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ABSTRACT

A series of achiral and chiral ferrocenylphosphines have been prepared
with special emphasis on those containing bulky tert-butyl groups on phos-

phorus (I and V were previously known):
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They form a number of transition metal complexes such as [Rh(L-L)-

(NBD)]C1O4 (L-L=1-VII; NBD norbornadiene),M(L-L)X2 (M = Pd,Ni; L=L=1-1V;

X = Cl, Br), M(L-L)(CO)4 (M =Cr, Mo; L-L = 1), and Fex(L—L)(CO)y (x =1,
y=3,x=2,y=28,L-L=1). Al these ligands and their metal complexes
have been fully characterized by analytical and spectroscopic technigues.
In a number of cases these results are confirmed by X-ray analyses. The

configuration of VII proved to be, for example, (S,S) with regard to central

and planar chirality rather than the expected (S,R) found for V and VI.
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The achiral Rh(I) complexes [Rh(L-L)(NBD)]C1O4 (L-L = I-1V) are
efficient catalyst precursors for the hydrogenation of a range of olefins
(1 atm H2, 30°C). The presence of bulky tert-butyl groups enhances
reaction rates except_when bulky olefins are the substrates. The chiral
trisphosphine Rh(I) complex [Rh(L-L)(NBD)]C1O4 (L-L = VII) is a very
efficient catalyst precursor for the asymmetric hydrogenation of acylamino-
cinnamic, acylaminoacrylic, and (E)-a-methylcinnamic acids, giving 91, 95,
and 61% e.e., respectively. The chiral Rh(I) complex, where L-L = VI, is
a relatively poor catalyst for asymmetric hydrogenation as compared with
the other two complexes (L-L =V , VII). Here again the presence of tert-
butyl groups increases the reaction rates, and the rates become greater as
the number of tert-butyl groups increases. These results and other compara-
tive hydrogenation studies are discussed and‘rationa1ized in terms of the
steric (including ligand conformation) and electronic effects of.the substi-
tuents on the phosphorus atom(s).

The reaction of H2'with the hydrogenation catalyst precursor [Rh(L-L)-
(NBD)]C]O4 (L-L = II) in MeOH results in crystals which have the structure
[(L-L)(H)Rh(u-H)3Rh(H)(L-L)]C1O4. When L-L = IV, the same reaction results
in a similar rhodium hydride although the positions of the hydrogen atoms
are not well established. A number of other hydrides, some fluxional, are
also obtained in various solvents from the catalyst precursors [Rh(L-L)(NBD)]-
C104 (L-L = I-VII). Where possible these have been characterized on the
basis of their NMR spectra. The implication of these results with respect

to the mechanisms of catalytic hydrogenation is discussed.



Title

Abstract

Table of Contents
List of Tables
List of Figures

Acknowledgement

TABLE OF CONTENTS

PART 1
INTRODUCTION

CHAPTER 1 HOMOGENEOUS CATALYTIC HYDROGENATION

1.1 HISTORICAL REVIEW

1.2 SCOPE OF DISCUSSION

1.3 HYDROGENATION CATALYTIC CYCLES

1.3.1
1.3.2
1.3.3
1.3.4
1.3.5

Hydrogen Activation
Substrate Activation
Hydride Transfer
Product Formation

Summary

1.4  RHODIUM-PHOSPHINE CATALYSTS

1.4.1
1.4.2

Monohydride Catalysts

Dihydride Catalysts

Xiii

XX

10
11
12
14
16
16
20



CHAPTER 2

CHAPTER

2.
2.

vi

ASYMMETRIC CATALYTIC HYDROGENATION

GENERAL ASPECTS

TERMINOLOGY

2.2.1> Types of Chirality

2.2.2 Stereoisomeric'Ré]ationships

2.2.3 Stereo-Differentiating Reactions

ASYMMETRIC CATALYTIC HYDROGENATION

2.3.1 General

2.3.2 Over-all Reaction Mechanism

2.3.3 Mechanisms of Enantioface-Differentiation

CHIRAL RHODIUM-PHOSPHINE CATALYSTS

2.4 Ligands with Central Chirality

2.4.2 Ligands with Axial Chirality

2.4.3 Ligands with both Central and Planar Chirality

FERROCENYLPHOSPHINES IN HOMOGENEOUS CATALYSIS

GENERAL ASPECTS

3.1.1 Aromatic Electrophilic Substitution

3.1.2 Stereochemistry of Ferrocenes

METAL COMPLEXES OF FERROCENYLPHOSPHINES

3.2.1 Asymmetric Hydrogenation

3.2.2 Other catalytic Réactions

GOALS OF THE PRESENT INVESTIGATION

3.3.1 New Rhodium-Ferrocenylphosphine Complexes as
Hydrogenation Catalysts

3.3.2 Other Metal Complexes of Ferrocenylphosphines

Page
34
34
35
35
38
43
45
15
47

60
61
69

71
71
71
72
76
76
78
79
79

80



CHAPTER 4
4.1

4.2

4.3
4.4

4.5

4.6

vii

PART II
EXPERIMENTAL

GENERAL EXPERIMENTAL SECTION

GENERAL

4.1.1 Materials

4.1.2 Olefin Substrates

4.1.3 Instrumentation

HYDROGENATION EXPERIMENTS

4.2.1 Gas-Uptake Apparatus

4.,2.2 Gas Uptake Experimental Procedure

4.2.3 Work up of Hydrogenated Products

4.2.4 Hydrogenation of the Catalyst Precursors
OPTICAL ROTATION MEASUREMENTS

SYNTHESES OF STARTING MATERIALS

4.4 The Phosphines RR'PCI

4.4.2 Ferrocene Derivatives

4.,4,3 Metal Complexes

SYNTHESES OF FERROCENYLPHOSPHINES

4.5.1 Achiral Ligands

4.5.2 Chiral Ligands

SYNTHESES OF Rh(I)-FERROCENYLPHOSPHINE COMPLEXES
4,6.1 Achiral Complexes

4.6.2 Chiral Complexes

Page

82

83
83
83
83
84
85
85
87
88
89
90
92
92
94
97
98
98
101
103
103
104



4.7

CHAPTER 5

5.1

5.2

5.3

viii

SYNTHESES OF OTHER METAL-FERROCENYLPHOSPHINE
COMPLEXES

4.7.1 Palladium Complexes

4.,7.2 Nickel Complexes

4.7.3 Iron Complexes

4,7.4 Group VI Metal Complexes

PART III
RESULTS, DISCUSSION, AND CONCLUSION

SYNTHESIS AND CHARACTERIZATION OF FERROCENYL-
PHOSPHINES AND THEIR METAL COMPLEXES
FERROCENYLPHOSPHINE LIGANDS

5.1.1  Achiral Ligands

5.1.2 Chiral Ligands

CATIONIC RHODIUM(I) COMPLEXES OF FERROCENYL-
PHOSPHINES

5.2.1 Achiral Complexes

5.2.2 Chiral Complexes

OTHER METAL COMPLEXES OF FERROCENYLPHOSPHINES
5.3.1 Palladium Complexes

5.3.2 Nickel Complexes

5.3.3 Iron Complexes

5.3.4 Group VI Metal Complexes

Page
104

105
106
106
108

109

110

110
110
114
129

129
134
157
157
160
163

166



CHAPTER 6

CHAPTER 7

REFERENCES

APPENDIX

ix

RHODIUM COMPLEXES OF FERROCENYLPHOSPHINES AS
HYDROGENATION CATALYSTS
CATALYST PRECURSORS

CATALYTIC HYDROGENATION OF OLEFINS

6.2.1 Nonasymmetric Hydrogenation
6.2.2 Asymmetric Hydrogenation
HYDROGENATION OF CATALYST PRECURSORS

6.3.1 Introduction

6.3.2 Hydrogenation of the Catalyst Precursors

VITI-XIV

6.3.3  Summary

GENERAL CONCLUSION AND SUGGESTIONS FOR FUTURE STUDIES

FERROCENYLPHOSPHINE LIGANDS

RHODIUM COMPLEXES OF FERROCENYLPHOSPHINES AS HYDRO-

GENATION CATALYSTS
KINETIC AND MECHANISTIC STUDIES

OTHER METAL COMPLEXES OF FERROCENYLPHOSPHINES

Page
171

171
172
172
176
186
186
193

224
226
226
226

227
228

229

242



Table number

Chapter 2

Chapter 4

Chapter 5

LIST OF TABLES

Page
Asymmetric hydrogenation of (Z)-a-acetamido- 63
cinnamic acids by Rh(I)-DIPAMP
Asymmetric hydrogenation of some olefinic acids 65
with RhC1[(-)-DIOP]S (S.= C6H6)
Asymmetric hydrogenation of amino acid precursors 67
with [Rh(S,S-CHIRAPHOS)(cOD)T*
Specific rotation of some chiral products 91
Analytical and physical data for the achiral - 115
lTigands I-IV
T4 and 3'p('H) NMR data for the achiral 1igands 15
I-1v
Analytical and physical data for the chiral 121
ligands V-VII
T and 3TP{]H} NMR data for the chiral ligands 121
V-VII
Analytical and physical data for the achiral 131

Rh(I) complexes [Rh(P-P)(NBD)]C'IO4



Table number

- Chapter 6

5.6

5.7

5,8

5.9

Xi

Ty and 31P{]H} NMR data for the achira1'comp1exes

VIII-XI

Summary of important bond parameters for the
achiral Rh(I) complexes VIII-XI

Analytical and physical data for the chiral Rh(I)
complexes [Rh(P-N)(NBD)]C104

3]P{1H} NMR data for the chiral Rh(I) complexes
Some ]H NMR data relevant to the conformational
effects observed in the chiral Rh(I) complexes
XIT-XIV

Analytical results and melting points of Pd(P-P)-
C12

"H NMR data for Pd(P-P)C1,
Melting points and analytical data for the Ni(II)
complexes N1'(P-P)X2

Analytical and spectroscopic data for the iron
complexes XXIII and XXIV

Analytical and spectroscopic data for the Gp VI

metal complexes M{P-P)(C0),

Hydrogenation of olefins catalyzed by achiral Rh(I)
complexes [Rh(P-P)NBD)]mO4 (P-p = I-1V)

Page
131

139

141

141

149

158

158
161

165

167

173



Table number

6.2

6.3

6.4

6.5

6.6

Asymmetric hydrogenation of some olefinic acids
with [Rh(P-N)(NBD)]C]O4 (P-N = VI and VII)
Asymmetric hydrogenation of amino acid precursors
with Rh(I) complexes of (S,S)-VII and other repre-
sentative di(tertiary phosphine) Tigands
Asymmetric hydrogenation of some olefins with
[Rh(P-N)(NBD)]C]O4 (P-N = V-VII and PPFA)

TH NMR data (hydride portion) for the hydrogenated
solution (CDBOD) of the catalyst precursor IX
Hydrogenation products of [Rh(BBtPF)(NBD)]C1O4(XI);

Analyses, NMR, and Others

Page
177

178

179

207

213



Figure number

Chapter 1

Chapter 2

xiii

LIST OF FIGURES

~

The first known example of hydrido alkyl inter-
mediate |
Classification of homogeneous hydrogenation
catalytic cycles

The probable catalytic cycles for hydrogenation
(cycle B) and isomerization (cycle A) of a
terminal olefin

Two possible catalytic hydrogenation cycles for
dihydride catalysts

Halpern's mechanism for hydrogenation of cyclo-
hexene by Wilkinson's catalyst

Two possible catalytic hydrogenation cycles for
cationic rhodium-monophosphine systems
Hydrogenation cycle for [Rh(DIPHOS)(S)2]+
Crystal structure of [ha(DIPHOS)2]2+

Molecules with central chirality
Molecules with ax1a1'chirality

Molecules with planar chirality

Page

13

15

17

21

22

27

30

31

36
37
38



Figure number

2.

10

1

12

.13

14

Xiv

Olefins with equivalent groups and/or faces by
internal comparisons

Molecules with enantiotopic groups or faces by
internal comparisons

Molecules with diastereotopic groups or faces

by internal comparisons

Equivalent metal-olefin complexes by external
comparison

Enantiomeric metal-olefin complexes

Chiral diastereomeric metal-olefin complexes, not
related by any symmetry operation

Diastereomeric complexes formed by coordination
of a chiral olefin to an achiral metal complex

An example of enantioface-differentiating reaction
of a prochiral olefin by a chiral rhodium catalyst
Some representative chelating di{tertiary aryl-
phosphine) ligands

The mechanism of asymmetric hydrogenation of amino
acids with [Rh(p-P)”s,]"

(A) The preferred conformation of (S,S)-CHIRAPHOS,
(R)-PROPHOS, (S,S)-SKEWPHOS, and (S)-CHAIRPHOS

(B) The ring interconversion process between two

diastereomeric conformers

Page
39

40

41

41
42

43

46

47

49

53



Figure number

Chapter 3

Chapter 4

Chapter 5

2
2

.15

.16

a7

.18

19

XV

Quadrant theory suggested by Knowles

Schematic reaction coordination profiles for the
enantioface-differentiating reactions of the
diastereomeric [Rh(P-P)*(substrate)]+ with H,
Early examples of asymmetric hydrogenation with
RhL3C13

Early examples of asymmetric hydrogenation with

a Wilkinson type catalyst

Early examples of chiral ferrocenylphosphines

Ferrocene with planar chirality
Preparative routes to ferrocenylphosphines with

central and planar chirality

Apparatus for constant gas-uptake measurements

Preparative routes to the achiral ligands I-IV

32.3 MHz 1P{'H} NNR spectra of the achiral 1igands

I, II and IV in CGD6

Preparative routes to the chiral ligands V-VII

Page

55

59

62

62

70

73
74

86

111
116

118



Figure number

5.

.10
1
12
.13
.14

.15

.16
17

XVi

80 MHz ]H NMR spectra of the chiral ligands V-VII

in CGDG
32.3 MHz 31P{1H} NMR spectra of the chiral ligands
V-VII in C606
CD spectrum of the chiral ligand (R,S)-V in CHCI

3
The crystal structure of (S,S)-VII

CD spectra of the chiral ligands (S,S)- and (R,R)-
VII in CHC13

32.3 MHz 3]P{‘IH} NMR spectra of the achiral com-
plexes VII, IX, and XI

The crystal structure of the Rh(I) complex VIII
The crystal structure of the Rh(I) complex IX

The crystal structure of the Rh(I) complex X

The crystal structure of the Rh(I) complex XI

(A) CD spectra of (R,S)-XII and (S,R)-XIII

(B) CD spectra of (R,R)- and (S,S)-XIV

32.3 Miz >'P{'H} NMR spectra of the chiral Rh(I)

complexes (S,R)-XII, (S,R)-XIII,and (S,S)-XIV
The crystal structure of {Rh(S,R-PPFA)(NBD)]PF6
(A) Thé proposed six-membered ring conformations
A and B involved in the ring interconversion
process of both (S,R)-XIT and -XIII

(B) The preferred ring conformation of (S,S)-XIV

Page
120

123

126
127
128

132

135
136
137
138
142
142
144

145
147

147



Figure number

Chapter 6

5.18

6.2

xvii

(A)&(B) Variable temperature 1H NMR (400 MHz)
spectrum of {S,R)-XII in CD2C12

(A)&(B) Variable temperature 'H NMR (400 MHz)
spectrum of (S,R)-XIII in €D,C1,

400 MHz 'H NMR spectrum of (S,S)-XIV in CD,C1,
at 35°C

The stereoview of the crystal structure of
Pd(P-P)C12 (P-P = the Tigand I)

The stereoview of the crystal structure of
Ni(P-P)Br2 (P-P = the ligand I)

The stereoview of the crystal structure of

Mo(P-P)(CO)4 (P-P = the ligand I)

Mechanism for [3]-ferrocenophane bridge reversal

*
(A) Four possible diastereomers of [(P -N)-
Rh(substrate)]” generated from the conformer A,

B, or C of [Rh(P*-N)(S)2]+

*
(B) Five possible diastereomers of [(P -N)Rh(H)2]+

generated from the conformer A, B. or C of

L(P=N)RA(S),1"

Some possible hydrogenation pathways for [(L-L)-
Rh(Diene)]A

Page
150

152

154

159

162

168

169

184

184

189



Figure number

6.
6.

.10

1

Xviii

Page
Possible hydrogenation pathways for VIII in CHC13 196

(A)&(B) Variable temperature 400 MHz 1

H NMR spectrum 198
(CDZC12) of the hydrogenation product (S) of VIII

from CHC'I3

The crystal structure of the hydrogenation product 201
of IX from MeOH, [(P-P)(H)Rh(u-H),Rh(H)(P-P)1"

(P-P = the 1igand II)

Variable temperature 80 MHz 1H NMR spectrum (CDZC12) 203
of the hydrogenation product, [(P-P)(H)Rh(u-H)3Rh(H)-
(P-P)1%, of IX from MeOH

(A)&(B) Variable temperature TH MR spectrum of the 205
hydrogenated solution (CD30D) of IX

The proposed intramolecular exchange processes in 209
the hydrogenated solution (CD30D) of the complex IX |
The partial crystal structure of the hydrogenation 214
product of the catalyst precursor XI

(A)&(B) Variable temperature 400 MHz 'H NMR 215
spectrum (CDZC12) of the hydrogenation product of XI
from MeOH

The proposed intramolecular exchange processes in 219

the CDZC12 solution of the hydrogenation product
(Fig. 6.9) of XI



XX

Figure number | Page
6.12 Room temperature 400 MHz W NMR spectrum (CD2C12) 221
of the hydrogenation product of XI from benzene

TH NMR (400 MHz) spectrum 223

6.13 Room temperature
(CD,C1,) of the hydrogenation product of (R,R)-

XIV from MeOH



XX
ACKNOWLEDGEMENTS

This thesis could not have been written without the advice and help
from a number of people, especially those mentioned here, who have acted
as both friends and advisors to me.

First of all, I wish to express my sincere gratitude to Professor
W.R. Cullen, my research advisor, for his expert guidance and assistance
during the course of this work. My association with him has been pleasant
and rewarding.

Special thanks are due to Dr. T.G. Appleton for the assistance of
many NMR experiments and invaluable suggestions.

I am very much indebted to Professors F. Aubke, A.V. Bree, B.R. James
for their suggestions and comments on my work and for proof-reading the
manuscript of this thesis.

My thanks are extended to Professor F.W.B. Einstein, Professor
J. Trotter, Dr. T. Jones, Dr. S. Rettig and Mr. S. Evans for the crystal
structure determinationsand the help they have given to me.

My thanks go also to my lab colleagues Dr. I.R. But1er, Dr. C. Nurse,
Mr. N.F. Han, Mr, J.J. Ni for the assistance of some experiments, for many
helpful discussions, and for the friendly atmosphere created by them.

I am very grateful to the technical staff of this department, in
particular Dr. Chan and his staff members for the assistance of a number of
NMR experiments, and Mr. P, Borda for his expert microanalyses.

I also want to thank Mrs. T. Schreinders for typing the manuscript.



XX i

To my wife, I express my greatest thanks for her encouragement and

unflagging faith inme and my work.



XX1i

To my parents and my wife



PART I

INTRODUCTION



CHAPTER 1

HOMOGENEOUS CATALYTIC HYDROGENATION

1.1 HISTORICAL REVIEW

Homogeneous catalytic hydrogenation of organic substrates by soluble
transition-metal complexes is probably the most widely studied class of
organometallic reactions. O0lefins have been the most thoroughly examined
substrates (equation 1.1), but many other functional groups such as ace-
tylenes, aldehydes, ketones, nitro groups, and arenes have also been

studied.

H H
[
>C=C< + H2 Ea_ta_]_\Yit_> _.i:__(l:_ ('] .'])

The first hydrogenation of an organic molecule using a soluble transi-
tion-metal complex was reported in 1938 by Calvin, who discovered that
quinone was reduced to quincline by a cuprous acetate-guinoline mixture
at atmospheric hydrogen pressure and 100°C [1].

Iguchi in 1942 discovered that hydrogen was absorbed by aqueous
solutions of cobalt(II) chloride containing potassium cyanide [2]; at room
temperature the absorption corresponded to one hydrogen atom per cobalt
atom. Such solutions were used for the hydrogenation of various organic
compounds. This finding led to the most widely studied homogeneous hydro-
genation catalyst, [Co(CN)5]3'. Such systems have been reviewed by

Kwiatek and Seyler [3].



In the early 1950, investigators found that hydrogenation of the olefin
was a side reaction of the oxo process of hydroformylation of olefins by
HCo(CO)4 [4-5] and that the product aldehyde itself could be reduced to
alcohol in the same catalyst pot.

In 1954, Flynn and Hulbert discovered that at low temperatures
(2 0°C) the complex [Pt(C2H4)C12]2 catalyzes homogeneously the hydrogenation
of ethylene [6]. Reports of the more active hydrogenation catalysts in
1960-1963 did involve ruthenium [7-9] and platinum [10] complexes and
considerable progress in the understanding of hydrogenation was also made
during this period by Halpern's group and by others [7-11]. VYet very
significant advances have been made by Wilkinson's group in the isolation
and detailed study of the extremely active hydrogenation catalysts,
RhC](PPh3)3 [12] and HRuC](PPh3)3 [13] both originally reported in 1965,

The last decade has seen a virtually exponential growth in the number
of papers on the subject of homogeneous hydrogenation catalyzed by
transition metal complexes, with a large number of reviews and specialized
texts [14-27]. 1In particular, a comprehensive account of the whole field
of transition-metal catalyzed homogeneous hydrogenation has also been

available [16, 24].



1.2 SCOPE OF DISCUSSION

The reason for this unprecedented interest in homogeneous hydrogena-
tion may lie in three primary research motives. First, both academic and
.industria1 chemists have been searching for new selective and stereospeci-
fic catalyst systems. Secondly, interest in hydrogenation has been part of
a general investigation of organometallic patterns of reactions. Finally,
chemists have hoped that the relatively easily studied homogenebus systems
would provide insights into the mode of activation of heterogeneous cata-
lysts (but this appears to have a rational basfs only in the 1little
explored metal cluster complexes and in the supported homogeneous cata-
lysts). Both industrial and academic reseachers have noted distinct
advantages of homogeneous catalyst over heterogeneous counterparts:

(1) milder reaction conditions; (2) ease of catalyst regeneration;
(3) high efficiency, selectivity, and stereospecificity; (4) convenience
for kinetic study.

As a result of this interest there are now numerous transition metal
complexes which can function as homogeneous hydrogenation catalysts and
virtually all transition metals have been studied in combination with
various ligands in an effort to discover more efficient catalytic systems
[16, 20, 24]. Complexes of the Group VIII elements, among others, have
been found to be the most efficient catalysts. Especially effective
combinations with m-acceptor ligands or strong ligand fields resulted in

d8 Tow-spin configurations. Such complexes have a number of properties



which influence their catalytic activity and selectivity. For example,
bond stability, ligand substitution, number of electrons, and coordina-
tion sites available are among those properties.

Here, it must be recognized that the terms "catalyst" and "catalyst
precursor” can apply to distinct species. The latter is the transition-
metal complex that is synthesized and handled but when subjected to the
catalytic reaction may undergo considerable modification (ligand disso-
ciation and substitution, as well as metal valence change) before being
converted into the active catalyst(s) directly involved in the catalytic
cycle. Ideally the structure of the active species, as well as that of
all other intermediates directly involved in the catalytic cycle should
be established in order to study the various factors influencing catalytic
behaviour. Unfortunately, such intermediates, by their very nature, are
often too unstable to isolate, and indirect evidence of their constitution
must be relied on. As a consequence few systems have been so thoroughly
investigated that the mechanism proposed for them have been generally
accepted. Nevertheless, it is useful to discuss basic processes occurring
in a reaction such as hydrogenation, and classify the catalysts according
to their characteristic features (mechanism, selectivity, etc.).

Discussion in this chapter is limited to hydrogenations catalyzed
by the class of complexes known as the "Rhodium-Phosphine" type. These
complexes have some unique advantages over other transition metal complexes.
For example, most reactions require easily prepared and handled catalyst

precursors. Mechanisms for some of these systems have been studied in



considerable detail and their catalytic behaviours have also been characte-
rized very well. Most importantly, it has been this class of catalyst

which has been employed, in the main, for asymmetric hydrogenation.

1.3  HYDROGENATION CATALYTIC CYCLES

Although mechanisms of homogeneous hydrogenations may differ from
system to system, some common features are present 1n'a11-hydrogenation
cycles. They are:
(1) activation of hydrogen by formation of M-H bonds,
(2) activation of substrate by its coordination to metal,
(3) hydride transfer from the central metal to the coordinated substrate

followed by formation of the reduced product. These are now discussed

in this section.

