625(5) 106(1)

0(2A) 6941(2) 9647 (1 8359(2) 58(1)

0(3A) 4137(3) 9955(1 8207(2) 60(1)

0(4A) 5176(3) 9827 (1 6067 (2) 50(1)

0(5A) 4293(2) 9257 (1 7356(2) 48(1)

N(1A) 9273(8) 10829(2 5420(6) 153(2)

N(2A) 9729(3) 9736(1 7721(3) 52(1)

C(1A) 9139(7) 10674(2 6392(6) 97(2)

C(2A) 8901(5) 10475(1 7635(5) 72(1)

C(3A) 8843(7) 10793(2 8715(6) 115(2)

C(4A) 10229(4) 10156(1 8219(4) 64(1)

C(5A) 9568(5) 9673(2 6214 (4) 73(1)

C(6A> 9056(6) 9240 (2 5820(5) 89(2)

C (7A) 10282(6) 9008(2 8051(6) 97(2)

C(8A) 10855(4) 9426(1 8555(5) 67(1)

C(9A) 4358 (3) 9039(1 5085(3) 43(1)

C(10A) 4792 (4) 8977 (1 6504(3) 45(1)

C(11A) 5680 (4) 8640(1 7137(4) 54(1)

C(12A) 6213(4) 8363(1 6360(4) 59(1)

C(13A) 5934 (4) 8420(1 4902(4) 54(1)

C(14A) 6592 (4) 8148(1 4103(5) 70(1)

C(15A) 6373(5) 8218(2 2729(6) 78(1)

C(16A) 5502(5) 8556(2 2078(4) 71(1)

C(17A) 4828 (4) 8821(1 2818(3) 56(1)

C(18A) 5010(4) 8763(1 4252(3) 46(1)

C(19A) 3315(4) 9393(1 4493(3) 42 (1)

C (20A) 3733(4) 9775(1 5001(3) 45(1)

C (21A) 2810 (5) 10122 (1 4494 (4) 59(1)

C (22A) 1439(5) 10084(1 3431 (4) 64(1)

C(23A) 861 (4) 9699(1 2886(3) 52(1)

C(24A) -632 (4) 9647 (2 1834 (4) 68(1)

C(25A) -1214 (5) 9275(2 1404(4) 72(1)

C(26A) -359(4) 8928(1 1970(4) 60(1)

C(27A) 1134 (4) 8961(1 2947(3) 49(1)

C (28A) 1788 (4) 9342(1 3425(3) 44 (1)

P(2) 6660(1) 7141 (1 -2367(1) 41(1)

0(1B) 2034 (4) 6397 (1 -772(3) 87(1)

0(2B) 4954 (2) 7004(1 -2978(2) 50(1)

0(3B) 7561(3) 7345 (1 -3232(2) 55(1)

0(4B) 6613(2) 7412(1 -1020(2) 44(1)

0(5B) 7789(2) 6760 (1 -1640(2) 44(1)

N (IB) 3123(5) 8176(1 -1025 (4) 95(1)

N(2B) 2035(3) 7075(1 -2573(3) 44(1)

C(1B) 2771(5) 8007 (1 -2040(4) 66(1)

C(2B) 2298(4) 7799(1 -3399(3) 52(1)

C(3B) 1411(5) 8109(1 -4495(4) 70(1)

C(4B) 1228(4) 7425(1 -3428(3) 48(1)

C(5B) 2176(4) 7122(1 -1046(3) 58(1)

C(6B) 2948(5) 6748 (1 -267(4) 70(1)

C(7B) 1956(6) 6338(2 -2190(5) 81(1)

C(8B) 1127(4) 6688(1 -3071(4) 62(1)

C (9B) 8721(3) 7165(1 890(3) 37(1)

C(10B) 8102(4) 7472 (1 -27(3) 43(1)

C(11B) 8906(4) 7842 (1 -27(3) 51(1)

C(12B) 10410(4) 7902 (1 887(3) 52(1)

C113B) 11138 (4) 7592 (1 1835(3) 44(1)

C(14B) 12733(4) 7641(1 2726(4) 59(1)

C(15B) 13474 (4) 7342 (1 3598(4) 59(1)

CU6B) 12658(4) 6973(1 3632(4) 54(1)

C(17B) 11111 (4) 6909(1 2775(3) 46(1)

CU8B) 10301(3) 7220(1 1847(3) 40(1)