1.3.1. Hydrogen Actication

The essential feature in catalytic hydrogenation is the activation
of hydrogen. Yet, the precise manner in which molecular hydrogen reacts
with the active cata]yst species is not known. One possibility (for square
planar a8 complexes) is that an anti-bonding orbital of the hydrogen mole-
cule accepts an electron from a filled metal orbital; another is that the
bonding electrons of hydrogen attack a vacant metal orbital. In any event,
a complex containing a hydride ligand is formed. The accumulated evidence
concerning the mechanism of both homogeneous and heterogeneous cata]yt%c

hydrogenations indicates that hydrogen atoms of metal hydrides are trans-



ferred to the substrate in discrete steps by "insertion" and "reductive
elimination" reactions. Thus the formation of metal hydrides from mole-
cular hydrogen is an obligatory step in the catalytic cycle.
Two types of hydrogen activation have been distinguished:
(A)  homolytic splitting by "oxidative addition" of hydrogen in which
three different patterns can be recognized,
(a) monometallic H, oxidative addition to coordinatively unsaturated
complexes with an over-all, two electron change (equation 1.2),
(b) monometallic H, oxidative addition to coordinatively saturated
cbmplexes accompanied by the Toss of a Tigand with a two-:
electron change (equation 1.3),
(c) bimetallic (mononuclear or dinuclear) H, oxidative additioh
in which the metal undergoes a one-electron change (equation 1.4).
(B)  heterolytic splitting which does not require formal oxidation of the

metal (equation 1.5),

M+ H, e M"Y | (1.2)
MTCO + H, === HoMM*2 4 €0 (1.3)
2M (or M"-M") + H==22un""! (1.4)
DM H, "] + K’ | (1.5)

The reverse reaction of equation (1.2), (1.3) or (1.4) is referred to
as monométa111c or bimetallic reductive elimination and the reverse reaction

of equation (1.5) is well known as the protonolysis of a metal hydride.



The most thoroughly studied example of category (a) includes

addition of H2 to the families of Vaska's complex, (R,P).Ir(C0O)CI

3 )2
(equation 1.6) and Wilkinson's catalyst; (R3P)3RhCT, which will be

discussed in the next section in more detail.

o¢ PPh; oc P H /

\ / ‘\\ I,/l'

AN T T AN e
Me,PhP clt Cl ,I: H

Such a concerted hydrogen addition would be expected to afford a cis-
adduct and, for example, has shown to be so for reaction (1.6)[28, 29].
A reaction yielding a trans-adduct has also been reported, but these
results seem best explained by isomerization of an initially formed cis-
adduct [30].

Several coordinatively saturated complexes adding H2 with the loss
of a neutral ligand such as CO, R3P, or N2 (category b) are shown in

equations (1.7) to (1.9).

+ ; +

Ir*(co),5L, + HZ«————.CO + HoIr (C0),L, (1.7)
Ir+(CO)(PPh2Me)4 + Hy ——>PPh,Me + H21r+(C0)(P)3 (1.8)
HZRU(NZ)(PPh3)3 + H2 ———arNZ + H4RU(PPh3)3 (1.9)

It may be considered that in these cases the ligand is lost prior to H2

addition to avoid the formation of a high-energy, 20-electron intermediate.



It is probable that bimetallic oxidative addition of H2 (category c)
occurs at some stage of the catalytic cycle for "monohydride” catalysts
(cf. section 1.4).

There is another mode of metal-hydride formation which does not
require formal oxidation of the metal, the "heterolytic" cleavage of
hydrogen (equation 1.5). This type of reaction is difficult to distin-
guish from oxidative addition of H, forming an intermediaté dihydride
adduct, followed by deprotonation of a hydride with a base (equation 1.10).

MY + Hyw==H—li—Y —B 5 um o+ w'BY” (1.10)

H

Heterolytic H2 activation is more likely with metal complexes in higher
oxidation states where oxidative addition is less feasible. Equation
(1.11) is an example of the over-all reaction without regard to the
detailed pathway of heterolytic splitting of hydrogen [31].

Et,N

3 +

RuX,(PPh, ), + H
2 3’3 M6

3X_ (1.11)

It can now be recognized that both homolytic and heterolytic H2
cleavage require the presence of a vacant coordination site on the metal.
Among the four modes of H2 activation it appears that monometallic H2

oxidative addition (equation 1.2) is the most commonly encountered.
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Cooédinate]y unsaturated complexes are invariably more reactive
than analogous saturated complexes toward the oxidative addition reaction
due to the very nature of the reaction. Other factors controlling the
reactivities of metal complexes can be the steric and electronic effects
of ligands, and the nature of the metal [25].

The remaining aspect of H2 activation is that this step must be
reversible. Not only must the hydride complex be of sufficient stability
that it is readily formed, it must be also labile enough that subsequent
transfer of the hydride ligand to a substrate can occur. Nevertheless,
many hydride complexes which are catalytically active are stable enough

to be characterized and/or isolated (cf.sections 1.4, 3.3, and 6.3).

1.3.2 Substrate Activation

It is generally accepted that coordination of a substrate at a
vacant site on the metal is necessary for hydrogenation to proceed. The
formation of a wm-olefin complex serves both to lessen the double bond
character of the substrate (activation) and to place it in a favorable

position (cis) for interaction with a hydride 1igand (equation 1.12).

H
1
HM + C = C 5=——==M—|| (1.12)

The hydride 1igand may be present in the active catalyst species, or may be
introduced by hydrogen activation. Although there has been 1ittle direct

evidence for the formation of n-olefin hydride complexes in the course of
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hydrogenation reactions, accumulated evidences indicate that transfer of

the hydride ligand, leading to the formation of an alkylmetal intermediate,
involves the oxidative addition-migratory insertion sequence (cf. section 1.4).
Thus it may be assumed that the rate of transfer of the hydride is so fast

that this intermediate cannot be detected. Osborn et al [32] studied in

detail the activation of alkenes and a]kynes as substrate during hydro-

genation.

1.3.3 Hydride Transfer
The "intramolecular migratory insertion" of hydride into a coordinated
substrate (equation 1.13) is another obligatory step in the hydrogenation

cycle although this path has rarely been directly observed.

X~

l
O=0

== M—(C—C—H (1.13)

The migration of a hydride to an olefin is quite facile. The reverse
process is known as "g-hydride elimination" which is one of the most
important paths for metal-alkyl decomposition and olefin isomerization
(cf. section 1.45. Consequently, complexes which contain both olefin and
hydride groups are rare although there ekists a known example [33].

It is believed that the hydride-olefin migratory-insertion step is
highly stereospecific. For this reaction to occur, the hydride, the

metal and the olefin w-bond must all become coplanar as shown in equation

(1.14).



= = =

= 13://L
> A 4

(1.14)

This stereochemical requirement has important consequences. For example,

catalytic hydrogenations of olefins must be rigorously cis.

1.3.4 Product Formation
Four types of Hydrogen transfer to alkyl groups (R) leading to the
formation of hydrogenated product (RH) and regeneration of the active

catalyst have been distinguished (equations 1.15 - 1.18):

n n-2

HMR > M2 4 RH (1.15)
M+ MR 2™ 4 R (1.16)
HM" + R ——» M™ T4 Ry (1.17)
HX + MR ——— 5 M"™x + RH (1.18)

Equations (1.15) - (1.17) involve homolytic cleavage and are known
as intramolecular and intermolecular reductive elimination, respectively.
In homolytic transfers, the formal oxidation state of the metal atom is
decreased but in heterolytic transfers (equation 1.18) no change is
involved. Reactions described by equation (1.18) have thus far been

limited to those systems which activate hydrogen heterolytically. Electro-
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philic displacement by proton of the metal-bonded alkyl group (with
retention of configuration) has been suggested [7, 34, 35].

Transfers shown in equations (1.16) and (1.17) have been proposed
mostly for monohydride catalysts (cf. section ]'4‘])’, On the other
hand, intramolecular reductive elimination of an alkane from a cis-

hydridoalkylmetal complex (equation 1.15) has frequently been postulated
| for dihydride catalysts (cf. section 1.4.2) in the belief that cis-
hydridoalkylmetal complexes are usually kinetically and thermodynamically
less stable than their dihydrido and dialkyl analogues. However, the
evidence has so far been maiﬁ]y indirect as failure of the propqsed
hydridoalkyl intermediate to accumulate in detectable concentration has

generally precluded direct observation of this step.

Nt
Phw_Ph H , CHaPh
P i C—COOCH3
(/ Rh{ID !NH
K =
P [~ 07 '\
PK~ Ph S CHs

Fig. 1.1: The first known example of hydrido alky]l

intermediate; S = solvent [46c].

The intermediate shown in Fig. 1.1 is the first hydrido alky]l

complex to be directly observed in a catalytic hydrogenation. Halpern
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and coworkers [46c] were able to intercept and characterize this inter-
mediate using low-temperature NMR spectroscopy (]H, 31P, 13 > ]SN
15)

C for

S = MeCN The intermediate accumulated when the hydrogenation of
methyl-(Z)-a-acetamidocinnamate in methanol solution, catalyzed by
[Rh(ﬁIPHOS)(CH3OH)2]+ (DIPHOS = 1,2-bis(diphenylphosphino)ethane), was .
conducted at low temperature (<-40°C). A more recent report [36] describes
the formation of analogous relatively stable hydridoalkyliridium complexes
by insertion of activated olefins into one of the Ir-H bonds of cis-
dihydridoiridium complexes and concludes that such hydrido alkyl com-
plexes are intermediates in catalytic hydrogenation reactions. The

subject of the formation of C-H bonds by reductive elimination has been

reviewed recently by Halpern [37].

1.3.5 Summary

So far four basic steps involved in homogeneous hydrogenation cataly-
tic cycles have been discussed without regard to the sequence of each
step. These basic steps may combine in various ways in completing a cata-
lytic cycle and the main combinations which have been distinguished for
most Group VIII metal complex catalysts are summarized in Fig. 1.2. The
oberation of such hydrogenation cycles in "rhodium-phosphine" systems is

discussed in the following section.
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MH
Hzf 2\( f \{
M I z() M
’HZ‘;\ M(SH) 'HZ \ H(SH)

VR

Ma M b
(-M)
N MH MH
*SH SH; M(SH)
MH(S
5/7/' 7' (—H )
MH IV

'HZ‘S\‘MH & M(HS)AZ

Fig. 1.2: Classification of homogeheous hydrogenation catalytic
cycles. Cycles I - IV involve the homolytic cleavage
of HZ; cycle V involves heterolytic cleavage. M or

MH = active catalyst; S = substrate; SH = alkyl.
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1.4 RHODIUM-PHOSPHINE CATALYSTS
The mononuclear, homogeneous rhodium-phosphine type catalysts can

be roughly divided into the f011owing two classes:

(1) monohydride catalysts having a single M-H group present at some
characterized‘stage of the catalytic cycle,

(2) dihydride catalysts having two adjacent hydrides (gi;;MHZ) present
in one stage of the catalytic cycle; this class of catalysts can
be subdivided into three groups:

(A) neutral rhodium-monophosphine systems,

(B) cationic rhodium-monophosphine systems,

(C) cationic rhodium-di(tertiary phosphine) systems.

Some characteristic features of each of these cata1yst§ are discussed

in the following subsections.

1.4.17 Monchydride Catalysts

This class of catalysts is well examplified by the complex
HRh(CO)(PPh3)3. A proposed generalized catalytic cycle for hydrogenation
and isomerization by honohydride catalysts is illustrated in Fig. 1.3.

The mechanisms of monohydride catalysts have been much less studied
than those of the dihydride catalysts; so certain gross features of the
mechanism of the former have not been well-established. A major uncertain-
ty concerns the hydrogenolysis of the metal alkyl intermediate to form
the products. This may involve simple oxidative addition of hydrogen,

followed by reductive elimination of alkyl-hydride (outer circle



trans-or cis-2-butene

ECHZCHZR H , 2CHR
e Me ”J"CHZR CHz =CHCHR H H

M= HM- i M-M  M=CHZCH.CHR
R
HzC CHCHZR .
\ M-H H,
CH R \M-CHzCHz(?HzR
Cycle A Cycle B

Fig. 1.3: The probable catalytic cycles for hydrogenation (cycle B) and isomerization
(cycle A) of a terminal olefin. An asterisk indicates a site of unsaturation

on metal. Ligands on metal atoms are omitted for clarity.

L1
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of the hydrogenation cycle B in Fig. 1.3), or intermolecular reductive
elimination of the product affording a metal-metal bond, followed by
oxidative addition of hydrogen to the metal atoms (inner circle of the
cycle B in Fig. 1.3). Either path is plausible but so far neither has
been well-established in any individual case. In both cases, however,
the first step requires compliexation of an olefin (simple, nonconjugated)
to a coordinatively unsaturated metal hydride (M*-H). The reversibility
of the first two steps in the cycle B provides for the isomerization of
simple olefins and the isotope exchange between the initial hydride
(M*-H) and hydrogens on the olefin, reactions which are characteristic
of the monohydride catalysts. One such example of isotope exchange is

given in equation (1.19).

TD D TH

CH2===CHR _ M——CHZ&HR _ CH2===CDR (1.19)
The metal-alkyl intermediate in the isomerization cycle A may

undergo, in principle, two pathways to complete the catalytic cycle. The

first pathway involves the isomerization of a terminal olefin to an inter-

nal olefin via "B-hydride elimination" forming a cis- or trans-m-olefin

complex, followed by dissociation of the olefin as a product and regenera-
tion of the monohydride catalyst. The‘second pathway involves simple
oxidative addition of H2 to the metal-alkyl complex followed by reductive
elimination of H-R to yield the same hydrogenated product as is obtained

from cycle B.
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Both steric and electronic effects play important roles determining
which catalytic cycle will operate preferentially. Steric bulk around
the metal inhibits both formation of M(CH(Me)CHZR) and of M-M (Fig. 1.3),
thus giving rise to hydrogenated products predominantly via oxidative addi-
tion of H, and reductive elimination sequences (outer circle of cycle B).
On the other hand, catalysts with strongly acidic Tigand(s) preferentially
undergo. the isomerization cycle to yield isomerized.products, cis-
and/or trans-olefin, since oxidative addition of H2 and M-H to M-CHZCHZCHZR
is retarded.

Equation (1.20) shows hydrogenation of terminal olefins catalyzed

by a monohydride catalyst HRh(CO)(PPh3)3 under mild conditions[38].

HRh(CO)(PPh3)3
RCH = CH2 + H2 > RCHZCH3 - (1.20)
25°C, <1 atm, H2

The pronounced substrate selectivity exhibited by this catalyst is
illustrated by its failure to promote the reduction of cyclohexene due to
the bulk of the phosphines [39]. Internal olefins are isomerized, but are
not competitively reduced. It is also observed [40, 41] that in the
absence of H2, 1-pentene is isomefized to cis-2-pentene, but this isomer
is quickly converted to the trans form. Internal olefins are isomerized

more slowly than terminal ones.
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1.4,2 Dihydride Catalysts

Quite a number of hydrogenation catalysts which function by a dihy-
dride pathway have been discovered. The mechanism is thought to involve
two possible routes, both of which may be simultaneously operative; both
routes require vacant coordination sites for addition of H, and complexation
of substrate after generating active catalyst(s) from the catalyst precursor.

As illustrated in Fig. 1.4, the "hydride route" involves oxidative
addition of H2 followed by coordination of substrate to form a dihydride
intermediate with complexed substrate. The “unsaturate route" consists
of coordinatjon of substrate before oxidativg-addition of H2 to form the
same dihydride-substrate intermediate. In addition to this important diffe-
rence between the two routes some other features arise in the hydride route
depending upon the types of catalyst precursors (vide infra). As mentioned
in the preceeding section three groups of catalysts fall in this class of
dihydride catalysts. Each of these will be discussed with reference to

reaction mechanisms and other general features.

(A) Neutral Rhodium-Monophosphine Systems.

This group of catalysts can be best examplified by the complex
RhC1(PPh3)3 known as Wilkinson's catalyst [12, 42]. The over-all catalytic
cycle and side réactions for this catalyst are outlined in Fig. 1.5

This mechanism is a synthesis of Wilkinson's earlier studies [42]
and Halpern's recent stepwide kinetic analysis [43]. Within this catalytic
system, five rhodium intermediates have been directly observed and charac-

31

terized, either by solution P NMR studies or as isolated solids: C1RhL3,
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Catalyst Precursor
i

H

LnM (1) LnM\
HZ (CR
(O1)

LnM (Ol) Unsaturate [MLn] Hydride LnM (Ol
Route Z !ute /
LnMR LnMR

Fig. 1.4: Two possible catalytic hydrogenation cycles for

dihydride catalysts. An asterisk on metal indicates
a site of unsaturation. 0f2 = olefin; R = alkyl;

RH = reduced product.
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[LRACL, ==
1.sh

H,

L H,CLRh)

1.51

Fig. 1.5: Halpern's mechanism for hydrogenation of cyclohexene

by Wilkinson's catalyst. = solvent; L = PPhy [25].
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C]RhLz(C=C), Rh2012L4, Rh(H)2C1L3, and Rh2(H)2C12L4. However Halpern's

studies reveal that none of these is directly involved in the kinetically

significant cafa]ytic cycle which is contained in the circle (Fig. 1.5).

In fact, the accumulation of any of these five species should retard the

over-all reaction rate. The over-all reaction can be divided into two

parts:

(a) hydrogenation of catalyst precursor, C1RhL3; and

(b) reaction of H2RhC1L3 with substrate, i.e. cyclohexene.

The combination of these two parts corresponds to a "hydride route".
Halpern has shown that dissociation of a ligand from 1.5a affords

the 14-electron intermediate 1.5b which then undergoes very fast hydro-

genation to form the unsaturated dihydride 1.5¢c which is in equilibrium

with free PPh3, giving 1.5d. This route (1.5a==1.5b==21.5¢=>1.5d)

is much faster than the direct hydrogenation of 1.5a, which was indepen-
dently measured in the presence of excess PPh3. Wilkinson originally
proposed such a path for hydrogenating 1.5a but his proposal was based on
the erroneous presumption that the dissociative equilibrium (1.5 aT=1.5b)
lies far toward the 14-electron complex, 1.5b. More recent measurements
have shown this equilibrium to 1ie to the left. This discrepancy derives
from the great air sensitivity of 1.5a, which reacts with 0,, giving
dissociated Ph3P = 0 and values of lTow apparent molecular weight. Actually
the intermediate 1.5b has a pronounced tendency to dimerize [44] and the
dimer, 1.5h, adds H2 on one rhodium atom forming 1.5i. However, in the

presence of H2 these side reactions are insignificant, since H2 effectively
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intercepts the complex 1.5b before it can dimerize. The complex 1.5g
observed in the absence of H2 is also insignificant in the catalytic
hydrogenation of cyclohexene and similar substrates. A separate kinetic
study of the reaction between the dihydride 1.5d and cyclohexene under
pseudo-first-order conditions has revealed that the "migratory insertion"
step (1.5e > 1.5f) is the slowest step in the over-all catalytic cycle.
The subsequent reductive elimination step is apparently so fast that the
reverse reaction, 1.5f » 1.5e, is kinetically insfgnificant, too. It may
be noted that four complexes (1.5b, 1.5¢c, 1.5e and 1.5f) are invisible

in the sense that these have not been directly observed, but their
existence and stoichiometry were deduced from kinetic and équilibrium
measurements. The stereochemistry suggested for the postulated alky?
hydride intermediate 1.5f is based on the trans effect. Tolman [45] used
NMR to show that the phosphine trans to hydride in 1.5d is substitution-
labile and to assign the stereochemistry of 1.5d.

The general characteristics of the Wilkinson catalyst can be
summarized as follows.

Unconjugated olefins and acetylenes are readily reduced under mild
reaction conditions but such substrates as arenes, ketones, carboxylic
esters (and acids), amides, and nitro compounds are not reduced. Relative
substrate reactivities for unconjugated olefins tend to parallel their
tendencies to coordinate to Rh, thus reflecting the steric crowding

exerted by the bulky phosphine ligands {vide infra).
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However certain good olefinic ligands appear to inactivate the catalyst
and to inhibit the reduction. These include ethylene and 1.3-butadiene
which are reduced at higher temperature or by using RhI(PPh3)3 instead

of RhC1(PPh3)3. Examination of the reaction mechanism (Fig. 1.5) provides
an explanation for this effect of the more strongly bonding olefins in
terms of an alteration in mechanism (1.5a - 1.5g » 1.5h - 1.5i).

A remarkable feature of this catalyst is the lack of isomerization
and isotopic exchange between D2 and protons on the solvent or of
scrambling between H, and D,. These results can be explained in terms
of the fact that the rate-determining step is migratory insertion of
substrate into the Rh-H bonding followed by the rapid product-forming step
(Fig. 1.5). The addition of H, is stereospecific (cis), which was proven
by Wilkinson [42] in the deuteration of maleic and fumaric acids to give
the meso- and de-dideuterosuccinicacids, respectively. Both regio- and
stereospecificity of such hydrogenations result in a number of features.
Ergosterol acetate, for example, is reduced at the least hindered olefinic

site from the less-crowded face of the steroid (equation 1.21) [20].
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(1.21)

(B) Cationic Rhodium-Monophosphine Systems.

The complex of the type [Rh(L)Z(Diene)]+A‘(L = neutralphosphine or
phosphite; Diene = 1,5-cyclooctadiene (COD), 2,5-norbornadiene (NBD);
AT = nonéoordinating anion, C1O4, BF4, PF6) fall into this group. This
new system has been studied in considerable detail by Osborn's group [32].

Their work establishes that the cationic dihydride is generated by
treatment of the catalyst precursor, [Rh(NBD)(PPh3)2]BF4; for examp1e, in
an appropriate solvent S (S = acetone, THF, EtOH, etc.) and in the absence
of substrate. In this pre-hydrogenation stage, the NBD ligand is reduced
to give norbornane and the structure of the dihydride catalyst is proposed

as a cis-dihydride with trans-phosphine as shown in equation (1.22).

PPh,
S s_| _H |
[Rh(NBD)(PPh3)3:}BF4 + 34, ——> [S/Rh\H]BF4 + norbornane (1.22)

PPhj
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[(Diene)RhLIA”

1.63

l3Hz
+

[Cis-L,RhHZ) -H ~ [LRAH] &+ H'

1.6b +H* 1.6C
H; % \/(Ol) RH

[RhLz]  Cycle A [HthLz(Ol)]+ [HRhL(O1)) Cycle B [H2RhL:R]

1.6h 1.6d 1.6€ 1.6
RH& [HRhL2R] (LLRAR]
1.6¢ ) 1.6Q
\J

Isomerization

Fig. 1.6: Two possible catalytic hydrogenation cycles for
cationic rhodium-monophosphine systems. 01 = olefin;

coordinated solvent is omitted.
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As shown in Fig. 1.6, an important difference between these catalytic
systems and the related Wilkinson-type systems is the presence of the Rh(I)
monohydride catalyst governed by equilibrium; this is sensitive to the
nature of L and S and can be shifted by addition of acid or base. Thus,
for example, in the presence of excess acid the equilibrium is tilted toward
the formation of the dihydride 1.6b which is a moderately active hydroge-
nation catalyst via a hydride route (cycle A). On the other hand, a base,
i.e. NEt3, shifts the equilibrium to the right to generate the monohydride
1.6¢c which is a powerful hydrogenation catalyst for simple olefins, as well
as an isomerization catalyst (cf. section 1.4.1). One possible hydroge-
nation mechanism via 1.6¢ is shown in cycle B which is one of two hydro-
genation pathways for monohydride catalysts illustrated in Fig. 1.3. It
can be readily seen that if the rate of oxidative addition of H2 to gene-
rafe 1.6 is rate determining, then the isomerization in the figure is

realized.

(C) Cationic Rhodijum-Di(tertiary phosphine) Systems.

The complexes of the type [Rh(LeL)(Diene)]+A' (L-L = chelating
di(tertiary phosphine)ligands; Diene = NBD, COD; A™ = C1O4, BF,, PFg» etc.)
represent this group of catalysts. In general these complexes can be
readily prepared by replacing two equivalents of monophosphines with one
equivalent of di(tertiary phosphine).

| The complex having two monodentate phosphines absorbs three equiva-

lents of H2, affording the dihydride catalyst (equation 1.22), whereas
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those containing a conventional chelating, bidentate ligand such as
"DIPHOS" (= PhéPCHZCHzPPhZ) absorb two equivalents of H2’ yielding the

highly unsaturated complex (equation 1.23).

[Rh(DIPHOS) (NBD)1* + 2H, ~2—> [(DIPHOS)RN(S),]* + norbornane  (1.23)

The difference between these two reactions has been rationalized on the
basis that phosphines avoid becoming trans to hydrides whenever possible.

Ha]bern et al [46] and Brown et al [47] independently elucidated, in
considerable detail, the mechanism of hydrogenation of some olefins invol-
ying di(tertiary phosphine)ligands. Their work establishes that the
dominant mechanism for these systems involves an unsaturate route rather
than a hydride route, as shown in Fig. 1.7. Here the Tigand (L-L) is
"DIPHOS". |

An olefin complex 1.7c¢ is in equilibrium with the catalyst 1.7b which
is generated from the reaction of the catalyst precursor 1.7a with two
equivalents of hydrogen. Halpern has measured equilibrium constants Keq
for a series of olefin substrates. At ambient temperatures the rate-
determining step, k], involves oxidative addition of H2 to the unéaturated
Rh(I) complex, 1.7c, giving a Rh(III) dihydride 1.7d which rapidly forms
1.7e by migratory insertion and subsequently product by reductive elimi-

nation. Three complexes in the catalytic cycle (1.7b, 1.7c and 1.7e) were
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[(DIPHOS)Rh(NBD)] BF;.

1.7a
2H;
/ Y
“c—C”  [(DIPHOS)RhS:]
/Ill }!{\ 1.7b \C____C/
% (Keq™
L 1,
H M-
(DIPHOS)RA(III) [(DIPHOS)Rh\
| AN 1.7C (S)
sy (S
1.7 k1 HZ
fast
\ J
(DIPHOS)Rh(III) (SN
(S) “H
1.7d

Fig. 1.7: Hydrogenation cycle for [Rh(DIPHOS)(S)2]+:

S = solvent; olefin = 1-hexene, etc.
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characterized by NMR measurements, and by X-ray diffractions (1.7b and
1.7c). The complex 1.7b is a disolvated monomer, but is isolated as a
binuclear [RhZ(DIPHOS)Z][BFq]2 salt, in which each Rh atom is bonded to

two P atoms and, through symmetrical n-arene coordination, to a phenyl ring

of the diphosphine ligand of the other Rh atom (Fig. 1.8).

Ph
P, R—Ph
N+
R\
Ph
Ph | ‘

R -+
P"'?QP\
A Ph

Fig. 1.8: Crystal structure of [RhZ(DIPHOS)2]2+; 1.7b was

isolated as the dimeric BF4' salt.

At low temperatures (<-40°C), k2, a dissociative reaction, becomes

slower than k], so that under these conditions, 1.7e accumulate and can

1, 31, 13, 15 15)

be characferized by NMR ( 'H, P, C, N for S = MeCN As mentioned

earlier, 1.7e is the first hydride alkyl complex to be directly observed in a

catalytic hydrogenation. Failure to intercept the proposed 1.7d reflects
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the very rapid transformation of 1.7d to 1.7e. The affinity of 1.7b for
olefins strongly depends on the structure of the olefin. The amido-
cinnamic acid forms a very strong complex with this Rh(1) center. As
will be seen in Chapter 2, an X-ray structure of this complex accounts
for its large association constant. The NMR studies of 1.7e (where S =
MeCN) reveal the stereochemistry shown in Fig. 1.7. 1In passing from 1.7d
to 1.7e, the hydride migrating to the olefin is trans to a phosphine.
Similar results with a range of chelating phosphines have also been
reported by Baird et al [48] and Brown et al [47], demonstrating that
hydrides are quite disfavored in these cases and broadly supporting the
unsaturate route for a range of systems. However it must be emphasized
that this generalization is not always followed. For example, the complex
generated from pre-hydrogenation of [Rh(AMPP)Z(NBD)]+A' (AMPP = Q-anisyl-
methylphenylphosphine) has the two monodentate phosphines cis according

to 3'IP NMR spectra (vide infra) [47a, b].
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The O-methoxy groups are thought to be weakly coordinated, thus stabilizing
this unexpected coordination geometry.

Furthermore the present investigation has found that some complexes
having chelating phosphines produce metal hydride intermediates from the
initial hydrogenation of catalyst precursors [Rh(L-L)(NBD)]mO4 (L-L = =
chiral and achiral ferrocenylphosphines), suggesting that some chelating
di(tertiary phosphine) catalysts can undergo either a hydride route or a
quite different mechanism which has not been distinguished so far. These

observations will be discussed in Chapter 6.
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CHAPTER 2

ASYMMETRIC CATALYTIC HYDROGENATION

2.1 GENERAL ASPECTS

Ever since Pasteur, in 1848, succeeded in separating two types of
optically active crystals f#om sodium ammonium tartrate by hand with the
aid of a microscope, there has been a great deal of interest in the pro-
duction of optically active‘compounds. The importance of these compounds
from a practical viewpoint can be readily recognized considering the fact
that many substances are needed as the pure enantiomers. The pharmaceu-
tical industry, for instance, is particularly interested in this area since
an increasing number of drugs, food additives, and flavoring agents are
being prepared as pure enantiomers. For example, in the late 1960's, it
was found that L-3,4-dioxyphenylalanine (L-DOPA) could be used to treat
Parkinson's disease and, in 1968, Knowles et al [82] succeeded in synthe—i
sizing L-DOPA with almost 100% optical yield using an asymmetric Wi1kinéon
type catalyst. Their discovery prévided the impetus for the large amount
of work published since then in the field of asymmetric catalysis.

The field of asymmetric synthesis has been reviewed by a number of
authors during the last decade [49-53]. The most comprehensive account of
the whole field, covering all literature data up to 1975, is given in the
books by Morrison and Mosher [547, and by Izumi and Tai [55]. There have

also been published other reviews [56-64] on asymmetric catalysis with
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special emphasis on asymmetric catalytic hydrogenation which is the topic

of this chapter.

2.2 TERMINOLOGY

There are several terms that have been used routinely but somewhat
confusingly in the field of asymmetric synthesis. It is, therefore, use-
ful to review these terms before launching into the subject of asymmetric cata-

lytic hydrogenation. The terminology here and in the subsequent discussion

is based on the work of many pioneers in this field [65-68].

2.2.1 Types of Chirality

It is well known that the only requirement for optical activity is
that a molecule should not be superposable on its mirror image. Therefore,
in order to avoid confusion, the term "chiral" should be used for the
necessary and sufficient condition for the existence of enantiomers.
Overall chirality can be further factorized into three elements, which are
treated in the order of chiral centers, chiral axes, and chiral planes

whenever necessary.

(A) Central Chirality
There are four different types of molecules which possess this class of
chirality. The most familiar and by far the most extensive group is that

*
of asymmetry (point Group Cy), as in C apcd, the asymmetric carbon atom.
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HN—==CO

2.7a 2.1b 2.1¢

Fig. 2.1: Molecules with central chirality.

The next higher symmetry point group contains one C2 axis {point Group
C2) (2.1a in Fig. 2.1). The third of the point groups, as examplified
by 2.1b, contains one C3 axis as its only symmetry (point Group C3).
Finally, the fourth group has three C2 axes’ (point group DZ)' This case
can be derived from tetrahedral Czzaa by connecting the a's cyclicly as
in 2.1c with four bridges of two kinds introduced alternately, each
bridge having a plane of symmétry. As will be seen in section 2.4, most
of the chiral rhodium-phdsphine catalysts adopt chiral center(s) as the

sole source of chirality.

(B) Axial Chirality
Here, the axis of chirality is derived by desymmetrization from a 54
axis: this is its fundamental property. This form of chirality is exampli-

fied by allenes (2.2a), alkylidene-cycloalkanes (2.2b), spiranes (2.2c),
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biaryls (2.2d), and admantoids (2.2e), as shown in Fig. 2.2.

. a )J Q
v )

0\/b /\E\ (H \/\(CH dl}b

¢ ely I 2"{‘(/ 2m

! E. (Hzt)g \(tHz),,

C ;\ \(/ c{}d

c/\d cd (/\d

¢ d

2.2a 2.2b 2.2¢ 2.2d 2.,2e

Fig. 2.2: Molecules with axial chirality.

It can be noted that, if there is no distinction between the four groups,
a, b, ¢, d, each compound has an 54 axis. However, the four groups need
not all be different: if a and b are different, and ¢ and d are different,

these molecules will be chiral.

(C) Planar Chirality

A plane of chirality is derived by desymmetrization of a plane of
symmetry in such a way that chirality depends on a distinction between
one side of the plane and the other. Thus metallocenes with two different
substituents in one ring and other compounds shown in Fig. 2.3 are known

to possess chiral plane(s).
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CO.H

H,C CH; Br
‘ (CHho

l Br

Fig. 2.3: Molecules with planar chirality.

2.2.2 Stereoisomeric Relationships [67b, 69]

In defining the spatial relationships of portions (atoms, groups,
or faces) of molecules, one must distinguish between internal and external
comparisons. In the former, the comparison takes place between portions
of the same molecule, whereas in the latter it takes place between corres-

ponding portions which are parts of different molecules.

(A) Internal Comparison
Groups (or faces of an olefin) are defined as "equivalent" if they
can be internally interchanged by a C, axis (o>n>1). Fig. 2.4 illustrates

some olefins with equivalent groups and/or faces.
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Ha. - Fa | ‘Ra- :,Rb Ra - //Rc
\C=Cl -
V4
Hb/ \Fb H 4 \Fb Rb \Rd

Fig. 2.4: OQlefins with equivalent groups and/or faces by

internal comparisons.

If groups (or faces) are internally interchanged only by an
improper axis of rotation Sn(nx1), they are defined as "enantiotopic".
The pairs of hydrogen atoms H]/H4 and H2/H3 in 2.5a are equivalent,
whereas the pairs of hydrogen atoms HX/HZ’ H3/H4, H]/H3, and H2/H4 are
enantiotopic. Although two R groups (or two H's) in 2.5b are equivalent,

‘two faces of themolecule are enantiotopic.

H
ey
H- /C\ H‘- :R
_C C=0 %:C-
H/ \c/ R/ \H
7~
H W

2.5a 2.,5b

Fig. 2.5: Molecules with enantiotopic groups or faces by internal

comparisons.
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If groups (or faces) cannot be internally interchanged by any

symmetry operation, they are defined as "diastereotopic" (Fig. 2,6).

2.6a 2,6b
Fig. 2.6: Molecules with diastereotopic groups or faces by

internal comparisons.

The compound 2.6a is chiral while 2.6b is achiral. The molecule 2.6b

possesses an enantiotopic pair of olefinic protons.

(B) External Comparisons

The internal symmetry criteria are equally applied to external
comparison. The comparison can be achieved either by comparing two re-
sulting molecules, or in a simple way, by applying the symmetry operation
(Cnor Sn) to a molecule then comparing it with the resulting molecule.
For example, two metal-olefin complexes shown in Fig, 2.7 are equivalent
by external comparison since the two complexes are interchangeable by a

C2 operation.
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LM

H\_EE /H G Me\_l_ /Me

—

WA N,

(R,S) - 2.7a (S,R) - 2.7a

Fig. 2.7: Equivalent metal-olefin complexes by

external comparison.

If the resulting metal-olefin complexes are equivalent by external com-
parison then the faces of the free olefin are equivalent by internal
comparison, but the converse is not always true. The absolute configu-
rations of olefinic carbon atoms of 2.7a and 2.7b are determined on the
basis of a hypothetical, three-membered metalocyclic compound in which
the carbon atoms adopt a pseudo-tetrahedral geometry.

In the same vein, if the complexes are enantiomeric (i.e., complexes
are ﬁon-superposab]e mirror images), then the faces of the free olefin are

enantiotopic by internal comparison (Fig. 2.8).

LM
Me/ \H

LnM
Pﬂe\\t=l=c//F4
l4‘/ \‘149

(s,S) - 2.8a (R,R) - 2.8b

Fig. 2.8: Enantionmeric metal-olefin complexes,
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It can Ee noted in Fig. 2.8 that an achiral olefin with enantiotopic faces
becomes chiral upon coordination to a metal. A molecule wifh enantiotopic
groups or faces is - said to be "prochiral",

When two metal olefin complexes are diastereomeric by external com-
parison (i.e., non-enantiomeric stereoisomers), then the free olefin has
diastereotopic faces by internal comparison. There are two cases where
diastereomeric complexes can be formed. They are:

(a) a complex in which a prochiral olefin is coordinated to a metal with

chiral ligand(s) (Fig. 2.9),

(RH.AM | (R)-LnM
Ph NHCOM |
N L oere e | e
VN : 75N
H QPQH E Ph NHCOMe
(R, 2R, 35) (R, 25, 3R)

Fig. 2.9: Chiral diastereomeric metal-olefin complexes,

not related by any symmetry operation.

(b} complexes in which an olefin with diastereotopic faces (chiral or

achiral) is coordinated to a metal with chiral or achiral ligands

(i.e., MLn or (R)-MLn) (Fig. 2.10),
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R4
P

|
A
\

(1R, 2S, 3R) (1R, 2R, 3S)

Fig. 2.10: Diastereomeric complexes formed by coordination
of a chiral olefin to an achiral metal complex.

The MLn moiety can be either chiral or achiral.

It is the interaction shown in Fig. 2.9 that is the basis for most of
asymmetric hydrogenation of olefins catalyzed by chiral Rh-phosphine

complexes.

2.2.3 Stereo-Differentiating Reactions

The term "asymmetric reaction” was first used in 1894 by Fisher
[70] and defined in 1904 by Marckwald [71] as "a reaction which produces
optically active substances from symmetrically constituted compounds witﬁ
the intermediate use of optically active materials but with the exclusion
of all analytical processes". Later Morrison and Mosher [54] redefined
an asymmetric reaction as "a reaction in which an achiral unit in an
ensemble of substrate molecules is converted by a reactant into a chiral
unit in such a manner that the stereoisomeric products are produced in

unequal amounts".
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Izumi and Tai [55] introduced the term "differentiation" and
classified asymmetric reactions into two classes of stereo-differentiation
reactions, each of which can be further divided into three types as follows:
(A)  When the chirality participating in the differentiation occurs in a
reagent, the catalyst, or the reaction medium, the reaction is classified
as an enantio-differentiating reaction. Typically it yields enantiomers |
as products.

(B) When the chirality related to the differentiation is present in the
substrate, the reaction is classified as a diastereo-differentiating
reaction. It yields diastereomers as products.

(c) When the differentiation occurs at a prochiral face, prochiral
center, or chiral center, the reaction is considered to be face-differen-
tiating, topos-differentiating, or isomer-differentiating, respectively.
These new definitions and classification for asymmetric reactions include
not only those defined by Morrison and Mosher, but kinetic resolution of
enantiomer and diastereomers with the exclusion of "asymmetric transforma-
tion" [54]. Although the terms asymmetric reaction and stereo-differentia-
ting reaction are used interchangeably, the latter, whenever necessary,
will be used throughout this thesis.

In conclusion, a stereo-differentiating reaction is achieved when
a molecule containing enantiotopic or diastereotopic groups (or faces) is
converted to a chiral molecule in such a way that one enantiomer (or
diastereomer) .is formed in excess. The efficiency df enantio-differentiation

is expressed either as "enantiomeric excess (e.e.)" (equation 2.1) or as
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"optical purity". The latter is equa1 to the rotation of the product of
a reaction, [a] reaction, divided by the rotation of the optically pure

compound, [a] pure (equation 2.2).

% e.e. - ——121;12} x 100 | (2.1)
% optical purity = [Z];ﬁigtion x 100 (2.2)

0

The optical yield is defined as the optical purity or enantiomeric excess
of the reaction product divided by the optical purity of the chiral re-

agent used. When the reagent is optically pure the three terms are equal.
2.3 ASYMMETRIC CATALYTIC HYDROGENATION

»2.3.1 General

0f various types ofstereo-differentiatingreactions, catalytic enantio-
differentiating reactions are in principle the most effective way 6f ob;
taining optically active compounds. In this regard the host spectacular
achievements, obtaining high optical yields approaching 100% e.é., have
been observed in the hydrogenation of prochiral olefinic substrates. The

catalysts are chiral rhodium-phosphine complexes (Fig. 2.11).
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Me H//H , Me
2N R | b TR agEN2
RY5 R . rz —R H

Fig. 2.11: An example of enantioface-differentiating reaction

of a prochiral olefin by a chiral rhodium catalyst.

The mechanism of enantioface-differentiation (commonly called
asymmetric induction) in fhe reactions represented in Fig. 2.11 is of
particular importance, and has been the subject of intensive studies.
This is because general guidelines can hardly be given as to how to
design asymmetric reactions to obtain maximum optical yields without a
precise knowledge of the mechanism.

The last decade has seen the burgeoning of both experimental and
theoretical studies in this area. The former has been mainly concerned
with the empirical modification of catalysts and substrates to increase
optical yields and thus to gain an insight into the origin of stereo-
differentiation. This leads, inevitably, to less emphasis on detailed
reaction mechanism. The clarification of mechanism in terms of both
kinetic data and stereochemical models is vital to the understanding of
the origin of stereo-differentiation., The purpose of the next section is

to review the research devoted to these studies.
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2.3.2 Over-all Reaction Mechanism

Although chiral rhodium-phosphine complexes have been employed

almost universally for studies of asymmetric catalytic hydrogenation,

it is only with a relatively limited combination of catalysts and sub-

strates that very high optical yields (>95% e.e.) have been.obtained. The

best substrates are amino acid precursors as shown in equation (2.3) and

the hydrogenation is catalyzed by cationic rhodium-phosphine systems in

polar solvents such as acetone or alcohols. The catalytic complexes

typically involve chiral rhodium-di(tertiary arylphosphine) systems

(Fig. 2.12), although reasonably high optical yields also have been ob-

tained with rhodium-monophosnhine systems.,

Han_ ~~COoR’
R-C=C<NHCOR"

°\z/’05“nm

CH aal

I~ 2
3 0;(“2
(R,R)-DIOP

CHS
H——\—Cﬂz_
P

2 2

(R)-PROPHOS

H COzR’
2 > RCH.CZH (2.3)
+ 2 N ” '
[Rh(L—L ] NHCOR

CH lfHa
H-js-Q;:r

Ph 2P 2

(S,S)~CHIRAPHOS

SCerd o

s

(R,R)-DIPAMP

Fig. 2.12: Some representative chelating di(tertiaryarylphosphine)

ligands.
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The mechanism of asymmetric hydrogenations represented by
equation (2.3) has been studied in considerable detail by several
research groups [46, 47, 64, 72-74]. Their work establishes that the
kinetic and mechanistic features of the achiral [Rh(DIPHOS)(so]vent)2]+
system depicted in Fig. 1.7 [46] are virtually identical with those of
its chiral counterparts [Rh(L-L)*(so1vent)2]+ (L-L* = DIOP, DIPAMP,
CHIRAPHOS, and PROPHOS) (Fig. 2.12) with the exception of the features
discussed below that are specifically related to the formation of diaste-
reomeric intermediates (Fig. 2.13). It should be noted, however, that
almost all studies to date employ di(tertiary arylphosphine) ligands in which
four aryl groups are bound to phosphorus.

Fig. 2.13 outlines the mechanism of asymmetric hydrogenation depicted
by equation (2.3). As stated previously, when the chiral catalytic systems
are employed, the mechanistic scheme of Fig. 1.7 must be modified, in
accordance with the fundamental principle discussed in section 2.2.2 (B),
so as to accommodate the formation of diastereomeric forms of the adduct
corresponding to 1.7c and of the further reaction intermediates. The
structure of the [Rh(L-L)(substrate)]+.qdduct has been established by

NMR (3]P, ]BC, and ]H) and by x-ray analysis (when L-L = DIPHOS, R1 = Ph,

2 3 1 3

RS, R® = Me; when L-L = (5,5)-CHIRAPHOS, R' = Ph, R% = Et, R® = Me),

revealing chelation of the substrates to the Rh atom through the carbonyl

2-coordination of the

oxygen of the amide group as well as through normal n
C = C bond [46, 72]. The stereochemistry of the product can thus be

correlated with that of the adduct diastereomer from which it is derived



P\ ,S + H /C02R2
[ ’M\s] + 1/C=C\ 3
" P R NHCOR
r + B - 2
nzooc) NH Kg [ NH_ coor 7t
P - — 3 ( 1 /P
(x m gnﬁ 2 Y R)/'\M\*)
P, o/- ' (0]
| 2.13a | 213a”
k’lH " .
2|H2 ko | H
RooC i i 21 : 2
NH COOR
H\~F|’>[1 HN)(P g
* /l\ln*R /\Ra Rs—\(R1 l\'II’ *
p o ' PN
L H 2.13b | 0 '!‘ P 2.13b

] H H
) P 0 P P 0] '
kD @k kD S
H T p -t _p H
oK) 2K K,
Q_, g ls o\>‘ P PP i} P%’)_gj
3 k3l$
r3 a3
R AT MR o Tt
(\'/’ 2 S\\'/
*/\h'll COzR R0C M\)*
H > CR J2.13¢’ R l'>/” 2.13¢”
, +
k41—[M(P*—P)S2] k4 J—[M(sz)sz]+
3 H 2 2 N 3
R. _NH_v¥_COOR ROOC %, HN_ _R
Y Y

(7) ' (s)
Fig. 2.13: The mechanism of asymmetric hydrogenation of amino acids with

[M(pr)52]+(PfP = CHIRAPHOS, DIPAMP; M = Rh; S = MeOH)[64,76d].
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in accordance with Fig. 2.13, since it is known that, for the catalytic
systems émp1oying di(tertiary phosphine) ligands, (i) the oxidative addi-
tion of H2 and subsequent stepé are irreversible, and (ii) the migratory
1nsertioﬁ of H2 to the coordinated substrate is stereospecific giving a
cis-endo product. Thus the (R)-product is produced from 2.13a” and the

(S)-product from 2.13a""

2.3,3 Mechanisms of Enantioface-Differentiation

Asymmetric hydrogenation (an enantioface-differentiating reaction)
as shown in Fig. 2.13 is a multistep process, and there is more than one
stage in which a pair of diastereomeric transition states (or intermediates)

are formed competitively, giving rise to stereoisomers in different portions.

K ~ K
A s 1 — L s e (2.4)
Kd

K™~ k™~

B ——s1 | —> . .... —3 p

[P7I/IP77] = K7y A1k 18] = KT yKy/k Ty = (261 /RT | (2.5)

Equations (2.4) and (2.5) show that the ratio of stereoisomers produced
(either as products or as intermediates), or the ratio of the reaction rates
in competitive reactions, depend on the difference between the activation
energies of the transition states AAG+ (Curtin-Hammett principle) [75].

The origin of stereo-differentiation can thus be ascribed to this energy
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difference which is often referred to as diastereotopic discrimination.
Equationb(2.5) represents a specié1 case in which only a single stage
process is involved to produce stereoisomeric products from two diastereo-
mers A and B, but some other»circumstances should be taken into considera-
tion in a multistep process such as asymmetric hydrogenation in order to
predict the degree and origin of stereo-differentiation.

In this regard two mechanisms of enantioface-differentiation can

be recognized as follows.

(A) The use of stereochemical models

If the corresponding rate constants in the two columns in Fig. 2.13
are the same, that is, k'2 = k"z, k'3 = k"3, and k7 = k"4, then the
enantiomeric excess can be determined by the value of Kd’ independently of
the reaction process. Therefore the predominant enantjomer of the product
will arise from the predominant diastereomer of the catalyst-substrate
adduct. The Curtin-Hammett principle then reduces to equation (2.6),

where AAG1= is the free energy difference between two diastereomeric transi-

tion states leading to the corresponding catalyst-substrate adducts.
AAG+/RT
[RI/[S] =Ky = e (2.6)

The other way in which Kd can affect the enantiomeric excess is that the
attainment of K, is slow, namely, the first step (k']/k"]) is the rate
determining step. In any event, it is the preferred mode of initial

binding of the prochiral substrate to the catalyst that dictates the
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mechanism of enantioface-differentiation of these catalyst systems. Thus if
the catalyst-substrate adduct 2.13a (Fig. 2.13) exists as a single static _
chiral conformer 100% e.e. would be expected in hydrogenation.