C(19B) 7823(3) 6772(1 761(3) 39(1)

C(20B) 7432 (3) 6574 (1 -502(3) 41(1)

C(21B) 6718(4) 6185(1 -679(4) 55(1)

C(23B) 6583(4) 6200(1 1695(4) 51 (1)

C(24B) 6067(5) 6024 (1 2796(4) 69(1)

C125B) 6229(5) 6230(2 4012(5) 72(1)

C(26B) 6915(4) 6617 (1 4181(4) 63(1)

C(27B) 7471 (4) 6796(1 3155(3) 52(1)

C(28B) 7326(3) 6587 (1 1881(3) 41(1)

C(22B) 6339(4) 6003(1 401(4) 61(1)

C(100) -6168(8) 9985(3 914(7) 135(3)

c(ioi) -4729(9) 9985(3 1868(7) 137(3)

0(99A) -3883(14) 10270(4 2776(12) 217(5)

0(99B) -3982(10) 10216(3 873(9) 92(4)
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Appendix

Table A.8. Atomic coordinates (x 10A4) and equivalent isotropic displacement parameters
(AA2 x 10A3) for C34

Atom x y z U (eq)

P(l) 4239(1) 1662(1) 13119(1) 59(1

0(1) 4559(4) 2758(4) 13927(4) 74(1

0(2) 4669 (4) 404(4) 13663(4) 75(1

0(3) 2752(3) 1538(4) 12273(3) 60(1

0(4) 4697(3) 1996(3) 12124(3) 62 (1

Nil) 3576(5) 8378(4) 3908(5) 62(1

N(2) 2371(7) 6211(8) 5669(8) 119(3

N(3) 6738(9) 8087(11) 4057(10) 161 (4

C(l) 3067 (4) 1414(5) 10179(5) 50(1

C(2) 1339(5) 598(5) 8242(5) 57(1

C(3) 2599(5) 589(4) 9156(5) 48(1

C (4) 1909(5) 3556(5) 8442(6) 60(2

C (5) 4259(5) 1230(5) 11086(5) 51(1

C(6) 3425(6) -335(5) 9093(6) 62(2

C(7) 2926(7) -1174(6) 8123(7) 75(2

C(8) 2260(4) 2385(5) 10316(5) 52(1

C(9) 3506(5) 7555(5) 2937(5) 60(2

C(10) 908(6) -261 (6) 7307(6) 68(2

C(ll) 1678(5) 3355(5) 9430(5) 56(1

C(12) 1306(6) 3238(6) 11538(6) 67(2

C(13) 2106(5) 2401(5) 11351(5) 57(1

C(14) 4652(6) -390(6) 10045(7) 75(2

C(15) 322 (7) 5186(6) 8774(8) 86(2

C(16) 1389(6) 4558(6) 7670(6) 76(2

C(17) 5097(6) 371(6) 11030(6) 69(2

C(18) 1740(8) -1154(7) 7273(7) 81(2

C(19) 677(6) 4076(6) 10642(8) 82(2

C(20) 875(5) 4200(5) 9617(7) 67(2

C(21) 590(6) 5373(6) 7846(8) 86(2

C(22) 3875(6) 6316(6) 3196(7) 77(2

C(23) 3782(7) 5576(7) 2248(8) 86(2

C(24) 3018(7) 8001(7) 1759 (7) 85(2

C(25) 2946(9) 7221(9) 832(7) 101(3

C(26) 3364(9) 6023(9) 1117(10) 101(3

C(27) 1547(7) 7626(8) 3742(8) 93(2

C(28) 2373(6) 8746(6) 3874(6) 73(2

C(29) 2664(7) 9582(7) 4956(6) 81(2

C(30) 2024(7) 6840 (7) 4821(9) 87(2

C(31) 8078(10) 7766(8) 4635(9) 110(3

C(32) 9083(10) 7539 (10) 4971(10) 131(4
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Appendix

Table A.9. Atomic coordinates (x 10A4) and equivalent isotropic displacement parameters
(AA2 x 10A3) for S2

X y z U(eq)

-133(2) 4596(1) 4391(1) 28(1)

2591(2) 6136(1) 2998(1) 32(1)

1117(2) 5085(1) 3083(1) 28(1)

4770(3) 6988(1) 764(1) 45(1)

604(3) 4304 (1) 1884 (1) 39(1)

3787(2) 6593(1) 1748(1) 34(1)
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