This type of argument has been used by Bosnich et al [76] who have
suggested that steric rigidity of the metal complex containing chiral
di(tertiary ary]phbsphine) Tigands is a necessary condition to maximize
the Kd value (Fig. 2.13). Namely, among many possible chiral conformations
of five membered or higher membered chelate rings formed by tbis class of
bidentate ligands, the most stable chiral conformation predominates due
to the result of steric requirement that non-hydrogen substituent(s) of _
the chiral ring atom(s) be disposed equatorially. In Fig. 2.14(A) are
shown the preferred conformations of (S,S)-CHIRAPHOS, (R)-PROPHOS, (S,S)-
SKEWPHOS,. and (S)-CHAIRPHOS, Except for (S)-CHAIRPHOS, they dispose the
four phenyl groups as'we11 as the substituents on the carbon back-bone in
a preferred chiral array. As a result a prochiral 61efin approaching a
metal atom incorporating this chiral ring is now induced to adopt a
preferred (energetically more stable) diastereomeric configuration by this
chiral array of the aryl groups. If the chiral conformation of these cata-
lyst systems were non rigid at least two diastereomeric conformers would
result through the ring interconversion process (Fig. 2.14B). The effect
.would be to "wash-out" any discrimination in such non rigid systems. The
same authors [76] have tested this hypothesis and successfully predicted
optical yields and product configurations using the chiral ligands shown

in Fig.-2.f4. For example, (S,S)-CHIRAPHOS and (R)-PROPHOS stabilize enan-
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Fig. 2.14:

(A)

The preferred conformation of (S,S)-CHIRAPHOS, (R)-
PROPHOS, (S,S)-SKEWPHOS, and (S)-CHAIRPHOS.

The ring interconversion process between two diastereo-
meric conformers [76]. The Rh atom to which the two
P atoms are bound is omitted for clarity.
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tiomeric (more precisely diastereomeric) ring conformations and thereby
generate opposite product configurations,

Knowles' group [77] had earlier produced evidences for fhese ideas
on the basis of stereochemical models of complexes of the type [Rh(L-L)*-
(Diene)]A (L-L* = chelating di(tertiary arylphosphine)). They suggested,
without definitive mechanistic proof, that the absolute configurations of
products are solely determined by the orientation of the four aryl groups
in thesé catalyst precursors where they are arranged around the metal in an
alternating edge-face manner as if the whole molecule had a C2 axis of
symmetry. In the case of (R,R)-DIPAMP, for instance, substituents in a
prochiral olefin lying in the quadrants 2 and 4 experience less steric
repulsion than those lying in 1 and 3 (Fig. 2.15). Therefore, a (S)-amino
acid is produced predominantly from (Z)-a-acetamidocinnamic acid but, in
the case of (E)-olefin, as in the third and fourth boxes, both re- and
si-faces force a large group to be in a hindered quadrant, thus resulting
slower reaction rates and inefficient lTow optical yields [78] although

the preferred isomer is still the same (S)-configuration.

(B) Kinetic approach
If, however, the rate constants in a given pair in Fig. 2.13 are
different in all steps, then the final enantiomeric excess will be deter-

mined by the difference in the relative energies of two diastereomeric
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Fig. 2.15: Quadrant theory suggested by Knowles [77].
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transition states 1ying in the rate-détermining step (k’n/k"n). The
Curtin-Hammett principle then requires (cf. equation 2.4)
(R[] = & [1° Ik (177 1 = (06T /AT (2.7)
- nt* n n n :

Thus in one extreme the Kd value can be unity and yet significant
enantio-differentiation will be achieved, and in another extreme the
predominant enantiomer of the product arises from the minor diastereomer
of the catalyst-substrate adduct due to the much higher reactivity of
the minor diastereomer. In this connection Halpern et al [73], for the
first time, demonstrated that, for the reaction depicted by Fig. 2.13,
it is not the preferred mode of initial binding of the prochiral olefinic
substrate to the catalyst but rather differences in the rates of oxidative-
addition of H2 that dictates the enantiomeric excess. The most striking
features of their findings are: (i) the predominant diastereomer of the
catalyst-substrate adduct [Rh((S,S)-CHIRAPHOS)(substrate)]+ is the one
in which the Ca-re face of the olefin is coordinated contrary to the

Knowle's quadrant theory (cf. Fig. 2.14), (ii) the configuration of the
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product is derived from the minor.diastereomer not the major one.
Evidence for the same conclusion has also been obtained in the
[Rh(R,R-DIPAMP)]+-cata1y2ed hydrogenation of related substrates.
Brown et al [47a; c] initially reported that, with this catalyst at
room temperature, the ratio of diastereomeric catalyst-substrate
adducts (although the absolute configurations could not be assigned)
was approximately equal to that of two enantiomeric products. The
prevailing chirality of the product was that derived from the major
diastereomer. However, at low temperature (~ -40°C), where the
interconversion of the diastereomers is frozen out, it was found that
only the minor diastereomer reacts directly with H2 to yield, for
example, the (S)-amino acid in the case of (Z)-a-cinnamic acids.

The major diastereomer reacts slowly at a rate independent of the H2
concentration [64, 74]. Judging from these observations, the minor
diastereomer shou1d be the one in which the Ca-re face is coordinated
(Fig. 2.13) again contrary to the Knowles' prediction.

Thus, according to these results, it is expected that the enantio-
meric excess should decrease, with the possibility of eventual reversal
of predominant product chirality, with increasing H2 pressure, since the
product chirality is again governed by the relationship expressed in

equation (2.7) with the initial bihding step (k"1/k"1) becoming rate deter-
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mining. Another consequence is that, provided the major diastereomer
exhibits some reactivity toward H2 (as it must if the enantiomeric

excess is less than 100%), the optical yield may decrease with decreasing
temperature due to the fact that the diastereomeric interconversion pro-
cess becomes "frozen out" at sufficiently low temperature. There are
reports supporting this argument [79]. The striking difference between
reactivifies of the diastereomeric adducts toward Hy is difficuTt to
explain é]though it is not unexpected that the less stable of a pair

of diastereomersvexhibits the higher reactivity due to its higher initial
free energy. One possible explanation suggested by Bosnich [76c] and

by Halpern [64] is that, if the H2 oxidative addition step is endothermic
and rate determining, then the more stable the cis-dihydride intermediate,
the Tower will be the corresponding transition state energy (Hammond
hypothesis). The relative stabilities of the diastereomeric products

now become opposite to that of the parent catalyst-substrate adducts

as shown in Fig. 2.16. Thus the rate of hydrogenation becomes fastest
via the MOst stable of four dihydrido intermediates derived from the
minor diastereomeric adduct (cf. Fig. 2.13). The authors reported that
the space-filling models were inconclusive in deciding which of the four
intermediates is the most stable. However, it is also possible that the H2
addition step is an exothermic process, and thus the relative rates for
the formation of thé dihydrido intermediates depends both on the relative
reactivities of two diastereomers (k’z/k’é) and on the equilibrium con-

centration (kd) of the two. Furthermore, any other step, for example,
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Schematic reaction coordinate profiles for the
enantioface-differentiating reactions of the
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the migratory insertion step (k'3/k'5) may be rate determining. In
the event the same assumptions and the Curtin-Hammett principle can be
applied to describe the mechanisms of stereo-differentiation. It should
be pointed out that at low temperature k3 is rate determining for the
Rh-DIPHOS catalyzed hydrogenation (cf. section 1.4.2(C)). Finally,
in connection with this mechanism, it ghou1d also be pointed out that,
if (although unlikely) rate constants are different in all stages except
in the rate determining step, then again the enantiomeric excess will be
determined by the pre-equilibrium constant Kd.

The overall mechanism shown in Fig. 2.13 can be used to explain
the résu1ts of a number of studies. However, there are instances where
-the effects of solvent, temperature, and H2 pressure are not as expected
(cf. section 2.4). Furthermore, little has been said about the possibility
of electronic effect on stereo-differentiation and the effects of substi-

tuent ligands other than aryl groups.

2.4 CHIRAL RHODIUM-PHOSPHINE CATALYSTS

Most of the chiral catalysts which have been studied so far for
asymmetric homogeneous hydrogenations involve rhodium complexes of chiral
phosphine ligands. In a majority of these cases, it can be assumed that,
as shown in the previous section, kinetic and mechanistic features for |
these chiral systems are virtually identical with those of their achiral
counterparts discussed in the previous chapter. With this in mind, the

rhodium-phosphine systems can be conveniently classified into the following
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three classes of chiral catalysts ac;ording to the source(s) of chirality
in the 1igands. They are:
(1) Ligands with central chirality,
(2) Ligands with axial chirality,
(3) Ligands with both central and planar chirality.

The purpose of this section is to review briefly some representative
examples of the above ligands which have been successfully employed in

asymmetric hydrogenation reactions,

2.4.1 Ligands with Central Chirality

Here three types can be recognized.

(A) Chirality at phosphorus, R]R2R3P*

The discovery of Wilkinson's catalyst [12] and the nearly simultaneous
development of chiral phosphine technology by Mislow et al [80] and by
Horner et al [81] prompted initially intense research on this type of
- 1ligand. This choice was based on the "proximity rule" that the chiral
centers should be as near as possible to the central rhodium atom to obtain
a high degree of asymmetric induction. This restriction is no longer
regarded as valid.

The first examples of ésymmetric hydrogenation based on this principle
were reported in 1968 by Knowles et al [82]. Rhodium complexes of the

type RhL3C13 were used in the hydrogenation of a-phenylacrylic acid and

itaconic acid under the conditions indicated in Fig. 2.17.
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RhL3C13/H2(20 atm)

CH,=C(Ph)COOH s CHB*CH(Ph)COOH
60°C,Cohg-ELOH-EE3N 120 4 o (s)
CHy=C(COOH ) CH,,COOK - —%>CH3*CH(C00H)CH2COOH
3% e.e.

Fig., 2.17: Early examples of asymmetric hydrogenation with
RhL3C13 [82].

When L was (R)-(-)-methylphenyl-n-propylphosphine (MPPP), 15% optically

pure (S)-(+)-a-phenylpropionic acid and 3% optically pure methylsuccinic

acid (configuration unreported) were obtained. The Monsantogroup suggested

that Wilkinson type Rh(I) complexes might be involved as an active catalyst.
'At the same time, Horner's group [83] reported the reduction of

a-substituted styrenes using an in situ catalyst prepared from (S)-MPPP

(Fig. 2.18), again assuming a mechanism paralleling the one for Wilkinson's

catalyst.

H, (1 atm),C.H_,25°C
CH,=C(R)Ph 2 66 s CHS*CH(R)Ph
((S)-MPPP),RAC/in situ

R

Et, 7-8% e.e. (S)

R = OMe, 3-4% e.e. (R)

Figﬂ 2.18: Early examples of asymmetric hydrogenation with a

Wilkinson type catalyst. The in situ catalyst was

prepared from [Rh(1.5-hexad1’ene)]2 and (S)-MpPp [83].
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Subsequent to these experiments, both the Horner ahd Monsanto groups
extended their studies to other substrates and other chiral monophosphines.
The most signifiéant success was achieved by Knowles et al [84] in the
hydrogenation of amino acid precursors using cationic rhodium-monophosphine
catalysts of the type [Rh(COD)(ACMP)z]A (COD =1.5-cyclooctadiene; A = BF4’,
PF6', BPh4'; ACMP = o-anisylcyclohexylmethylphosphine). Catalysts
prepared from (R)-(+)-ACMP gave (S)-amino acids and those containing the
(-)-phosphine gave R-enantiomers. In many instances, the enantiomeric
excess reached 85-90% [84]. Further studies on ACMP by Knowles et al led
to the synthesis of a new catalyst precursor of the type [(COD)Rh(L—L)*]BF4
(L-L* = R,R-DIPAMP) which adopts a five-membered chelate ring as shown in
Fig. 2.12. Excellent enantiomeric excesses (95-96%) have been achieved
in the reduction of (Z)-a-acetamidocinnamic acids by the catalyst precursor

(Table 2.1).

Table 2.1: Asymmetric hydrogenation of (Z)-u-acetamidocinnamic acids by

Rh(1)-DIPAMP [85].

1
Ho CO,R
N s 2 . * 1 2
Cc=¢C > PhCH2 CH(COZR YNHCOR
/ N 2
Ph NHCOR
R] R2 % e.e, Configuration
H Me 94 S
Me Me 96 )
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This system was used successfully not only to reduce other a-acetamido-
acrylic acids with high optical yields but also to product L-DOPA on an

industrial scale [86].

(B) Chirality at carbon

This type of ligands has several practical advantages over the
ligands discussed previously: inexpensive, naturally occurring optically
active compounds can bé used as starting materials. These include
menthol, camphor, lactic acid, tartaric acid, L-hydroxyproline, and
various saccharides. The preparation of ligands with chiral phosphorus
atoms of necessity requires classical resolution steps.

The first rhodium catalyst containing a chiral carbon atom,
diphenylneomethylphosphine (NMDPP) was synthesized from menthol [87].
Hydrogenation of (E)-g-methylcinnamic acid in the presence of Rh(NMDPP)3CL

(prepared i

situ) and triethylamine (0.17 mol/mol. of substrate) gave

(S)-(+)-3-phenylbutannic acid in 61% e.e.

At about the same time as the successful use of NMDPP, a new,
chiral di(tertiary phosphine) 1igand, (-)-2,3-isopropylidene-2,3-dihydroxy-
1,4-bis(diphenylphosphino) butane (DIOP) (Fig. 2.12), was prepared by
Kagan et al [88], and soon became one of the best known chiral ligands.
Optical yields in the range of 70-80% have been reported in the reduction

of various olefinic acids using RhC1(R,R-DIOP)(S) (prepared in situ)

(Table 2:2). Folowing the discovery of DIOP, a great number of analogues

were prepared either to attempt to clarify the reaction mechanism or to
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obtain even better optical yields. The fundamental structure of DIOP
was varied by changing either the aromatic substituents, the acetal

substituents, or the acetonide ring by a carbocycle [89].

Table 2.2: Asymmetric hydrogenation of some olefinic acids with

RhC1(-)-DIOP]S (S = C6H6) [88].

H\C i C/CéoH , RCH, CH(CO,H)NHCOMe
R \NHCOMe
R | substrate/Rh % e.e. product: yield (%)
H 150 73 R; 96
Ph ' 540 72 R; 95

HOC 100 80 R; 92

Achiwa in Japan [90] prepared a series of efficient chiral di(tertiary

phosphine) ligands (vide infra) from natural L-hydroxyproline.

PheP, R=C0,Bul; BPPM
| =C0-Bu!; PPPM
H  ;PPM
CH,PPh, =C02LnHus; CPPM

0—2Z
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The in situ Rh-BPPM catalyst with added Et3N gave optical yields up to

91% for reduction of substituted cinnamic acids to varfous alanines
(usually the D-form) at 50 atm hydrogen pressure in ethanol. It was also
reported that optical yields were strongly dependent on both solvents and
the N-substituents of PPM [90c, d].

Morrison et al, from commercially available (+)-camphoric acid,
prepared a chiral di(tertiary-phosphine) 1ﬁgand, (+)-(1R,3S)-1,2,2-
trimethy1-1,3-bis{diphenylphosphinomethyl)cyclopentane (CAMPHOS) .

Me
Me

PPhy
PPhy
Me
CAMPHOS

Reduction of o,g-unsaturated carboxylic acids in the presence of a rhodium

catalyst prepared from [Rh(COD)C]]2 and (+)-CAMPHOS in a 1:1 mixture of

ethanol and benzene, at 60°C and 21 atm (H2) gave low optical yields [56].
One of the most remarkable successes has been achieved by Fryzuk

and Bosnich [76a, b] using the complex [Rh(S,S-CHIRAPHOS)(COD)]+, where

the chiral ligand is synthesized from (2R, 3R)-butanediol. The (Z)-a-N-

acylaminoacrylic acid substrates were hydrogenated at ambient conditions to

(R)-products with very high enantiomeric excess; indeed, leucine and

phenylalanine derivatives were obtained in complete purity (Table 2.3).
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Table 2.3: Asymmetric hydrogenation of amino acid precursors with

[Rh(S,S-CHIRAPHOS)(coD)]" [76a].

H COOH
~ /

~
R/ NHCOR

2

H2(1atm), 25°C

Rh(1)-CHIRAPHOS

—>  (R)-enantiomers

% e.e. in

R! R product THE ETOH

H Me alanine 88 91

Ph Ph phenylalanine 99 95

' 0Oh Me " 74 89
1’—C3H7 Me leucine 100 93
i-CaH5 Ph . 87 72
4-HOC6H3 Ph tyrosine 80 88
Me DOPA 80 83

3-Me0-4—AcD-C6H3

A crystal structure of the cationic moiety adopts the preferred (S,S)-con-

formation, the methyl groups being equatorially disposed to give the single

static five-membered §-chelate ring which, as discussed earlier, the authors

be1ieved.to be responsible for the high optical yields. The same authors

extended the rationalization for the design of (S,S)-CHIRAPHOS to the

synthesis of (R)-PROPHOS which, when coordinated to the Rh atom, gives

rise to the virtual enantiomeric chiral conformation (A-chelate ring).

Indeed products with (S)-configuration were obtained with equally high

optical yields [76b]
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D-glucose was utilized as starting material for the preparation of
methyl 2,3-bis(0-diphenylphosphino)-4,6-0-benzylidene-a-D-glucopyranoside,
designated as P0-0P [91].

00—
P S

PO-0P

Hydrogenation of o-acetamidoacrylic acids and their esters was carried out
in the presence of [Rh(PO—OP)(NBD)]PF6 in ethanol at -20°C to 30°C and

1 atm of H2. High optical yields up to 80% was achieved while substrates
without the acetamido substituents were not hydrogenated. Interestingly,
higher optical yields were obtained at lower temperatures than at higher

temperatures.

(C) Chirality at both phosphorus and carbon
The first ligands of this type were the 1-menthylmethylphenylphosphines

(MMPP) possessing opposite configurations at phosphorus as shown below.
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i-CiHy i—C3yH,
~P _P
Ph A Me |
Me Ph
MMPP

Several olefinic acids were reduced by the catalyst prepared from (S)-
or {R)-MMPP (configuration at P) and [Rh(COD)CW]Z, in benzene/ethanol
(1:1) in the presence of triethylamine. The enantiomeric excess ranged

between 13-70% [92].

2.4.2 Ligands with Axial Chirality

A new class of phosphines containing only an axial element of

chirality has been prepared [93]. An in situ 1:1 [Rh(],S-hexadiene)C]]Z/
(S)-(-)-NAPHOS (NAPHOS = 2.2’-bis(dipheny1phosphinomethy])-1,1-b1napnthy1)
system {vid infra) hydrogenated a-acetamidocinnamic acid to a 54% e.e. (S)
using 50 atm H, (the solvent not reported). The corresponding diphenyl-
phosphite system (X = ogygen)in toluene-acetone was particularly effective

(76% e.e.) for hydrogenation (95 atm) of o-acetamidocinnamic acid and

a-acetamidoacrylic esters.

O X— Pphz
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2.4.3 Ligands with Both Central and Planar Chirality

This third class of chiral ligands is represented by a series of
ferrocenylphosphines [101, 102]. Two ligands shown in Fig. 2.19 are,
among others,the first examples that have been used in asymmetric hydro-

genation studies.

PPh, .
PPh, CH(Me)NMe2~
(.:H(Me)mez “ Pth

(S,R)-/(R,S)-BPPFA (S,R)-/(R,S)-PPFA
Fig. 2.19: Early examples of chiral ferrocenylphosphines.

In the presence of [Rh(l,S-hexadiene)C1]2 and (S,R)-BPPFA in a 1:2.4
ratio, hydrogenation of a-acetamidoacrylic acids was completed in 20 hr
at 50 atm (H2) and room temperature, giving high optical yields (86-94%
e.e.) [94]. At about the same time, both enantiomers of PPFA were
prepared by Cullen et al [102a] who reported optical yields in the range
of.73-84% in the reduction of a-acetamidocinnamic acids using the catalyst
precursor [Rh(PPFA)(Diene)]+A' (Diene = COD, NBD; A™ = C104, BFy, PF6).

It is this c]asé of ligands (achiral and chiral) with which this
thesis is chiefly concerned, and the results will be discussed in more

detail in subsequent chapters.
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CHAPTER 3
FERROCENYLPHOSPHINES IN HOMOGENEQUS CATALYSIS

3.1  GENERAL ASPECTS

Since the discovery of ferrocene in 1951 [95] this molecule has
opened a new era of organometallic chemistry and played a major role in
this field. As a result, there.have been a vast number of papers and
reviews devoted to studies of its fascinating chemistry [96]. Upon exa-
mination of the Titerature, it is apparent that much interest has been
focused on two aspects of the chemistry of this sandwich compound. They

-are as follows.

3.1.1 Aromatic Electrophilic Substitution

Ferrocene has been sﬁown to undergo aromatic eletrophilic substitution
readily, resulting in a wide variety of derivatives through acylation,
alkylation, metalation, etc. Of particular interest in organometallic
chemistry is the metalation reaction of ferrocene, since a number of
potential bidentate 1igands for metal complexes may be prepared utilizing
this reaction. For example, symmetrically 1,1;-disubstituted ferrocenes
I were prepared by way of dilithiation of ferrocene followed by treatment

with halophosphines and haloarsines [97].
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ER,
| ER, =PPh, (BPPF)
la =PMe, (BMPF)
Fe b :AsPh, (BPAF)
c = AsMe, (BMAF)
ER2

There are now numerous examples of metal complexes containing these

compounds as chelating bidentate ligands [96c].

3.1.2 Stereochemistry of Ferrocenes

There has also been a}great deal of interest in the area of stereo-
chemistry of ferrocene derivatives. This interest 1ies in the fact that,
due to the particular molecular geometry, special problems of 1somerish
are encountered. In fact, suitably substituted ferrocenes can exhibit
optical isomerism. These chiral ferrocene derivatives can be classified
into three groups:
(A) Ferrocenes with central chirality
(B) Ferrocenes with planar chirality
(C) Ferrocenes with both central and planar chirality.

Many representatives of the first group have been prepared, in which
the ferrocenyl moiety is attached either to the center of chirality or
separated from it by one or more atoms [98]. This group includes, among

others, N,N-dimethylamino-ethylferrocene (FA) as shown below.
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“NMe,
Fe

FA

The resolution of this compound can be achieved by a conventional
recrystallization of diastereomeric tartrate. The second group of
chiral. ferrocenes can be obtained when one ring is substituted with at

least two different groups as shown in Fig. 3.1.

X =PPh; ; Y=CH,CH3 (PPEF)
=PPhy; Y=CH,NMe,
(FcNP)
X=Z=PPh,;Y=CH;,CH;(BPPEF)

Fig. 3.1: Ferrocene derivatives with planar chirality.

The substituents X, Y, and Z haveno center of chirality. They are known
to be stable to récemization and epimerization. The third group of chiral
ferrocenesécan be generated if either X or Y carries central chirality.
The 1igands PPFA and BPPFA shown in Fig. 3.2 are representative examples.

As shown in the figure, these and other related chiral ferrocenes can be

prepared by way of the stereoselective lithiation of (R)- or (S)-FA which
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affords the stabilized derivative (R,R)- or (S,5)-3.2a, respectively,

in high optical yield (96%) due to the attractive interaction between Li

and the nitrogen Tone pair electrons.

i e iy
C e @gjmez C e
Fe —BuLi— Fe + Fe
{RI-FA (R-(R)-3.2a (R-(S)-3.2b
‘ W?%) (L4)
I
a)Bulj CIER,
b) BuLi/ TMEDA
c) as;zz
e 5
@ C CN’EZ C ‘mez
IV R,y
Fe 21 | Fe™2H
ER,
R)-(S)- (R)-(S)-
ERZ—PthBPPFA ER{- PPh,,, PPFA;ER S WgZ,MPFA

Fig. 3.2: Preparative routes to ferrocenylphosphines with central

and planar chirality [101, 102a, b].
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Sch]ﬁgei et al [99] and Ugi et al [100] suggested the following rules

for defining chirality in this type of chiral ferrocenes. First, the
planar chirality is determined as follows. The observer looks along the

Cg axis of the parent rings with the more highly substituted ring directed
towards him. The planar chirality is "R" if the Tigands X and Y (Fig.

3.1) descend in priority in the shortest clockwise arc (“priority" here

has the same meaning as used for the usual RS nomenclature). Likewise,

if the priority ascends in a clockwise direction, the planar chirality
becomes "S". If more than three groups are present, only the three with
highest priority are considered. Secondly, if there are different types

of chirality in one compound, then the (R,S) symbols will refer to those
various elements of chirality in the order: central > axial > b1anar.
Finally, in connection with the central chirality, if the bonds proceeding
from the Fe atom are arbitrarily regarded as single bonds, then asymmetric
substitution of'a ring causes all the ring C atoms to become chiral centers
and the symbol (R) or (S) can be assigned to each of them, i.e. (1S), (2R),
‘etc. This third assignment , however, will not be made in this thesis for
simplicity. Therefore, in the case of (R,S)-PPFA, the first "R" refers

to the configuration at the carbon atoms of the -CH(Me)NMe, group and the
second "S" to the planar chirality (This molecule, like all other chiral

ferrocene derivatives described in this thesis, lacks axial chirality).
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3.2 METAL COMPLEXES OF FERROCENYLPHOSPHINES

Relatively 1ittle attention has been focused on the preparation and
the use of ferrocenylphosphines (chiral and achiral) in homogeneous
catalysis. As a result, there have been only a few studies in this
area, most of which have been carried out by Kumada et al [101]and by
Cullen et al [102]. Their work establishes that ferrocenylphosphines
are very useful Tigands for metal complexes in the following three types

of catalytic reactions.

3.2.1 Asymmetric Hydrogenation

The chiral 1igands BPPFA and PPFA have been found to be very effec-
tive for Rh-catalyzed asymmetric hydrogenation of o-acetamido-cinnamic and
acrylic acids (cf. section 2.4.3), The crystal structure of [Rh(NBD)(PPFA)]C104
has recently been determined, which shows that both N and P are bound to
rhodium [102b]. On the other hand, it seems that BPPFA uses both P atoms
to bind to rhodium [103]. It is worth noting that BPPFA and PPFA give
products of the opposite absolute configuration. Thus, (S,R)-BPPFA leads
to (S)-acylamino acids while (S,R)-PPFA leads to (R)-isomers. Kumada et al
[104a] reported that optical yields are lower when these substrates are hydro-
genated under similar conditions using catalysts derived from modified
BPPFA and PPFA (i.e. by replacement of the -CH3 group on the chiral center
with phenyl or isopropyl groups). A cationic complex [Rh(R,S-BPPOH)(COD)]-
€104 (BPPOH is produced when the -NMe, group is replaced by OH) has been

used for the reductionriof some chiral carbonyl compounds at 50 atm of H2
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and 0°- 30°C. Moderate to high optical yields (43 - 95%) were obtained
[105]. The OH group is crucial for high optical yields, since much lower
optical yields are obtained with other ligands lacking the OH group, i.e.
BPPFA, BPPEF.

Further studies on PPFA by Cullen et al led to the synthesis of a
new chiral ligand 1-N,N-dimethylaminoethyl-2-di-tert-butylphosphinoferrocene

abbreviated as BUPFA [102c] (vide infra).

*H<Me
NMe,
t

Fe PBu,

B'PFA(v)

It was shown that the hydrogenation of a series of olefins can be completed
in a shorter time with this Tigand than with PPFA. Furthermore, in some
cases, even higher optical yields with reversal of product configuration
were obtained. There are few reports of asymmetric hydrogenation by metal
complexes of aliphatic phosphines and the results cast doubt on the current
"dogma" regarding the mechanism of asymmetric hydrogenation (cf. section 2.3.2),
since highioptica] yie1ds.were obtained in spite of the absence of the
supposed]y‘necessary chiral array of pheny1 groups. Furthermore, this is

one of few aminophosphines which have been successfully used in homogeneous
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catalysis, particularly with rhodium [106]. Therefore, for these reasons,
further research into mixed PN donor systems is desirable. There is also a
growing interest in ligand system containing both "soft" and "hard" donor

atoms [107].

3.2.2 Other Catalytic Reactions; Hydrosilation and Grignard
Cross Coupling
The palladium complex Pd[(_R,S)-—PPFA_'IC]2 is a catalyst precursor for
the hydrosilation of olefins [108]. This is a useful procedure since the
products can be converted into optically active alcohols or bromides [109].
Another useful synthetic application of ferrocenylphosphines can be found
in the palladium and nickel.catalyzed Grignard cross-coupling reactions

(equation 3.1).
RMgX + R'X" ———> R-R™ + MgXxX~ (3.1)

Kumada et al [110] discovered that complexes of the type Pd(L-L)X2 and
Ni(L-L)X, catalyze a large number of cross-coupling reactions of secondary
alkyl Grignard reagents with organic halides. Here L-L are BPPF,
(S)-FeNP, (R)-PPEF, (S,R)-PbFA, and other PPFA derivatives (Figs. 3.1 and
3.2). In some cases, optical yields as high as 95% have been obtained.

ft is worth noting that here the planar chifa1ity seems to play a more

importantzrole than the central chirality.
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3.3 GOALS OF THE PRESENT INVESTIGATION

The unique features of ferrocenylphosphine systems and observations
l1ike those described in the previous two sections indicate that more
studies on these systems would be desirable. Some of these attempts

during the present investigation can be summarized as follows.

3.3.1 New Rhodium-Ferrocenylphosphine Complexes as Hydrogenation

Catalysts
@'Pth @—PButPh @‘Pth @_PBJZ
Fe - Fe Fe Fe
@-mz @-Pautph @“Pﬁu’2 @—mu‘z
| " n v

*  Me *  Me EB*<uw
GQ-U'KNMe2 : @u‘\mz NMe,
Fe “PBU, Fe “PBU, Fe “PBU,
6 &% wom

. 2 Bup 2
Vi

Y Vi
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Although the chemistry of easily prepared symmetrically 1,1 -
disubstituted ferrocenes such as I (cf. section 3.2.1) Has been explored
quite extensively, 1ittle attention has been focused on the preparation
and the use of related Tigands II —FIV in homogeneous catalysis. Of par-
ticular interest would be those ligands containing the bulky tert-butyl
groups as well as phenyl rings (II - IV). 1In this connection, the chiral
ligands V ~ VII should provide further valuable information about the
electronic and steric effects of those ligands containing the bulky tert-
butyl groups on reaction rates and, more importantly, the mechanism of
asymmetric hydrogenation. In this regard, these new chiral ligands deserve
special attention since they not only possess the bulky alkylphosphines
but also belong to the aminophosphine 1igand. It seems also desirable to
attempt to isolate any reaction intermediates such as metal hydrides formed
in the course of the catalytic cycle.” These issues will be addressed in

Chapters 5 and 6.

3.3.2 Other Metal Complexes of Ferrocenylphosphines

It would be also desirable to synthesize a series of metal complexes
to establish the steric effects of bulky phosphorus substituents in the
hope that this would help explain rates and mechanism of catalytic reactions.
As part qf these studies, some of the ligands described above would be used
to form group VI and other group VIII metal complexes suéh as (1) M(P-P)X2
(M = Pd, Ni; P-P =1 - IV; X = C1, Br), (2) M(P-P)(CO)4 (M = Cr, Mo;

P-P = I, and (3) some iron carbonyl complexes.
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These syntheses, crystal structures, and other studies will be

presented in Chapter 5.
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PART II

EXPERIMENTAL
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CHAPTER 4
GENERAL EXPERIMENTAL SECTION

4.1  GENERAL
Unless otherwise specified air-sensitive reagents and products were
manipulated in a nitrogen atmosphere using a double-manifold vacuum

system and Schlenk techniques.

4.1.1 Materials

A11 commercial reagents were of reagent grade and were used as
received unless otherwise stated.

Solvents were purified and dried by standard techniques. In particu-
lar, cyc}ohexane, diethyl ether, dichloromethane, hexane, and THF were
refluxed over L1‘A1H4 and freshly distilled under N2 before use. Benzene
and toluene were refluxed over sodium wire and stored under N, over mole-
cular sieves, Ethanol and methanol were refluxed over magnesium and iodine
and, freshly distilled under N2 before use.

Hydrogen waé obtained from the Matheson Gas Co. and was passed through

a "deoxo" catalytic purifier before use.

4.1.2 0lefin Substrates
u—N?acetamidoacry1ic, a-N-acetamidocinnamic, and o-methylcinnamic
acids were purchased from Aldrich Chemical Co.; itaconic acid, from

Eastman Kodak Co.; cyclohexene, 1-octene, and styrene from MCB Co.



84
A11 liquid olefins were passed through an Alumina (neutral,
purchased from Fisher Scientific Co.) column prior to use in hydroge-

nation reactions.

4.1.3 Instrumentation
1H NMR spectra were recorded on Bruker WP-80, Varian XL-100, or
Bruker WH-400 spectrometers operating at 80 MHz, 100 MHz, or 400 MHz,
respectively. |

Proton decoupled 31

P NMR spectra were recorded on Bruker WP-80 or
XL-100 spectrometers operating at 32.3 MHz or 40.5 MHz, fespective]y.
A11 chemical shifts are positive to lTower shielding. ]H shifts are

3]P shifts are relative

relative to external standard TMS (§ = 0 ppm) and
to 85% H3PO4, with P(OMe)3 (6= +141.0 ppm) used as an external standard.
The peak multiplicity, coupling constants, integrated ﬂeak areas, and
proton (or phosphorus) assignments are reported in parentheses.

Infrared spectra were recorded on a Perkin-Elmer 598 spectrophoto-
meter. Solid state spectra were obtained as Nujol mulls between NaCl,
KBr, or CsI plates and solution spectra were recorded using KBr cells
with path Tength 0.25 mm.

CD spectra were measured with a JASCO J-20 spectropolarimeter.

Mass spectra were obtained using a Kratos MS-50 instrument.

A Hewlett Packard 5880A gas chromatograph equipped with an 0V-101
column was used for gas liquid chromatography.

Melting points were determined using a Gallenkamp Me1ting Point

apparatus and are reported without correction.

Microanalyses were performed by Mr. P. Borda of this department.
)
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4.2  HYDROGENATION EXPERIMENTS

4.2.1 Gas-Uptake Apparatus

A constant pressure gas-uptake apparatus shown in Fig. 4.1 was
used for hydrogenation.

A Pyrex round-bottom 25 mL flask with a side arm was connected via
a glass spiral with a tap F to the 0i1 manometer S through the tap G.

The oil manometer was made of thick wall capillary tubing filled with
n-butyl phtha]afe, a liquid with negligible vapor pressure. S was
connected to the meraury manometer T which consisted of a calibrated
burette in the left side, and a mercury reservoir in the right. The‘right
arm of the mercury manometer was in turn connected via a Teflon stopcock

L to the gas handling part of the apparatus. This part consisted of the
mercury manometer U, the gas inlet tap 0, the connecting tap M, and tap N
connecting the system to a pump.

The reaction flask was thermostatted in a glycerine bath W. The
bath consisted of a cylindrical glass container surrounded by polystyrene
insulation and enclosed in a wooden box on four supports. A magnetic
stirrer P was placed under the box. A shaker Y was used to mix the reaction
solution.

Both.manometers S and T were immersed in a water bath X in a trans-
parent plexiglass container. Both baths were independently regulated by
thermoregulators with relay control circuits. The heat was provided by

25 W elongated electric light bulbs. These, with the aid of mechanical
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stirrers ensured temperature control within +0.1°C. Time was recorded

with a Labchron 1405 timer.

4.2.2 Gas-Uptake Experimental Procedure

In a typical gas-uptake experiment, the required amount of substrate
and 10 mL of solvent were placed in flask A. Accurately weighed catalyst
precursor in bucket E was suspended with a glass hook. The flask was
connected through the glass spiral and tap F to tap Q.

The contents of the flask were degassed by the freeze and thaw
method. During this‘operation the stopcock L was closed. The gaseous
reactant was introduced, with tap N closed, through tap 0 at a pressure
somewhat lower (~710 mmHg) than that required for the experiment (760 mm-
Hg) and then taps F and M were closed.

The spiral and the flask were disconnected from Q and reconnected
to G with the flask being placed in the thermostated bath W. The flask was
shaken with the electrical shaker Y and allowed to reach thermal equili-
brium (~5 min). In the meantime, the taps G, H, J, K, and N were opened
to evacuate the whole apparatus except the spiral and the flask. It is
recommended that H be opened before J during this operation.

The tap N was closed and the gaseous reactant was admitted through
the tap 0 at roughly the same pressure (~710 mmHg) as that in the reaction
flask. Then tap f was opened and the pressure in the whole apparatus was
adjusted to the desired level by opening the tap O very carefully. Taps O

and L were closed and a reading of the mercury level in the left arm of



88

the manometer T was taken.

Bucket E was dropped into the solution by turning the hook D.
At the same time the electric timer was started. Any gas-uptake resulted
in a rising of the oil level in the left arm of the manometer S. At appro- -
priate times tap L was carefully opened to equalize the oil Tevels in S.
This resulted in a corresponding rise of the mercury level in the left
arm of the manometer T. The change of height of the mercury was recorded
as a function of time. Since the left arm of the manometer T was made of

a calibrated pipette the volume of the gas which has reacted was known.

4.2.3 Work up of Hydrogenated Products

The hydrogenated products of the following olefins were identified
from their 1H NMR spectra or from gas chromatograms after they were
separated as follows,

(A) «-N-acetamido-acrylic and cinnamic acids

After the solvent was pumped off the residue was dissolved in cold
dichloromethane (A5 mL) and the solution stirred for a few minutes until
a yellowish white precipitate deposited. This was separated from the
solution by filtration and washed with CH2C12 several times to give a
pure white product. Since the product is slightly soluble in CH2C12,
the filtrate was dried and the remaining solid treated as above to recover
the product quantitatively.

(B)E Itaconic and a-methylcinnamic acids

Aftér the solvent was removed the residue was dissolved in 25 mL

of 5% NaOH solution, stirred for a few minutes and filtered through Celite
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to give a pale yellow filtrate, After acidifying with 10% HC1, the
solution was extracted with diethyl ether (3 x 10 mL). The etheral
extract was dried over MgSO4, filtered, and evaporated to give the final
product.

(C) Liquid Olefins

The hydrogenated solution from styrene was vacuum distilled,
and those from cyclohexene, 1-octene, were distilled at one atmosphere

using a microscale distillation apparatus,

4.2.4 Hydrogenation of the Catalyst Precursors

Hydrogenation of the catalyst precursors of the type [Rh(L-L)~-
(NBD)]C]O4 (L-L = I - VII) was also carried out in the absence of
olefin substrate using the following three methods.

Method A: with measurement of H2 up-take. The accurately weighed

4 mo1) and an appropriate solvent (3 mL)

cata]yst precﬁrsor (1.2 x 10
were placed in bucket E and flask A, respectively (Fig. 4.1). The typical
gas-uptake experimental procedure for the hydrogenation of olefins was
then followed (cf. section 4.2.2) to record the total amount of H2 consumed.
Method B: with crystallization of the product. In order to isolate
any product formed, the reaction described in Method A was duplicated as
follows.
The'same amount of catalyst precursor and solvent were placed in a
Schlenk tube. This was connected to a double-manifold vacuum system
which, in turn, was connected to both N, and Hy. The solution was degassed

by the freeze-and-thaw method, and hydrogen was introduced to this solution

with vigorous stirring at room temperature for 1~1.5 h to ensure that the
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reaction was complete. The final solution was either cooled at 0°C or
allowed to stand at room temperature. The crystals thus obtained were
isolated in a Schlenk filter, washed with diethyl ether, dried under
vacuum, and redissolved in C02C12 in order to obtain a variable temperature
NMR spectrum. In some cases where crystallization was unsuccessful, the
solvent was removed under vacuum, and the remaining solid was dissolved

in the CD2012.

Method C: with NMR monitoring of the in situ solutions. The
5

catalyst precursor (5,0 x 107" mol) was dissolved in a deuterated solvent
(CD613, CD40D, or CD3CN) in an NMR tube which was then connected to the
vacuum system described above. The solution was degassed as above, and
then hydrogen was introduced to the solution with occasional shaking.

As the gas diffused through the solution and reacted with the complex,
the color change progressed from the top meniscus to the bottom of the

tube. No further color change was observed over a period of 1 h., The

variable temperature NMR spectrum of the in situ solution was then recorded.

4.3 OPTICAL ROTATION MEASUREMENTS

A11 optical rotation values were recorded on a Perkin-Elmer 141
spectrometer at room temperature using a one decimeter path-length cell
which could hold 1 mL of solution. The rotations were measured at the
sodium-D 1ine (589 nm),

The specific rotation of any chiral product was calculated using

equation (4.1):
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[a]g = af2-C

observed rotation (+) or (-)

path Tength of the cell in decimeters

concentration of solution in g/100 mL.

(4.1)

_specific rotation at temperature T measured at the sodium-D

The enantiomeric excess (e.e.) of the reduced product was then deter-

mined using equation (2.1) and the specific rotation of the isolated

products. They are listed in Table 4.1.

Table 4.1:

Specific rotation of some chiral products [89, 111].

Substrate

Product

RT
o1}

a-N-acetamidocinnamic

acid

a-N-acetamidoacrylic

acid

(E)-a-methylcinnamic

acid
Itaconic acid

N-acetyl-phenylalanine
N-acety]anam‘nea
B-phenyl-a-methylpro-

panoic acid

2-methyl-succinic acid

: =51

: +66

. =27.
: +27.

c +17.
. =17,

.8(c1,EtOH)

.5(c2,H20)

06(c3.7,CgHg)
06(c3.7,CgHg)

09(c10.5,Et0H)
09(c10.5,EtOH)

qThe pure (S)-isomer was assumed to have the same degree of optical rotation
with opposite direction.
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4.4  SYNTHESES OF STARTING MATERIALS
A11:..compounds described in this section were prepared according to
literature methods with minor modifications, and were used for further

reactions.

4.4.1 The Phosphines RR PCI

(A) Chlorodi-tert—buty]phosphine(ButzPC1) el

The Grignard reagent tert-butylmagnesium chloride was prepared as
follows.

Magnesium turnings (24.3g, 1 mol) and freshly distilled diethyl
ether (400 mL) were placed in a 2 L, round-bottom, three-necked flask
equipped with a 500 mL, pressure-equalizing dropping funnel, a reflux
condenser, a nitrogen inlet, and a magnetic stirrer. The magnesium
turnings were etched with a trace of iodine. The feaction was then
started by the addition of’tert-buty1ch1oride (92.5 g, 1 mol) dissolved
in a total 1300 mL of ether. Subéequent1y, the etheral solution of ButCl
was added gradually so that the solvent kept at its boiling point (ca. 2h).
To complete the reaction, the mixture was allowed to reflux for another
hour .
N.B. The immediate use‘of the Grignard reagent thus obtained is important.
Furthermore, if formation of large amounts of a white precipitate is

observed at the end of the reaction, the reaction mixture should be

discarded.
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To this dark grey solution of.ButMgC1 was added dropwise at room
temperature phosphorus trichloride (34.4g, 0.25 mol) in ether (50 mL).
A white precipitate was formed~immediat61y. The reaction mixture was
boiled and was allowed to reflux for 2 h. Then the ether solution con-
taining the product was separated from the precipitate by careful
decanting into a 1 L, round-bottom flask under N2 through glass wool.
Ether was removed from the decanted product by distillation at atmosphe-
ric pressure to leave a yellowish oil. This was transferred into a
flask set up for vacuum distillation. The product thus obtained was an
air-sensitive, colorless liquid (25 g, 55%). bp 62-65°C (4.6 mmHg)
(1it. 69 - 70°C (10 mmHg)). '

(B) Chloro(phenyl)-tert-butylphosphine [113]

Dichlorophenylphosphine (179 g, 1 mol) in ether (500 mL) was
added slowly at room temperature to a stirred solution of ButMgQ1
prepared from Butcl (138.8 g, 1.5 mol) and Mg(36.5 g, 1.5 mol) in ether
(1200 mL) as described above. After the exothermic reaction during the
addition of PhPC12, the reaction mixture was allowed to reflux for 2 h
after which the resulting suspension was filtered under N, and the filtrate
distilled at atmospheric pressure to remove ether. The remaining oily
residue was vacuum-distilled a few times until a colorless liquid with

a constant boiling point was obtained (120 g, 60%), bp (60 - 63°C
(0.45 mmHg)) (14t. 8188°C (0.8 mmHg)).
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4.4.2 Ferrocene Derivatives

(A) 1,17-dilithioferrocene-TMEDA [97]

Ferrocene (18.5'g, 0.1 mol) was placed in a 250 mL Schlenk tube.
After the tube was evacuated and refilled with N,, hexane (75 mL) was
added. A solution of n-butyllithium in hexane (1.6 M, 75 mL) was added
through a pressure equalizing dropping funnel. The suspension was rapidly
stirred and freshly distilled N,N,N',N’-tetramethy1ethy1enediamine (TMEDA)
(16.3 g, 0.14 mol) was added slowly. The reaction was exothermic and the
ferrocene slurry reacted to give a deep cherry red solution. The reaction
mixture was allowed to stir for 4 h during which time a fine orange preci-
pitate deposited. This was filtered through a medium porosity Schlenk
filter and washed with warm hexane (2 x 30 mL). Drying in vacuo yielded
a fine orange pyrophoric powder (23.5 g, 75%). This compound can be
stored for long periods under N2 at room temperature,

(B) 1,17-Ferrocenediylphenylphosphine [114]

1,1 -Dilithioferrocene-TMEDA (5.0 g, 15.9 mmol), isolated as des-
cribed above, was suspended in freshly distilled ether (200 mL). To this
well stirred suspension, maintained at -78°C, was added a solution of
PhPC]2 (2.85 g, 15.9 mmol) in diethyl ether (20 mL). The mixture was then
allowed to warm to room temperature and was stirred for 1 h. Following
hydrolysis with water (50 mL), the etheral layer was separated, dried over
anhydrous MgS0y, filtered, and the solution volume reduced to about 20 mL.
This oily solution was then chromatographed on Florisil (100- 200 mesh).

The resulting deep red solution {n-hexane eluate) was reduced in voiume
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at room temperature until crystallization just began. The solution was
then stored at 0°C to afford deep red crystals (3.2 g, 70%).

(C) N,N-dimethylaminocyanomethylferrocene (Fe-CH(CN)NMeZ) [115]

Ferrocene carboxaldehyde (108 g, 0.5 mmol) dissolved in methanol
(300 mL) was added at room temperature to a stirred solution of sodium
bisulfite (52 g, 0.5 mol) in water (300 mL) ina 2 L, round-bottom flask.
After stirring 10 min., a solution of dimethylamine (30 g, 0.7 mol) in
100 mL of 50% MeOH was added to the above mixture, followed by a solution
of sodium cyanide (24.5 g, 0.5 mol) in water (100 mL). The color changed
from dark to orange. Ether (500 mL) was added and the feaction mixture
stirred overnight, then extracted with ether (5 x 500 mL). The combined
etheral extract was dried over MgSO4, and the solvent removed at a reduced
pressure. The residual amber o0il crystallized on adding petroleum ether
to give the product as go]dén plates (113 g, 90%).

(D) N,N-dimethylaminoethylferrocene (FA) [115]

A solution of Fe-CH(CN)NMe, (80.4 g, 0.3 mol) in dry ether (500 mL)
was added dropwise, through a pressure equalizing dropping funnel, to a
solution 6f MeMgI prepared from methyl iodide (85.2 g, 0.6 mol) and
Mg (14.6 g, 0.6 mol) in ether (450 mL) in a 2 L, round-bottom flask. The
yellowish brown color of the aminonitrile changed to reddish orange.
fhe reaction mixture was stirred overnight and slowly treated with aq.
NH4C1. The etheral layer was separated and the aqueous layer extracted
with ether (3 x 500 mL). The combined etheral extract was dried over

K2C03, and ether removed at a reduced pressure to give an amber oil;
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1

H NMR (acetone-d.) & 1.25 (d, 3, Me), 1.98 (s, 6, NMez), 3.48 (qt, 1, CH),

6)
4.08 (s, 9, Fc).
(E) (S)- and (R)- FA: Resolution of FA [100]
The racemic amine (51.4 g, 0.2 mol) and (R)-{+)-tartaric acid
(30 g, 0.2 mol) were each dissolved in MeOH (70 mL) in 250 mL Erlenmeyer
flasks. Both flasks were immersed in a water bath at 55°C for about 10 min
to reach thermal equilibrium. The tartaric acid solution was then poured
into the FA solution while stirring. The temperature of the bath was then
allowed to fall at a rate of 2+5°/h. When (-) seeding crystals were
not available, the flask was occasionally scratched with a glass rod to
aid solid formation. Stirrin§ was continued overnight and the (S)(-)-
amine tartarate was collected by suction filtration. The mother Tiquor was
set aside for later use. The tartrate salt was added to aqueous NaOH
solution in a separatory funnel and the amine extracted with ether (4 x
150 mL). The amine solution was dried over anhydrous K2CO3, and evaporated
to give optically active amine. The amine (20 g) thus obtained and (R)-(+)-
tartaric acid (17.53 g, 0.11 mol), each dissolved in 30 mL of MeQOH were
mixed at 55°C and a few (S)(-)-amine tartarate crystals were added. After
stow cooling followed by the work-up procedure as described above, optically
pure (S)-(-)-FA was obtained (15 g, 58.4%): [a]gs -14.3° (c 1.5, EtOH) (1it.
[a]gs -14.1° (c 1.5, EtOH)). If the optical rotétion of the amine was lower,
one additional crystallization was required. The mother liguor from the
first crystallization was concentrated to about one-fourth of its original

volume. Diethyl ether was added slowly to the solution until precipitation
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was complete. The mixture was Teft at 0°C overnight and the (R)-(+)-

amine tartarate was collected. This was recrystallized by dissolving

it in @ minimum amount of hot water (70 - 80°C) and adding to tﬁis solution
warm acetone in such a way that the ratio of water to acetone became

1 : 10. Optically pure (R)-(+)-FA was obtained from repeated recrystalli-
zation (2 ~3 times) in this modified way: yield (17.2 g, 58.5%); [a]gs +
14.3° (C 1.5, EtOH) (Tit. [a15° + 14.1° (C 1.5, EtOH)).

4.4.3 Metal Complexes

(A) [Rh(NBD)C]]2 [116]

RhC13-3H20 (0.7 g) was dissolved in 95% EtOH (10 mL) in a 100 mL
Schlenk tube. The solution was degassed by the freeze-and-thaw method.
To this solution was added norbornadiene (2 mL) with stirring. A yellow
precipitate deposited about 1 h after the reaction had been started. The
reaction mixture was further stirred for 24 h after which time the yellow
precipitate was isolated by filtration, washed with cold ethanol (10 mL),
and dried under vacuum to give a fine yellow powder. The product was
not purified further.

(B) Pd(PhCN)ZC12 (117]

A mixture of NaZPdC14 (1 g) and benzonitrile (50 mL) were stirred
at 100°C for 30 min. The resultant red solution was filtered and the
filtrate poured into petroleum ether (200 mL) to deposit a yellowish
orange precipitate. This was isolated and crystallized from benzene to

afford an orange microcrystalline product (0.5 g, 50%).
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(c) Pd(NBD)C12 [117]
This complex was prepared by the direct reaction of Pd(PhCN)Zm2

(0.2 g, 5.21 x 10°%

mol) and a slight molar excess of norbornadiene

(3 mL) in CHCl4 (50 mL). After stirring 1 h, a yellow precipitate was
isolated from the solution, washed with CHC13, and dissolved in warm
glacial acetic acid. The solution gave a yellow precipitate on cooling.

This was washed with a mixture of methanol and acetone, and dried under

vacuum: yield 43%.

4.5 SYNTHESES OF FERROCENYLPHOSPHINES
Analytical and spectroscopic data for these ligands are presented

in Chapter 5.

4.5.1 Achiral Ligands

(A) 1,1°-Bis(diphenylphosphino)ferrocene (BPPF, I} [97]

1,17-Dilithioferrocene TMEDA (10 g, 31.9 mmol), isolated as_desckibed
previously was suspended in freshly distilled n-hexane (50 mL) in a 250 mL
Schlenk tube. To this suspension, maintained at 0°C, was added Ph2PC1
(14.5 g, 65 mmol). The mixture was warmed to room temperature and was
stirred for 5 h. Following careful hydrolysis with water (50 mL), the
supernatant hexane layer was decanted from the brown solid, and the solid
was washed successively with ethanol (2 x 30 mL) and hexane (3 x 30 mL), then

finally dissolved in hot benzene (40 mL). Hot hexane was slowly added until

the solution became turbid. The solution was then cooled to room tempera-
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ture to give fine orange crystals (11.5 g, 65%).

(B) 1,17-Bis(phenyl-tert-butyiphosphino)ferrocene (BPBLPF, 1I)

To a well stirred suspension of (C5H4)2FeL12-TMEDA (10 9, 31.9
mmo1) in dry hexane (30 mL), maintained at -78°C, was added siowly
But(Ph)PC1 (13 g, 65 mmol) in dry ether (15 mL). The reaction mixture
was then warmed to room temperature and stirred overnight after which
the mixture was hydrolyzed with water (20 mL). The organic layer was
separated, dried over MgSO4, and reduced in volume to about 10 mL. The
0ily solution was then chromatographed on Alumina {neutral, Grade I).

Meso and racemic (d and g) isomers were separated by rechromatographing

the second orange band with a mixture of petroleum ether and diethyl
éther (70/30). Both products were isolated as deep orange oils which
solidified slowly on cooling (0°C): yield 55 - 60%.

(C) 1-Diphenylphosphino-1"-di-tert-butylphosphinoferrocene (PPBtPF,

I11) '

The title compound was prepared using the ring cleavage reaction
of 1,1‘—ferrocenediy1pheny1phosphine. To a stirred solution of 1,1'-
ferrocenediylphenylphosphine (1.5 g, 5.14 mmol) in diethyl ether (30 mL)
at -78°C was added dropwise phenyllithium (1.95 M, 4 mL) in benzene. The
mixture was allowed to warm to room temperature slowly. The solution was
then recooled to -78°C and excess Bu%PC] (3 mL) in diethyl ether (5 mL)
was added dropwise. The resultant mixture was.s1ow1y warmed to room
temperature and was subsequently heated to a gentle reflux for 10 min.

Precipitation of LiCl occurred. After stirring another 30 min at room
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temperature the solution was hydrolyzed with water (20 mL), the etheral
layer separated and dried over anhydrous MgSO4. The solution volume
was reduced to a few mL following filtration. The resuitant oil was
chromatographed on Alumina (neutral, Grade 1) to give a single orange band
(eluted with diethyl ether/petroleum ether, 10/90). Removal of solvent
under vacuum from the resulting orange solution afforded a yellow crystal-
line solid (1.24 g, 47%).
(D) 1,17-Bis(di-tert-butylphosphino)ferrocene (BBtPF, IV)
(C5H4)2FeLj2-TMEDA (7.5 g, 23.9 mmol), isolated as described
previously, was suspended in freshly distilled n-hexane (40 mL) in a
250 mL Schlenk tube. To this suspension, maintained at -78°C, was added
BuSPC] (8.7 g, 48.2 mmol). The mixture was allowed to warm to room tempe-
rature and stirred overnight. Following careful hydrolysis with water
(20 mL), the hexane iayer was separated, dried over_anhydrous'MgSO4,
filtered, and reduced in volume to about 10 mL. Thié 0ily solution was
then chromatographed on Alumina (neutral, Grade I). Removal of solvent
under vacuum from the resulting déep orange solution (the second band that
eluted with a mixture of petroleum ether and diethyl ether, 70/30) afforded
a dark oily product (4.5 g, 40%). The product was not purified further.
N.B. Careful chromatography was required to separate the product from a
mixture of ferrocene and a white phosphine by-product that eluted with

petroleum ether.
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4.,5.2 Chiral Ligands
(A) (S,R)- and (R,S)-2-(di-tert-butylphosphino)-1-(N,N-dimethy]l-
aminoethy])ferrocene(BtPFA,V) [102c¢]

This 1igand was prepared using the known method [102c] and isolated
as a crystalline solid; acetone was used for crystallization.

(8) (S,R)- and (R,S)-17,2-bis(di-tert-butylphosphino)-1-(N,N-

dimethy1aminoethy1)ferrocene(BBtPFA,VI)

(S)-FA (3 g, 11.7 mmol) was dissolved in a mixture of diethyl ether
(2.5 mL) and n-hexane (3.5 mL) in a Schlenk tube. To this solution was
added slowly n-Buli (1.6 M, 8 mL). The reaction was slightly exothermic
and the color of the solution changed from yellowish brown to cherry red.
The.reaction mixture was stirred for 2 h, and a mixture of n-BulLi (1.6 M,
8 mL) in hexane and TMEDA (2 mL, 11.7 x 1.2 mmol) was added through a
pressure equalizing dropping funnel. The reaction was slightly exothgrmic
again, and the color of the solution deepened. The reaction mixture was
further stirred for 6 h after which BUEPC1 (4.1 g, 23 mmol) was added
through a syringe. The reaction mixture was allowed to stir at room tempe-
rature for 2 days. Following hydrolysis with H20, the organic layer was
separated, dried over MgSO4, fi]tefed, and reduced in volume to about 5 mlL.
The resulting red oil was chromatographed on neutral Alumina (Grade II) to
give a single salmon-red band (eluted with diethyl ether/petroleum ether,
15/85). Removal of solvent under vacuum from the resulting orange sd1ution
afforded a dark orange oil (1.9 g, 30%). Attempted crysta]]i;ation from ace-
tone (or EtOH) was unsuccessful. (R,S)QBBtPFA (VI) was obtained by treating
(R)-FA in the same manner as above.

(€) (s,5)- and (R,R)-17.2.3"-tris(di-tert-butylphosphino)-T-(N,N-
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dimethylaminoethy1)ferrocene(TBtPFA, VII)

(a) Method 1

(S)-FA (3 g, 11.7 mmol) was dissolved in diethylether (5 mL) in a
Schlenk tube. To this solution was added n-Buli (1.6 M, 9 mL) in hexane.
After stirring 2 h, a mixture of n-Buli (1.6 M, 10 mL) in hexane and TMEDA
(1.5 g, 13 mmo1) was added dropwise through a pressure equalizing dropping
funniel, The reaction mixture was further stirred for 15 h at room tempera-
ture. This solution was added dropwise to a solution of BuEPC1 (4.7 g,
26 mmol) in diethyl ether (30 mL) which was prepared in a 250 mL, round-
bottom, three-necked flask equipped with a condenser, a N, inlet, and a
pressure equalizing dropping funnel. After the initial exothermic reaction
on addition of the FALiZ-TMEDA solution, the mixture was a}]owed to boil
under reflux for 20 h. Following hydrolysis with water, the organic layer
was separated, dried over MgSO4, filtered, and reduced in volume to about
5mL. The resulting oily solution was chromatographed on Alumina (neutral,
Grade 1), After removal of the white phosphine by-product by elution with
petroleum ether, a second sa]hon-red band was eluted with a mixture of die-
thyl ether and pefro1eum ether (1/9, v/v). Removal of solvents from the
resulting orange solution afforded a dark oil which crystallized on adding
acetone (or ethanol) to give the product (S,S—TBtPFA (0.32 g, 4%). (R,R)-
TBtPFA was obtained by treating (R)-FA in the same manner as above.

(b) Method 2

To the in situ solution of FALi,-TMEDA prepared as described above

was added BuZPC] (7.49, 41 mmol) at room temperature, The reaction mixture
was stirred at room temperature for 3 h during which time the dark red solu-

tion turned to bright orange with precipitation of LiCl1. The solution was
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further stirred at room temperature for 4 days, and the product isolated

as red crystals following the work-up described above: yield 3 ~ 4%.

4.6  SYNTHESES OF Rh(I) COMPLEXES OF FERROCENYLPHOSPHINES

The complexes of the type [Rh(LeL)(NBD)]C1O4 (L-L = I ~ VII) were
prepared essentially using the procedure of Schrock and Osborne [32e] with
minor modifications, and were isolated as deep red crystals. Analytical,

physical and NMR data for these compounds are presented in Chapter 5.

4.6.1 Achiral Complexes

(A) [Rh(BPPF)(NBD)]C1O4 (VIII)

[Rh(NBD)C]]2 (300 g, 0.65 mmol1) and BPPF (792 mg, 1.4 mmol) were dis-
solved in benzene (3 mL) in a Schlenk tube, and the solution was degassed.
To this solution was added NaC104 (200 mg, 1.6 mmol) in THF (2 mL). The
solution was stirred for 30 min during which time a fine orange precipitate
deposited. This was isolated on a Schlenk filter, washed with diethyl ether
(20 mL), dissolved in CH2C12 (5 mL), and filtered to remove any solid impuri-
ty. The filtrate was reduced in volume to aboue 2 mL to which was added
cyclohexane (~7 mL) without disturbing the dichloromethane layer. Large
crystals were grown by allowing this solution to stand at room temperature:
yield 75%. |

(8) [Rh(P-P)(NBD)ICT0, (P-P = BPBPF, IX; P-P = PPB®PF, X)

These complexes were prepared in the same manner as described above,
replacing BPPF by BPBtPF and PPBtPF, respectively: yield 70 ~ 75%.

(c) [Rn(BB*PF)(NBD)ICI0, (XI)

The benzene solution (2 mL) of BBtPF (1.1 g, 2.32 mmo1) and [Rh(NBD)-

C1]2 (357 mg, 0.77 mmo1l) wés degassed. To this solution was added NaC1O4
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(189.47 mg, 1.55 mmol) in THF (2 mL). The mixture was allowed to stir for

2 days at room temperature after which time solvents were removed under
vacuum to leave a reddish brown solid. This was washed with diethyl ether
(20 mL), dissolved in CH2C12 (2 mL), and filtered through a Schlenk filter.
To the filtrate was added a 3:2 mixture of diethyl ether and ethanol (5 mL),
and the solution was cooled at O°C'to give deep red crystals., Large crystals

were grown as described above for the preparation of VIII: yield 80%.

4.6.2 Chiral Complexes

(A) [RN{(S,R)-/(R,S)-B"PFA)(NBD)]CI0, (XII; BYPFA = v)

To a mixture of (S,R)-BtPFA (0.24 g, 5.9 x 1074

4

mol) and [Rh(NBD)C]]2

(0.124 g, 2.7 x 10°
4

mol) in MeOH (5 mL) was added NaC104 (0.072 g, 5.9 x
107" mol) dissolved in MeOH (2 mL). The reaction mixture was allowed to stir
for 12 h at room temperature after which time the solvents were removed under
vacuum to leave an orange solid. This was washed with diethyl ether several
times, dissolved in CHZC12, and filtered through a Schlenk filter. The fil-
trate was dried under vacuum, and the remaining orange solid was redissolved
in a minimum amount of hot ethanol (~ 2 mL). Red crystals were obtained by
cooling this solution to room temperature: yield (272, 34 mg, 55%). The
(R,S)-complex was prepared by treatment of (R,S)-BtPFA in the same manner.
(B) [Rh(P-N)(NI3[))]C1O4 (XIII ; P-N = (S,R)-/(R,S)-VI :XIV; P-N =
(5,S)-/(R,R)-VII)

Both complexes were prepared using the same procedure as described

above: yield 50%.

‘4.7  SYNTHESES OF OTHER METAL-FERROCENYLPHOSPHINE COMPLEXES

Analytical, physical and spectroscopic data for the complexes described
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in this section are presented in Chapter 5.

4.7.1 Palladium Complexes

Pa]]adium complexes of the type [Pd(P-P)C]Z] (P.P =1 -1V)
were prepared by the direct reaction of K,PdCly, Pd(NBD)Clz, or
Pd(PhCN)2C12 (10'3 molar scale) with a slight molar excess of the appro-
priate ligand in diethyl ether containing a few mL of dichloromethane.

The product complexes were formed as red/orange precipitates in each case
which were isolated by filtration and washed with diethyl ether. For
crystallization the product (~ 300 mg) was dissolved in an appropriate
solvent or a mixture of solvents. The crystals thus obtained were washed
with n-hexane and dried in vacuum.

(A) Pd(BPPF)C12 (XV)

The product was recrystallized from acetone to give red plates:
yield 82%.

(8) Pd(BPBP)CI, (XVI)

Large crystals were grown by dissolving the microcrystalline product
in a mixture of CH2C12 and hexane, and allowing the solvents to vaporize
in the ajr: yield 80%.

() Pd(PPBP)CT,-CHCT4 (XVII)

For crystallization the product was dissolved in CH2C12 and a top
layer of cyclohexane was allowed to diffuse slowly into the dichloromethane
layer: yield 80%. The CHCl3 crystallization was confirmed by its NMR.

(D) Pd(BBPF)CT, (XVITI)

This complex was obtained as reddish brown needles by crystallization

as described for XVI: yield 70%.



106

4.7.2 Nickel Comp1exes'
Nickel complexes of the type Ni(P-P)X2 (p-p=1, IV; X =C1, Br)
were prepared according to published procedures [118]:

3 mol) in ethanol

A solution of the appropriate ligand (1.0 x 10~
(20 ~ 30 mL) was placed in a 250 mL round-bottom, two-necked flask equipped
with a reflux condenser, a nitrogen inlet, and a magnetic stirrer. The
solution was then brought to reflux and Ni(H20)6C12 (or NiBrz) (8.5 x

1074

mol) dissolved in hot ethanol (15 mL) was added. A fine green
precipitate was formed immediately. This was separated by filtration
while the solution was still warm, washed with cold ethanol several times,
and dried under vacuum.

(A) Ni(BPPF)C1, (XIX) and Ni(BPPF)Br, (XX)

Both complexes were isolated as dark green plates on crystallization
from chloroform; yields 65 ~ 70%.
(B) Ni(BBPF)C1, (XXI)and Ni(BBPF)Br, (XXII)
These complexes were obtained as green miﬁrocrysta]]ine solids on

crystallization from a mixture of CH2C12 and cyclohexane: yields 60 - 65%.

4.7.3 Iron Complexes

Iron carbonyl complexes Fe(BPPF)(CO)3 and Fez(BPPF)(CO)8 were pre-
pared using the general procedures described below. The reaction of BPPF
with Fe3(C0)]2 is also described here.

(A) Fe(BPPF)(CO)3 (XXI111) |

A THF solution (30 mL) of BPPF (1.0 x 107> mol) and Fe,(C0)y (2.0 x
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-3 mol) {or Fe(CO)5 (1.0 x 10'2 mol) in 20 mL of benzene) was placed

10
in a Carius tube. The syﬁtem was then evacuated by the freezeQand-thaw
method, sealed, and irradiated with UV for 6 - 30 h. UV irradiation
reactions were cérried out with a 200 Watt mercury lamp (Hanovia S-654
A36) under a stream of air. Removal of solvent gave a solid residue
which was dissolved in CH,Cl, (~ 4 mL) and chromatographed on Florisil
(80 - 100 mesh). The first orange band was eluted with a mixture of
diethyl ether and hexane (5/95, v/v). Solvents were removed from the
resulting orange solution and the remaining solid crystallized from
n-hexane to afford the product as orange needles: yield 75%.
The reaction of BPPF with Fe(CO)5 in benzene resulted in less than 5%
yield of the above product.

(B) FeZ(BPPF)(CO)8 (XXIV)

This compound was obtained as the major product from the reaction of
BPPF with Fe(CO)5 in benzene as described above: yield 62%. The reaction

of BPPF (0.55 g, 0.99 mmol) with FeZ(CO) 0.72 g, 1.98 mmol) in THF also

5
yielded this product (82%) by stirring the reaction mixture at room tempe-
rature for 20 h, following the work-up procedures for the preparation of
the compound XX.

(C) The reaction of BPFF with Fe?)(,CO)]2

A mixture of BPPF (0.15 g, 0.27 mmol) and Fe3(C0)-|2 (0.27 g, 0.54 mmol)
in THF (25 mL) in a Schlenk tube was stirred for 4 h at room temperature.

During this time the initial dark green color turned to deep purple.

Removal of solvent under vacuum afforded a dark purple residue which was
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chromatographed on Florisil (100 - 200 mesh). The large purple band,
following the green band of excess Fe3(C0)12, was eluted with a
mixture of diethyl ether and petroleum ether (5/5, v/v), and solvents
removed to give a dark purple oil. This compound readily decomposed in
solution but appears to be reasonably stable in the solid state. It

gives at least 7 v(CO) bands including one at 1775 cm™ ).

4.7.4 Group VI Metal Complexes

The Group VI metal carbonyl complexes, M(BPPF)(CO)4 (M= Cr, Mo),
were prepared by the procedure of Davison [118] with minor modification.

(A) Cr(BPPF)(CO), (XXV)

A benzene solution (20 mL) containing BPPF (2.52 g, 4.5 mmol) and
Cr(C0)6 (0.95 g, 4.5 mmol) was heafed in an evacuated Carius tube at
150°C for 12 h. Removal of solvent in vacuum gave an orange solid which
was dissolved in a minimum amount of CH2C12 (~ 3 mL) and chromatographed
on Florisil (100 ~ 200 mesh). The second orange band was eluted with a
mixture of diethyl ether and petroleum ether (4/6, v/v), and solvents
removed to give the orange microcrystalline product. Large crystals were
grown by dissolving the product in a hot solution of benzene and heptane
(174, v/v), and allowing the solution to cool slowly to room temperature:
yield 2.59 g (87%).

(B) Mo(BPPF)(C0)4-C6H6 (XXv1)

This was prepared similarly. The benzene of crystallization was con-

firmed by its crystal structure: yield 61%.
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PART III

RESULTS, DISCUSSION, AND CONCLUSION
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CHAPTER 5
SYNTHESIS AND CHARACTERIZATION OF FERROCENYLPHOSPHINES
AND THEIR METAL COMPLEXES.

The compounds of most interest in the present studies are chiral and
achiral ferrocenylphosphine 1igands; 1in particular those containing bulky
tert-butyl groups on phosphorus for thé reasons given in section 3.3. With
appropriate modifications of known procedures, a wide range of ferrocenyl-
phosphines and their metal complexes can be prepared. This chapter is
mainly concerned with the preparation and the characterization of these
ligands (L-L) and their rhodium complexes of the type [Rh(L-L)(NBD)]C104
which are hydrogenation catalyst precursors (cf. Chapter 6). Some other
metal (Group VI and VIII) complexes of these 1igands @ere prepared, and
are also described. In the subsequent discussion the notation P-P and P-N
is also used to denote the achiral ferrocenylphosphines (L-L =1 - IV) and

the chiral ones (L-L = V - VII), respectively.

5.1  FERROCENYLPHOSPHINE LIGANDS

5.1.1 Achiral Ligands

(A) Syntheses

Preparative routes to the achiral ferrocenylphosphines are shown in
Fig. 5.1.

A11 routes involve the well documented procedure for the preparation
of the 1,1'-dilithioferrocene-TMEDA adduct [97]. The orénge precipitate
separates from hexane solution as a pyrophoric powder when ferrocene is

Tithiated with two molar equivalents of n-Buli in the presence of one equi-
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valent of TMEDA. Although the crystal structure of this compound has not been
determined, Davison [97] suggested that it be formulated as (C5H4L1)2Fe-TMEDA
on the basis of the analytical result. This stoichijometry has been found

in the related compound [(n5-C5H4)2Fe(N3C9H23)L1’2]2 [119]. There are
distinct advantages in using the solid dilithioferrocene in these prepara-
tions, namely high yields and no monosubstituted phosphines are obtained.

The previously known compound I [97] was prepared by reacting a hexane
slurry of dilithioferrocene with chlorodiphenylphosphine. This di(tertiary
phosphine) is an orange, crystalline solid which is air stable in both the
solid and solution. A simple extension replacing PhZPCI by But(Ph)PC1 and
ButZPC1 allows the isolation of the new ferrocenylphosphine 1igands II and
IV, respectively. Both iigands were obtained as dark oils which slowly
solidified on cooling at 0°C. In connection with the preparation of II,
it should be pointed out that this compound can exist as both meso- and
rac- isomers. In the present studies they were separated chromatographically
as described in the experimental section, but only the rac-isomer has been
used for further syntheses, spectroscopic (NMR), and hydrogenation studies.

The unsymmetrically 1,1'-disubstituted 1igand III was prepared via

the ring cleavage reaction (equation 5.1) of the [1]-ferrocenophane which

was prepared from the reaction of (CgH,Li), Fe-TMEDA with PhpCT, [114].

- -

Qe | 9™ G

Fe PPh —5——>| Fe

-78% RT
R t
& B D s,

- - i
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The subsequent synthetic route involved the reacfion of the intermediate,
1-diphenylphosphino-1'-1ithioferrocene with Bu%?C]. The compound III

was obtained as a yellow crystalline solid. Although this is an extremely
useful method of activating the second ring for further substitution,

care must be taken to minimize the formation of byproducts. For example,
the initial product monolithioferrocene derivative may compete with PhLj
for the substrate [1]-ferrocenophane,‘thus giving a monolithioferrocenyl

derivative as shown in equation (5.2) [114c].

@ o~ @0

Fe Fe (5.2)

& & B 6

In order to avoid this potential complication, the preferred procedure
involved the slow addition of 1.5 molar excess of PhLi to the [1]-ferro-
cenophane in diethyl ether maintained at -78°C. An alternative route
involves the slow addition of the [1]-ferrocenophane to an equimolar

quantity of PhLi in hexane [114c].
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(B) Characterization

The analytical and NMR data listed in Tables 5.1 and 5.2 respectively,
confirm the formulation of I and the new ligands II-IV,

The 1H NMR spectra of the symmetric ligands I, I and IV show a
pair of broad triplets for the symmetrically disubstituted ferrocene rings,
(CSH4-)éFe, in the region 6 = 4.0 ~ 4.6 ppm. The ligand III, however, shows
two‘pairs of broad triplets for the ring protons. This may be due to the
presence of a pair of diastereotopic Cp rings, each ring containing two
pairs of enantiotopic protons. The characteristic feature of the new
ligands II - IV is the presence of a doublet in the range 1.1 to 1.3 ppm due
to coupling between phosphorus (3IP, 100% abundance, spin = 1/2) and
equiva1ent (or enantiotopic) protons of the tert-butyl groups.

The 31P{1H} spectra of the ligands I, II, and IV (Fig. 5.2) show a
sharp singlet at  -17.61, 7.77, and 26.48 ppm, respectively for the pair of
equivalent phosphorus atoms. It can bé noted that the resonance peak for
the phosphorus atomé moves to the lower shielding region as the substitution
of the phenyl groups by the tert-butyl groups proceeds. Although the 31P
NMR of the ligand III has yet to be obtained, two peaks are expected for

the diastereotopic pair of P atoms.

5.1.2 Chiral Ligands
(A) Syntheses
Preparative routes to the chiral ferrocenylphosphines are shown in

Fig. 5.3.
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Table 5.1: Analytical and physical data for the achiral ligands I-IV.

mp,°C Found(%) Calcd(%)
Compound (decomp.) C H C H
I 183-185 73.46  4.96 73.67 5.06
Il 56-58 68.91 6.95 70.06 7.00
111 - 69.95 6.95 70.06 7.00
1V 0il - - 65.84 9.29

Table 5.2: ]H and 31P{1fﬂ NMR data for the achiral Tigands I-IVa’b.
. Compound ~Cfs (CoHy-)Fe -CMe, STp
I 7.30(m,20) 4.28(bt,4) - (CDC13)
4.01(bt,4) -17.61(s)
rac-I1I 7.80(m,4) 4.32(bt,4) 1.20(d,18) (C6D6)
7.50(m,6) 4.10(bt,4) (JPH=12) 7.77(s)
ITI 7.33(m,10) 4.62(bt,2) 1.12(d,18) -
4.,48(bt,2) (JPH=11.5)
4.,37(bt,2)
4,30(bt,2)
Iv - 4.44(bt,4) 1.22(d,36) (C6D6)
4.28(bt,4) (JPH=11) 26.48(s)

a 1H NMR spectra were obtained in CDCl,. -

b Coupling constants are in Hz: bt=broad triplet, d=doublet, m=multiplet,

s=singlet .,
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A1l routes require the preparation and the resolution of FA, a key-
intermediate in the syntheses of various chiral 1igands of this sort. FA
is readily prepared in high yields (> 75%) using the known procedure [115]
as shown in the figure. Thus the nitrile derivative was obtained by
reaction of the bisulfite ad&ﬁct of ferrocene carhoxaldehyde with dimethyl-
amine and sodium cyanide. Subsequent reaction of the aminonitrile with
MeMgIl resulted in FA. There are several other methods to prepare FA
[100, 120]. The resolution of FA with (R)-(+)-tartaric acid was achieved
using Ugi's procedure [100] from which both antipodes were obtained. The
(R)-tartrate of (S)-FA crystallized from methanol, and the (R,R)-
diastereomer was obtained by evaporating the mother liquor and crystallizing
from aqueous acetone.

The final synthetic routes to form the previously known compound V
and the new chiral 1igands VI and VII are based on the known procedure
set out in Fig. 3.2. The figure shows that monolithiation of FA followed
by treatment with halophosphines affords monophosphino-FA ligands, and that
bisphosphino-FA Tigands such as BPPFA can be prepared via the TMEDA adduct
of dilithio-FA generated by stepwise dilithiation of FA in the presence of
TMEDA. The figure also shows that the major diastereomeric products obtained
from (S)- or (R)-FA have the configuration of (S,R) or (R,S). The minor (4%)
diastereomers, (S,S)- or (R,R)-phosphine derivatives can be eliminated by
simple recrystallization of the initial products.

In this way the previously known monophosphino-FA V was prepared using
the monolithiation of FA followed by treatment with ButZPC1 (a 1.2 molar

excess). This compound was obtained as a red crystalline, air-stable solid.
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As expected, the configuration of the major product (V) is (S,R) and (R,S),
respectively when (S)- and (R)-FA is used. The CD spectrum of (R,S)-V is
shown in Fig. 5.6.

The new chiral Tigands VI and VII were prepared by reacting the in
situ solution of Li,FA-TMEDA with excess ButZPC1. In the present investi-
gation the formation of thebisphosphino-FA 1igand VI was found to be slow

probably due to steric hindrance. Thus the preferred procedure was to

add a 2.2 molar excess of ButZPC1 to the in situ solution of Li,FA-TMEDA,

and allow the mixture to stir for 112 days at room temperature (Heating

must be avoided). In this way the formation of the monophosphino-FA V as
by-product was minimized (< 5%), thus allowing a chromatographic purification
(The two phosphines V and VI are almost chromatographically inseparable).

The use of the isolated solid L12FA-TMEDA [121] in this preparation‘has

Tittle advantage over the direct use of the in situ solution. The final

product VI was obtained as a red oil (The attempted crystallization from
acetone or ethanol was unsuccessful). This reaction also resulted in the for-
mation of (R,S)- and (S,R)-VI as the major product when (R)- and (S)-FA
was employed, respectively. This is confirmed by comparing the CD spectrum
of the Rh(I) complex of VI with that of the rhodium complex of the mono-
phosphino-FA V (cf. Fig. 5.14A).

During the preparation of thebisphosphino-FA ligand VI, it was acci-
dentally found that further 1ithiation can take place. Thus in the presence
of excess BuszC1 or under forcing reaction conditions an unexpected product,

trisphosphino-FA VII, is obtained as described in the experimental section.

This ligand (VII) was prepared either by reacting the in situ solution of
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LizFA-TMEDA with a 3 ~ 4 molar excess of ButZPC1 at room temperature for

4 days or by adding the in situ solution of LiZ?A-TMEDA to a hexane

solution of ButZPC1 (v 2.5 molar excess) followed by refluxing the

reaction mixture for about 20 h. The initial oily product was recrystallized

from acetone or ethanol to give red air-stable crystals. These forcing

conditions were initially used in the hope that the formation of the

bisphosphino-FA VI would be effected more readily. Consequently, any

preparation of the bisphosphino-FA should be carefully monitored to avoid

the formation of both the monophosphino-FA V and the trisphosphine—FA.VII,
Another striking feature concerning the preparation of the trisphosphino-

FA VII is that the final product (crystalline solid) has the configuration

of the anticipated minor diastereomer (S,S) or (R,R). Thus (R)-FA Teads

to (R,R)}-VII, and (S)-FA to (S,S)-VII. The CD spectra of both (R,R)- and

(S,S)-VII are shown in Fig. 5.8. The crystal structure is described below.

(B) Characterization

The formulation of the previously known V and the new chiral 1igands
VI and VII is confirmed by the analytical and the NMR data given in
Tables 5.3 and 5.4, respectively. In Figs. 5.4 and 5.5 are also given their

Y and 3'pi'H) spectra.

The ]H NMR spectra of both VI and VII show complex multiplets for the
Cp ring protons in the range 4.0 to 4.8 ppm, whereas the monophosphine ligand
V exhibits a sharp singlet F, at 4.07 ppm for the unsubstituted "second"

ring as well as a multiplet F] for the disubstituted "first" ring in the
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Table 5.3: Analytical and physical data for the chira]»]igands V-VII.

Found(%) Calcd(%)
Compound mp,°C (c1,C6H6) C H N C H N
(S,R)-V 55-58 +178.24 41.02 5.57 2.23 41.29 5.63  2.19
(R,S)-V -178.97
(S,R)-VI 0il -22.20 - - - 66.07 9.73 2.57
(R,S)-VI +21.93
(5,S)-VII 135-137 -37.52 65.68 10.00 2.10 66.10 10.29 2.03
(R,R)-VII +36.60
1, o 31,1 . . a,b
Table 5.4: "H and ° P{'HINMR data for the chiral ligands V-VII®®",
Compound -P(CMe3)2 Others 31p

v 1.42(d,9,JPH=12) 1.38(d,-CMe,JHH=8) 13.32(s)
0.86(d,9,dp,=12)  3.57(dq,-CHMe, =8, d,,=4)

2.11(5,-NMe2)
. 4.07(5,(C5H5-)Fe)
4.16—4.46(m,(C5H3-)Fe

VI 1 6(d,9,JPH=12) T.35(d,-CMe,JHH=8) 14.53(s)
1.3(d,9,JPH=12) 4.OO(dq,-CﬂMe,JHH=8,JPH=4) 26.74(s)
1.2(d,9,JPH=12) 2.20(5,-NMe2)
1.1(d,9,JPH:12) 4.1-4.5(m,(C5ﬂ_-)Fe(C5ﬂ4))

VII 1.7(d,9,JpH=12) 1.80(d,—CMe,JHH=8) ' 17.67(s)
1.5(d,9,JPH=1O) 3.80(dq,—CﬂME,JHH=8,JPH=4) 23.49(s)
1.2(d,9,JPH=12) 2.40(5,-NMe2) 26.63(s)
1.1(d,9,JPH=12) 4.4-4.8(m,(C5ﬂ_-)2Fe)

8 A11 spectra were obtained in C606 using the racemic mixture of each ligand.

Coupling constants are in Hz:dg=doublet of quart,s=singlet.
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range 4.16 to 4.46 ppm. Here the terms "first" and "second" rings refer
to the Cp ring containing the -CH(Me)NMe2 group and the other Cp ring,
respectively, and will be used in the subsequent discussion.

The methine proton (-CHMe) of the mono-, bis-, and trisphosphine
ligands appears as a doublet of quartets centered at 3.57 (peak CM),
4.0 (peak CB), and 3.8 (peak CT) ppm, respectively. This pattern arises
due to the coupling with the neighboring phosphorus atoms (4J§H) as well
"~ as the methyl group (-CHM_)'on the asymmetric center, as checked by
homonuclear (H-H) coupling in these ligands. The coupling constants
4JPH and 3JHH in these ligands are listed in Table 5.4. The -NMe, group
in the mono-, bis-, and trisphosphine 1igands gives a sharp singlet at
2.11 (peak NM), 2.20 (peak NB), and 2.40 (peak NT) ppm, respectively.
This singlet arises because of rapid inversion at the N atom. The methyl
group (-CHBEQ on the asymmetric center in the mono-, bis-, and trisphosphine
Tigands gives a doublet at 1.38 (peak MM), 1.35 (peak Mg), and 1.8 (peak MT)
ppm, respectively. The striking difference between V and VI or VII is
that the former shows two doublets BM(l) and BM(2) at 1.42 and 0.86 ppm for
the -P(CMe3)2 group, whereas the latter two ligands show four doublets in
the range 1.1 to 1.7 ppm with coupling constants of 10 to 12 Hz (Table 5.4).
Here it is interesting to note that the trisphosphine 1igand VII gives only
four doublets BT(1), BT(Z), BT(3)’ and BT(4) instead of six for the three-
P(CMe3)2 groups. Thus the doublets BT(2) and BT(3) of higher intensities
can be reasonably assigned to the two -P(CMe3)2 groups in the second ring,

and the other two By(1) and BT(Z) to the -P(CMe3)2 group in the first ring.

The four doublets in the bisphosphine ligand VI can not be easily assigned.
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The 31P{]H} NMR spectra of these ligands (V-VII) (Fig. 5.5) show,
as expected, one, two, and three resonance peaks, respectively for the P
atom(s) with the chemical shifts given in Table 5.4. Fig. 5.5 shows that
the 31P peak to higher shielding can be assigned to the P atom in fhe
first ring, and the peak moves to lower shielding as substitution in the

second ring proceeds. Thus the peak(s) with the higher chemical shifts

can be assigned to the P atom(s) in the second ring.

(C) Determination of Configuration

As mentioned previously, the preparation of both V and VI led to the
expected configuration (R,S) or (S,R) when (R)- or (S)-FA was used as the
starting material. The CD spectrum of (R,S)-V is seen in Fig. 5.6 which

shows the positive ae(= ¢ 'Ey) values around 545 ~ 570 and 340 ~ 385 nm,

3
and the negative maximum Ae value at about 465 nm. This pattern is in
accordance with that of other known FA-based phosphine Tigands [104b],
allowing the identification of the configuration of this compound. Thus,
for example, the 1igands (S,R)-PPFA, (S,R)-BPPFA, and (R)-PPEF have the
positive maximum and the negative maximum Ae values around 450 ~ 470-nm

and 340 ~ 350 nm, respectively, whereas (R,S)-MPFA gives the spectrum which
is virtually in the mirror image of those of the above th;ée ligands. Here
it can be noted that the 1igands.(R)-PPEF and (R,S)-MPFA have the opposite
planar chirality. Although the CD spectrum of the bisphosphine 1igand VI
has yet to be obtained, the configuration of this compound can be easily

determined by examining the CD spectrum of its Rh(I) complex. This will be

discussed later in section 5.2.2(C).
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Quite surprisingly, however, the configuration of the trisphosphine
Tigand VII is that of the supposed minor diastereomer, that is, (R,R)- or
(S,S)-VII when (R)- or (S)-FA is employed as the starting material. This
’ is confirmed by a crysta1-s£ructure and the CD spectrum of a sample.

Fig. 5.7 shows that the compound derived from (S)-FA has the (S,S)-
configuration. The CD spectrum of this crystal, as shown in Fig. 5.8,

is in the mirror image of that of (R,R)-VII which is prepared from (R)-FA.
It may be noted by comparing Fig. 5.6 with Fig. 5.8 that the CD pattern of
(R,S)-V is similar to that of (S,S)-VII rather than (R,R)-VII. It seems
that planar chirality plays an important role in determining the signs of

Ae values. Although the results are reproducible, it is not certain at this
stage whether this unexpected diastereomer (R,R) or (S,S) is truely a
thermodynamic product or the one preferentially isolated during the work up
which involved chromatographic separation and recrystallization of the

diastereomeric mixture.
5.2 CATIONIC RHODIUM(I) COMPLEXES OF FERROCENYLPHOSPHINES

5.2.1 Achiral Complexes

(A) Syntheses

The hydrogenation catalyst precursors VIII-XI of the type
[Rh(P-P)(NBD)](ﬂO4 (P-P = I-1V) were prepared using well-established proce-

dures [32e] as described in equation (5.3).
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[rRn(NBD)CI], + P-P _N‘?ﬁ':o#* [Rh(p-P)(NBD)]CIO,  (5.3)

vill; P-P
IX |
X {0}
Xl o =W

The typical procedure was to dissolve [Rh(NBD)C]]2 and a 2 ~ 2;5 molar
excess of ligand in benzene, and add to this solution a 2 ~ 2.5 molar
excess of NaC1O4 dissolved in THF. As a precaution both solvents were
degassed before the reactants were mixed. These complexes, except for

XI, separated as orange precipitates from the reaction mixture after a
short period of stirring (5 min - 1h) at room temperature. For the prepa-
ration of XI, the reaction mixture was stirred for 1 - 2 days to give a
reddish brown solid after the solvents had been removed: A1l these catalyst
precursors were obtained in high yields (70 - 80%) as deep red crystals on
crystallization from CHZC12/cyclohexane solution. Although they are
generally stable in both the solid and solution, the complex XI was found

to undergo slight decomposition in CHC13.

(B) Characterization

The formulation of these products is confirmed by the analytical
results (Table 5.5) and their NMR spectra‘(Tab1e 5.6 and Fig. 5.9). More
direct confirmation comes from the crystal structures shown in Figs. 5.10 -

5.13.
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Table 5.5: Analytical and physical data for the achiral Rh(I) complexes
[Rh(P-P)(NBD)]C104.
mp°,C Found Calcd(%)
Compound P-P  (decomp,) c H C H
VIII I 192-194 57.16 4,22 58.00 4,24
IX 11 182-183 54 .24 5.28 54.93 5.44
X ITT  179-180 53.70 5.25 54.93 5.44
X1 Iv 153-155 51.46 6.70 51.55 6.77
1 31,,1 . a,b
Table 5.6: 'H and “ P{ H} NMR data for the achiral complexes VIII-XI )
Compound -C.H (C.H,-)Fe ~CMe NBD 3Tp A
P 65 54 3
VIII 7.5-8.0 4.,4(bm,8) - 4.4(bm,4) (MeOH)
(m,20) 4.1(bm,2) 14.84(d) 32.45
1.5(bm,2) (JRh=161)
IX 7.78(m,6) 4,3(bm,6) 1.1(d,18) 5.7(bm,2) (MeOH)
8.78(m,4) 4.05(bm,2) (JPH=14) 5.2(bm,2) 32.51(d) 24.74
4.0(bm,2) (JRh=155)
1.8(bm,2)
X 7.65(m,5) 4.62(bm,2) 1.5(d,18) 5.7(bm,4) - -
7.85(m,5) 4,48(bm,2) (JPH=12) 3.9(bm,2)
4.35(bm,2) 1.7(bm,2)
4,20(bm,2)
XI - 4.6(bm,4) 1.6(d,36) 5.3(bm,4) (CH2C12)
4.55(bm,4) (JPH=12) 3.1(bm,2) 45.81(d) 18.73
2.8(bm,2) (JRh=148)

1

H NMR spectra were obtained in CDC13 except X{acetone-d

.

Coupling constants are in Hz, and coordination chemical shift (a) in ppm:
d=doublet, m=multipléet, bm=broad multiplet.
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Fig. 5.9: 32.3 MHz 31P{1H} NMR spectra of the achiral complexes VIII, IX
and XI.
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The 1H NMR spectrum of each of these complexes consists of resonance
peaks from the coordinated phosphine ligand and from the NBD ligand. The
1H NMR pattern of each ligand is virtually identical with that of the
corresponding free ligand except for some line broadening accompanied by
changes in chemical shifts. Thus, for example, resonances in the pheny!l
region and the ferrocenyl region are more spread out in the complex, indicating
that their relative orientations and positions are more fixed upon complexation,
HoWever. Tittle change in the chemical shift and coupling constant is observed

in the -P(CMe3) region, The NBD ligand in the complexes VIII, X, and XI shows

three broad multiplets, one for the bridging carbon protons ('CHZ') in the

region § = 1.5 - 2,8 ppm, the other for the pair of protons (-CH ) in the
region § = 3,1 - 4.1 ppm, and another for the four olefinic protons in the
region 6 = 4,4 - 5,7 ppm, As expected, the complex IX exhibits two broad

multiplets of equal intensities at 5.2 and 5.7 ppm due to the two diastereo-
topic pair of equivalent protons (Note the ligand is a rac-isomer as shown in
Fig. 5.11). Yet it is not clear why the complex X containing the unsymmetri-
cally substifuted CP rings shows only one broad multiplet for the olefinic
protons rather than two,

Tﬁe 31P{1H} NMR spectra of VII, IX and XI show the expected doublets at
14,84, 32,51 and 45.81 ppm, respectively, due to the coupling of the chelating

(]03Rh, spin = 1/2). Coupling constants range from

phosphines with the Rh atom
148 to 161 Hz, It can be noted that the magnitude of coordination chemical
shift (o) decreases as the phenyl group is substituted by the tert-butyl group

(Table 5.6). Thus it is interesting to note that the A value for the complexIX
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is approximately the arithmetic mean of those for the complexes VIII and XI.
The crystal structures of these complexes are shown in Figs. 5.10 -
5.13. The Rh atom in each complex may be described, very crudely, as lying
in a square planar environment, assuming that two double bonds of the NBD
Tigand occupy single coordination sites. The complexes IX and XI have an
approximate C2 axis along the Rh-Fe direction, whereas VIII and X have a
symmetry plane. The parent ferrocene moiety adopts the staggered conforma-
tion.in all cases. A number of other interesting features can also be made.
The most prominent of these features include, as summarized in Table 5.7,
a very wide P-Rh-P angle, éxceptiona11y long Rh-P(But,But) distances, and
a large twist angle due to the steric crowding caused by the bulky tert-butyl
groups. In general, as phenyl groups are replaced with the more sterically
demanding tert-butyl groups, longer Rh-P bond, higher P-Rh-P angles, and
higher twist angles are obtained. The bite angle &MP(1)-Rh-MP(2)) in all

compounds are essentially constant due to the rigidity of the NBD ligand.

5.2.2 Chiral Complexes

(A) Syntheses

The following chiral rhodium(I) complexes were prepared using the same
procedure described for the preparation of the achiral complexes (equation

5.3).
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The crystal structure of the Rh(I) complex XI [102d].
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Table 5,7: Summary of important bond parameters for the achiral Rh(I)
complexes VIII-XI [123].

VIII IX X X1

Rn-P(But,But) 2 - - 2,397 2 .466
' 2.458

Rh-P(But,Ph) - 2.416 . _

2.388
Rh-P(Ph,Ph) 2.335 - 2.356 -
2.317

P-Rh-P 96 .82 98,60 100.25 103.71

MP(1)-Rh-Mp(2) P 68.2 69.1 68.0 68.4

Twist angle © 5.9 20.0 14.4 36.8

The notations P(But,But) or P(Bu“,Ph) etc., define the substituents, other
than cyclopentadienyl, which are joined to phosphorus.

a t

MP(1) and MP(2) are the middle points of the two olefinic C atoms.

Twist angle is defined as the angle between the Rh, P(1), P(2) plane and
the Rh, MP(1), MP(2) plane.
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[ Rr(P=N)(NBD)]CIO,
Xl 5 PEN=V
XNl ; =V
XIV ; = Vi

Following the usual work-up procedures, all products were isolated as
orange solids which were recrystallized from ethanol to give deep red
crystals in moderate yields (50 - 55%). Although they are generally stable

in both the solid and solution, slight decomposition was observed in CH613.

(B) Characterization

The analytical results (Table 5.8) and >'P{'H} NMR data (Table 5.9)
confirm the formulation of the previously known rhodium(I) complex XII and
the new chiral complexes XIII and XIV. Here the configurations are those of
the chiral ligands V - VII, .

The CD spectra of (R,S)-XII and (S,S)-/(R,R)-XIV are shown in Figs.
5.14(A) and 5.14(B), respectively. It is interesting to note that the signs
of specific rotation and Ae of the free ligands are reversed upon complexation
(cf. Tables 5.3 and 5.8; Figs. 5.6, 5.8 and 5.14). 1In Fig. 5.14(A) is also
shown the CD spectrum of the bisphosphine complex XIII prepared from (S)-FA.
By examining the two spectra in Fig. 5.14(A) it can be concluded that fhe

cohfiguration of the free bisphosphineligand VI in the complex XIII is (S,R)
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Table 5.8: Analytical and physical data for the chiral complexes
[Rh(P-N) (NBD)]C10, 2.

[o]p Found(%) Calcd(%)

Compound mp,°C (cO.S,CHC13) C H N C H N
(S,R)-XII - -72.3 50.17 6.24 1.97  50.12. 6.19 2.02
(R,S)-XII +71.9

(S,R)-XIIT 121-123 -295,52 52.17 7.45 1.63  52.90 7.27 1.67
(R,S)-XIII +297.21

(S,S)-XIV  147-149 +169.39 5412 7.86 1.19  54.91 7.93 1.42
(R,R)-XIV -170.82

Table 5.9: 3]P{1H} NMR data for the chiral Rh(I) comp]exes'a’b.

31

Compound p

(S,R)-XII (CDC1,)
34.0(bd,Jp,,=154)

(S,R)-XIII (CDC]3)
36.46(bd,J
25.87(bs)

Rh=154)

(S,S)-XIv _ (CD2C12)
38.02(d,JRh=152.6)
27.88(s)
25.38(s)

& The configurations (R,S) or (S,R) etc., are those of the chiral 1igands V-VII.

Coupling constants are in Hz:bd=broad doublet, bs=broad singlet, s=singlet.
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Fig. 5.14: (A) CD spectra of (R,S)-XII and (S,R)-XIII.

(B) CD spectra of (R,R)- and (S,S)-XIV.
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as expected. This configuration is that of the expected major product when
(S)-FA is used (the configuration of the ligands V and VII is well established).
The 3]P{1H} NMR spectra (Fig. 5.15) indicate that all these complexes
use N and P atoms to form the rhodium complex. The coordinated phosphine in
these complexes XII - XIV is the one neighboring the -CH(Me)NMe2 groups as
is known for [Rh(PPFA)(NBD)]+ (Fig. 5.16). This can be established by com-
paring the 3]P spectra of these complexes with those of the free ligands
V - VII. Namely, the most shielded peak (Fig. 5.5) due to the phosphorus in
the first ring disappears and is replaced by a doublet with greater chemical
shift upon complexation (Fig, 5.15). Therefore the doublet can be assigned
to the phosphine in the first CP ring. Other phosphine signals are only
slightly affected by complexation. The coordinated phosphine, in all cases,
appearsas a doublet (DM, Dg and DT)' The -P(CMe3)2 group in the second Cp
ring appears as singlet with lower chemical shift: SB and ST/S{ for XIII and
XIV, respectively.

The most striking difference in the 31

P NMR pattern between the tris-
phosphine complex XIV and the mono- or bisphosphine complex (XII or XIII) is
that the resonance signals for the latter two are quite broad, whereas the
former gives sharp signals (Fig. 5.15). The broadening indicates the

existence of conformers interconverting slowly on the NMR time scale. The
sharp signals for the former (XIV) indicate that this complex adopts only one
conformation on the NMR time scale. It is likely that the six-membered chelate

ring conformation of this complex (XIV) is fixed because of steric crowding.

Before presenting further evidence for these conformational effects, it is
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useful to discuss possible conformational exchange processes.

The complexes XII-XIV contain a six-membered chelate ring whose
conformation should be analogous to that of cyclohexene: that is, a half-
chair (The Cp ring acts as the equivalent of a C=C bond). In Fig. 5.16 is
shown the crystal structure of the known rhodium(I) complex, [Rh(S,R-PPFA)-
(NBD)]PFB‘[102b].

Fig. 5.16: The crystal structure of [Rh(_S,R-PPFA)(NBD)]PF6 [102b];
PPFA = (Ph,P)FA. ~

The six-membered ring,'as anticipated, has a half-chair conformation. It
should be noted that, in the half-chair form, cyclohexene is a chiral mole-
cule with planar chirality (or chiral conformation), but chair inversion

readily converts one enantiomer to the other (vide infra) [124].
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Apparently the analogous situation is found in the mono- and bisphosphine
_complexes XII and XIII, a1fhough the energy barriers to inversion appear

to be higher than that required in cyclohexene (ca. 6 Kcal/mol) [124].

The trisphosphine complex XIV seems to have much higher energy barrier than

XIT and XIII, as suggested by the 31P NMR results. On the basis of the

\

crystal structure in Fig. 5.15, a model can be built to examine the possible
inversion process in comp1exes.(S,R)-XII and -XIII. This is shown in

Fig. 5.17(A) together with the preferred chelate ring conformation of the
trisphosphine complex (S,S)-XIV (Fig: 5.17B). Some of the observations that
can be made on examining the model are: (i) the two conformers A and B
(Fig. 5.17A) are diastereotopic by external comparison, thus the solution
containing the mono- or bispﬁosphinecomp1ex should, in principle, give two
sets of proton NMR signals, each set representing a diastereomeric conformer
A or By (ii) the relative stabilities of the two conformers A and B should
be greatly affected by the presence or absence of phosphine(s) in the second
Cp ring; (iii) the preferred conformation C of the t}isphosphine complex
(S,5)-XIV (Fig. 5.17B) is virtually enantiomeric with the conformation B of
the bisphosphine complex (S,R)-XIII except for some slight changes in the

relative orientations of the six-membered ring substituents, particularly the
¢
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(A)

(Contormer A) {Conformer B )

Fig. 5.17: (A) The proposed six-membered ring conformations A and B involved
in the ring interconversion process of both (S,R)-XII and -XIII.
(B) The preferred ring conformation of (S,S)-XIV.
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methyl on the asymmetric center, -

The 1

H NMR spectra of these three complexes are shown in Figs. 5.18 -
5.20. These provide the data relevant to the ring inversion process
(Tab]e.5.10) and provide some supporting evidences for the aforementioned
conformational effects. The results relating to the individual complexes are
as follows.

(a) Monophosphine Complex (S,R)-XII.

Both conformers A and B are equally populated (Ke = [B]/[A] ~ 1), and
the ratio does not change much over the whole temperature range studied
(35° - -60°C), In Figs, 5,18(A) and (B) is shown the variable temperature
1H NMR spectrum of the monophosphine complex (S,R)-XII, At 35°C, all peaks

31P NMR results. The lines begin to

are quite broad as suégested by the
sharpen on cooling (0°C), showing clearly two sets of signals of equal in-
teqsities. Thus if a set of signals with subscript A is temporarily assigned
to the conformer A, this conformer shows, as summarized in Table 5.10, a
singlet Fy due to the unsubstituted Cp ring protons ('CSHS)’ a pair of
singlets Np(1) and Na(2) for the -NMe, group, a broad quartet Cp for the
methine proton (-CHMe) coupled with the vicinal methyl group, a doublet M
for the methyl (-CHMe) group coupled with the methine proton, and a pair of
doublets Pp(1) and PA(Z) for the -P(CMe3)2 group. The conformer B also shows
a set of corresponding signals designated with subscripth. The doublet Mp
can be seen more clearly on further cooling (-40°C) (Fig. 5.18B). The NMR
pattern of other protons such as those of the disubstituted Cp ring (-C5H3)

and of the NBD 1igand is not so easily discussed, yet a similar situation

appears to exist.
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Table 5.10: Some !

observed in the chiral Rh(I) complexes XII-XIV

H NMR data relevant to the conformational effects
a,b

Complex Conformer - CHMe -CMe -NMe, -P(CMe,),
(S,R)-XIT A 3.20(bg)  1.63(d) 3.40(s)  1.76(d,Jp,=12)
(94=8) (04y=8) 2.28(s)  1.00(d,dp,=12)
B 4.60 © 1.53(d)  2.24(s) 1.52(d,dp=12)
(94y=8)  1.78(s)  1.35(d,d,,=16)
(S.R)-XIII A 3.22(bq) 1.67(d)  3.42(s) 1.00(d,Jp,=16)
(3=7) (0y=7)  2.32(s)  1.09(d,dp,=12)
1.24(d,3p,=12)
| 1.80(d,J,,,=16)
B 4.61 © 1.55 ¢ 2.26(s) 1.07(d,dp,=12)
' 1.80(s) 1.22(d,dp,=12)
1.37(d,dp,=12)
1.58(d,0,,=12)
(5,S)-XIV C 2.97(q)  2.75(d) 1.90(s)  1.59(d,dp,=16)
(Jy=8) (3,4=8)  2.82(s)  1.41(d,J,,=12)
1.40(d,Jp,=12)
1.09(d,Jp,=16)
0.91(d,Jp,=12)

a ]H NMR spectra were obtained in CDZC12.

Coupling constants are in Hz: bgq=broad quart, d=doublet, s=singlet,
g=quart.

Chemical shifts are based on the homonuclear (H-H) decoub]ing experimenfs.
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Although the assignment of the peaks F and P to the corresponding con-
former is purely arbitrary, the other peaks C, M, and N can be specifically
assigned without much difficulty. Firstly, homonuclear (H-H) decoupling
experihents reveal that the pair of peaks CA and MA belong to one set of
signals, and the other pair of peaks CB and MB to the other set. Secondly,
assignment of the peak CB‘to the conformer B can be made based on the."ring
current” effect. This resonance appears in an unusually lower shielding
region than would be expected from a methine proton in conformer B which is
almost coplanar with the CP ring (Fig. 5.17A). Thus this proton can be
treated as anaromatic ring proton rather than an acetylenic proton. It
then follows that the pair of peaks CA and MA are associated with conformer
A. The assignment of a pair of singlets N(1) and N(2) for the -NMe, group
is based on the intensity ratio (I(NA)/I(NB) ~ 1) and the Ty NMR pattern of
the corresponding conforﬁers of the bisphosphine complex (S,R)-XIII. Here,
as described next, the pair of peaks N(1) and N(2) for the -NMe, group in
the conformer A appear in a lower shielding region than those in conformer B
(See Table 5.10 and Fig. 5.19).

" (b) Bisphosphine Complex (S,R)-XIII.

The conformer B seems to be preferred over conformer A. The ratio of
B to A is approximately 2:1 (Ke % 2) at 35°C, and changes to 3:1 (Ke % 3) on
cooling (< -40°C) as seen in Figs. 5.19(A) and (B).

The ]H NMR pattern of each conformer of this complex, (S,R)-XIII, is
quite similar to'thét of the corresponding conformer of the monophosphine

complex (S,R)-XII. Assignment of each set of signals (Table 5.10) is based
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on similar results. Thus, at 0°C, the major conformer B shows a pair of .
singlets NB(1) and NB(2) for the -NMe, group, four doublets PB(1), PB(Z),
PB(3), and PB(4) for the two -P(Me3)2 groups, a doublet Mg for the methyl
(-CHMe) on the asymmetric center, and a quartet CB for the methine p;oton
(-CHMe) as checked by homonuclear (H-H) decoupling at 4.60 and 1.55 ppm.
The minor conformer A also exhibits a weaker set of signals labeled with
subscript A. Here again the NMR pattern of the protons of the ferrocene.
moiety and of the NBD ligand is less easy to interpret.

Increased steric bulk in the second ring may cause the conformer B
to be more stable than the conformer A. One possible explanation would be
that the conformer B can reduce the ring strain by disposing the two methyl
of thg -NMe, group away from the methyl (-CHMe) of the asymmetric center.
In the conformer A, those two methyl groups are both in an equatorial
position and one tert-butyl group in an axial position (Fig. 5.17A).

(c) Trisphosphine Complex (S,S)-XIV

Only one conformation C is seen in the case of the trisphosphine complex
(S,S)-XIV. Thus the NMR pattern (Fig. 5.20) of this complex consists of
only one pair of singlets Nc(l) and NC(2) for the -NMe, group, a broad
quartet C. for the methine proton, and five doublets PC(1), PC(Z), PC(B),
PC(4), and PC(S) for the three -P(_CMe3)2 groups {although six doublets are
expected). The unique feature of this conformation is that the singlet
MC for the -CMe group has a greater chemical shift than is found for the
conformer B. This shift (deshielding) can also be explained in terms of
the "ring current" effect.since the methyl group in the conformer C (Fig.

5.17B) is now coplanar with the CP ring. The methine proton is axially
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-disposed in this conformation. The CP ring protons show a complex pattefn

in the range 4.3 to 4.6 ppm. Although again the NMR signals for the NBD
ligand cannot fully be assignéd, two broad singlets are seen at 3.92 and

3.95 ppm for the -CH2 group and two broad singlets at 4.95 and 4.81 ppm for
two olefinic protons. The other two olefinic protons are probably obscured
by the CP ring resonances, The remaining two protons for the -CH groups

seem to appear in the range 1.48 to 1.51 ppm. All-in-all the spectrum is
much as would be anticipated for a rigid system as described above.

The remaining aspects of these conformational effects will be discussed

further in connection with asymmetric hydrogenation catalyzed by these com-

plexes (cf. section 6.2.2).

5.3 OTHER METAL COMPLEXES OF FERROCENYLPHOSPHINES

- 5.,3.1 Palladium Complexes

" palladium complexes of the type [Pd(P-P)C]ZJ (P-P =1 - 1IV) were
readily prepared in high yields (> 70%) by the direct reaction of K2PdC14 or
.Pd(NBD)C12 with a slight molar excess of the appropriate ligand as shown in

equation (5.4).

pd(NBD)CI,(orK,PdCl,) + P-P— Pd(P-P)Cl, (5.4)

XV; P-P =1

XVI = 1l
XVi ; = m
Xviit ; = IV
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Table 5,11: Analytical results and melting points of Pd(P-P)C12.
mp,°C Found(%) Calcd(%)
Compound P-P (decomp.) C H c H
XV I 163-165 55.41 3.92 55,79 3.83
XVI II 21-0-212 51.98 4,96 52.08 5.21
xviI @ 111 192-195 45,80 4.60 45.88  4.59
XVIII IV 208-210 47 .31 6.88 47 .91 7.00
@ Calculated value is based on Pd(P-P)-CHC13.
Table 5.12: 'H NMR data for Pd(P-P)c1, 2°P.
Compound -CgHg (C5H4-)2Fe -CMe,’
XV 7.43(bm,6) 4.18(bs,4) -
8.00(m,4) 4.40(bs ,4)
XVI 7,68(m,6) 4.0-4.4(m,8) 1.53(d,18)
8.45(m,4) (Jpyy=16)
XVII 7,32-7.52(m,6) 3.85(pm,2) 1.63(d,18)
7.88-8.23(m,4) 4.,32(bm,2) (JPH=]5)
4.,61(bm,2)
4 ,90(bm,2)
XVIII - 4 .65(bs,4) 1.65(d,36)
4.50(bs,4) (Jpy=14)

A1l spectra were obtained in CDC13.

d=doublet, m=multiplet.

Coupling constants are in Hz: bm=broad multiplet, bs=broad singlet,
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Fig. 5.21: The stereoview of the crystal structure of Pd(P-P)C12:
P-P= the ligand I [125, 126].
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The typical procedure was to dissofve the ba11adium starting material in a
minimum amount of CH2C12 or CHC13 and slowly add the corresponding 1igand
dissolved in diethyl ether. Al1l complexes separated as air-stable, orange
precipitates after stirring 2 ~ 3h at room temperature. The isolated solid
was then recrystallized from an appropriate solvent or solvent mixture as
described in the experimental section.

1

The analytical results and 'H NMR data are summarized in Tables 5.11

and 5,12, The 1H NMR spectrum of each of these complexes is virtually
identical with that of the corresponding free ligand (cf. Table 5.2) except
for slight Tine broadening accompanied by a chemical shift change. Fig. 5.21

shows the crystal structure of XV [126] which has a staggered ring conforma-

tion and a square planar geometry around the Pd metal.

5.3.2. Nickel Complexes
Nickel complexes of the type Ni(P—P)X2 (P-P=1,IV; X = C1,Br) were
prepared by simple reflux of an ethanolic solution of the l1igand and N1C12-6H20

(or anhydrous NiBrZ) as shown in equation (5.5).

P-P /EtOH
NiCl,6 H,0( or NiBr,) o flux -~ Ni(P‘P)Xz (5.5)
XIX : P-P=1; X=¢
Xx =1 = Br
xXxi =1V; =CI
XX : =W; =Br
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Table 5.13: Melting points and analytical data for the Ni(II) complexes

Ni(P-P)XZ.
mp,°C Found( %) Calcd(%)
Compound PP X (decomp.) C H o H
XIX I C1 283-285 59.81 4,05 59.70 4.09
XX I Br 296-298 52.76 3.72 52.82 3.62
XXI IV C1 185-187 51.24 6.95 51.69 7.29

XXIT v Br 202-204 45,53 6,53 45.06 6,35
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\

Fig. 5.22: The stereoview of the crystal structure of Ni(P-P)Br,:
P_P = the 1igand I [126].
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AT1 products were isolated as dark green, air-stable, paramagnetic crystals.
The analytical results and melting points are listed in Table 5.13.
The crystal structure of the previously known compound XX was determined
during present studies [126], and shown in Fig. 5.22. It shows that this
paramagnetic complex (and probéb]y others XXI and XXII) resembled the high-
spin, pseudotetrahedral bis{triphenylphosphine)nickel(II) halides [127]
rather than the diamagnetic (DIPHOS)NiX2 compoundé [128]. The greater
steric'requiranent and larger bite size of the ligands I and IV are brobably

responsible for this preferred geometry.

5.3.3 Iron Complexes
Iron complexes, Fe(BPPF)(CO)3 (XXIII) and FeZ(BPPF)(CO)8 (XXIV), were
prepared by the reaction of the ligand I (BPPF) with excess Fe(CO)5 or

FeZ(CO)9 as shown in equation (5.6).

Fe(CO) /THF, UV Fe(BPPF)(CO)s (75%)

| XX
@""“2 o0y /THE 3T e (mppr)ico) (2%)
- XXV (5.6)

Fe(CO)s /CeHg UV Fex(BPPFYCO)s (62%)

PPh,

(BPPF) Fe(CQ)s /THF, uv A Fe( BPPF)(CO)3 (( 5%)
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Both compounds were obtained as orange crystalline solids after the usual
work-up procedures. The tricarbonyl complex XXIII was obtained in a high
yield (75%) by UV irradiation of a THF solution of the ligand and a two
molar excess of Fez(CO)g. As shown in equation (5.6), the same reaction
mixture under different reaction conditions, i.e. stirring at room tempera-
ture for 2h, yields predominantly the complex XXIV in which each -PPh2 group
functions as a monodentate ligand to the -Fe(CO)4 moiety. This compound
was also prepared in a high yield (62%) by UV irradiation of a benzene
solution of the Tigand and a 10 molar excess of Fe(CO)S. It is worth
noting that the disubstituted iron carbonyl, (COD)Fe(CO)3 failed to give
the expected product XXIII from the reaction with the ligand I in benzene
(or THF) at room temperature. The starting material (COD)Fe(CO)3 was
quantitatively recovered after stirring overnight. The reaction of the
ligand I with Fe3(_C0)]2 yielded a purple 0il as a single product which
readily decomposes in solution.

The analytical results and spectroscopic data for the complexes XXIII
and XXIV are listed in Table 5.14. Mass spectra of XXIII and XXIV show
the parent peaks at m/e 694 and 890{ respectively in addition to other peaks
~associated with the loss of up to three and eight carbonyl groups, respecti-
vely. The structure of the Fe(CO)3 derivative is expected to be a trigonal
bipyramid which may be fluxional in solution [129]. 1In the solid state the
Tigand shou]d be bound at axial and equatorial sites. In accord with this
the tricarbonyl complex XXIII shows three strong v{(CO) bands at 1990, 1920

and 1892 cm'1. The pattern of the bands is similar to that found for other
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Table 5.14: Analytical and spectroscopic data for the iron complexes
XXIIT and XXIV.

Found(%) Calcd(%)
Compound C H c H v(€0) (em™ 1) Mass spectra(m/e)
XXIII 63.35 4.14 64.01 4.03  1990(vs)  694(M")
1920(s) 666(M*-C0)
1892(vs)  638(M'-2¢0)
610(M"-3C0)
554(BPPF)
XXIV 56,00 4.35 56.66 3.85  2040(vs)  890(M*)
1978(vs)  862(M'-C0)
1948(s) 834(M*-2¢0)
1930(s) 806(M+ 3€0)
778(M"-4C0)

750(M*-5C0)
722(M*-6C0)
694(M*-7C0)
666(M*-8C0)
554(BPPF)

2 BPPF = the ligand I, vs=very strong, s=strong.
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(L-L)Fe(CO)3 derivatives (L-L = DIPHOS, DIARS). For example, Fe(DIPHOS)(CO)3

[129] shows the v(CO) bands at 1997, 1933 and 1913 cm™) .

In the case of
Fe(DIARS)(CO)3 (DIARS = 1,2-bis(dimethylarsino)benzene) [129], the v(C0) bands
appear at 1991, 1923, and 1909 cm']. However it can be noted that the v{CO)
bands for the complex XXIII appear in the lower frequency region than those for
the DIPHOS and DIARS derivatives. Similar observation relating to a drop in

CO stretching frequency can also be made for the monosubstituted iron carbonyl;
complexes. Thus, for example. the complex XXIV shows the v(CO) bands at 2040,

1978, 1948 and 1930 cn”]

, while Fe2(C0)8(DIPHOS) [129] gives the v(C0) bands

at 2058, 1984, 1948 and 1941 cm'1, and Fe2(C0)8(DIARS) at 2053, 1981 and

1944 cm'1. These differences may be explained in terms of the enhanced

‘m-donating abi1ify of the ligand I, as compared with that of DIPHOS and DIARS.
The unknown compound obtained from the reaction of I with Fe:,)(CO)]2

appears to have at least 7 v(C0) bands, one of which appears at 1770 cm'1,

indicating the presence of at least one bridging CO group in the molecule.

However, the unstability and insolubility of this product prevented further

characterization.

5.3.4 Grodp VI Metal Complexes

The reaction of I with M(CO)6 (M=Cr ,Mo) followed by chromatographic
separation allowed the isolation of the previously known compounds
M(BPFF)(CO)4 (XXV, M=Cr; XXVI, M=Mo) [118] as yellow, air-stable crystals.
The analytical results and spectroscopic data for XXV and XXVI are listed

\

in Table 5.15.
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Table 5.15: Analytical and spectroscopic data for the Gp VI metal

~ complexes M(P-P)(CO)4 a,b .
Found(%) Calcd(%) - ]H NMR
- Compound M C H c H (CDC13) v(CO)(cm'])

XXC Cr 63.37 4,08 63.50 3.90 7.52(bm,4) 1995(vs)
7.29(bm,6) 1925(sh)
4.,23(bt,4) 1890(s)
4.21(bt,4) 1870(s)

XXVI Mo 59.63 3.66 59.86 3.67 7.64(bm,4) -
7.42(bm,6)
4.37(bt,4)
4.30(bt,4)

Coupling constants are in Hz: bm=broad multiplet, bt=broad doublet.

b IR intensity: vs=very strong, sh=shoulder, s=strong.
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Fig. 5.23: The stereoview of the crystal structure of Mo(P-P)(C0),:
P-P = the ligand I [126].
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These complexes, 1ike others (VIII - XXIV), can be viewed as [3]-
ferrocenophanes. In principle, there are two limiting structures imposed

upon these compounds by the steric requirement of the atoms in the bridge.

ML,

A PR A y—FPR,
e, PR; @' PR, \\

5.24a 5.24a’

Fig. 5.24: Mechanism for [3]-ferrocenophane bridge reversal.

They are 5.28a (= 5.24a”) and 5.24b, in both of which an ABCD NMR pattern
would be expected for the CP ring protons. However, variable temperature
NMR studies [130] indicate that this type of molecules is fluxional and
undergoes ring inversion (Fig. 5.24) with the eclipsed conformation (5.24a)
- being preferred for most [3]-ferrocenophanes (M = Group IV and VI atoms).
One exception is [(C5H4)ZSZC(C6H5)2]‘where the CP rings are believed to be
staggeréd as in 5.24b. The barrier to chair to chair reversal can be high

as in the 53 bridge (AG+ = 80.4 Kj/mol) [130] in a limiting ABCD pattern for
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the C5H4 group at ambient temperature. In other cases e.g. with ('CHZ)ZS

(Ad+:= 34.6 kJ/mol) [130] or (-S)GeMe2 bridges the Timiting NMR spectra are
obtained only on strong cooling (ca. -100°C) [130].

The ]H NMR (400 MHz) spectra of XXV and XXVI exhibit the characteristic
pair of triplets of a fluxional [3]-ferrocenophane for the CP ring protons
[126]. On cooling the solutions to -85°C only a slight broadening was
observed in the spectrum. Since the Mo complex XXVI adopts the staggered

ring conformation as shown in Fig. 5.23 the barriers to ring reversal must

be Tow.
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CHAPTER 6
RHODIUM COMPLEXES OF FERROCENYLPHOSPHINES AS
HYDROGENATION CATALYSTS

6.1  CATALYST PRECURSORS

In the previous chapter, the preparation and some properties of the
cationic Rh(I) complexes VIII - XIV have been described. Formally they
belong to the group of di(tertiary phosphine)Rh(I) type catalysts (cf.
section 1.4.2c), since in these complexes either both P atoms (VIII - XI)
or N and P atoms (XII - XIV) are bound to the rhodium atoms.

The gepera1 catalytic properties and gevera] of the notable
advantages of this group of catalysts have been described in Chapters 1 and
2. In particular (i) they can be readily prepared, handled, and a wide
variety of phosphine ligands can be.introduced; (ii) they react readily
with H2 (1 atm, 25°C) in solution to generate active catalysts, the diene
Tigand being quantitatively reduced; (iii) they do not catalyze the isome-
rization of terminal olefins; (iv) they give more consistent and higher
optical yields (L-L = chiral ligands) than their monodentate phosphine
counterparts.

As will be discussed later, the present systems VIII - XIV exhibit
several other possibly unique properties, one of the notable being the
formation of metal hydrides by reaction with H2 in the absence of the

substrate.



172

6.2  CATALYTIC HYDROGENATION OF OLEFINS

6.2.1 Nonasymmetric Hydrogenation

The results of a number of hydrogenation reactions using the achiral
catalyst precursors VIII - XI are listed in Table 6.1. Under the standard
condition (30°C, 1 atm H2), all reactions except one are stoichiometric as
checked by NMR and gas chromatography. They all proceed very quickly, and
most go to completion within 15 min. A1l the gas up-take plots have a short
induction period (Tin) followed by an almost 1inear region corresponding with
the maximum rate, Rates of the order of 7 x 10'6 mol/sec are about the
maximum that can be measured using the manual gas-uptake system. “However,
there can be no doubt about the trends. Thus, with the exception of the
reduction of acylamino-cinnamic and -acrylic acids, the rates obtained with
the alkylphosphine complexes (IX - XI) are greater than those obtained with
the tetraphenyl derivétive VIiI. These trends are reversed in the reduction
of somewhat sterically demanding substrates such as acylamino-cinnamic and
-acrylic acids (the first two substrates in Table 6.1). When the comparison
is made among the three alkylphosphine complexes IX - XI, the rates are
generally the slowest with the sterically most crowded complex XI. There is
1little to choose between IX and X so the electronic and steric effects seem
to be balanced.

It is'possib1e to account for some of the gross differences described
above on the basis of the electronic and steric effects of the Tigands

employed. If catalysis by these systems, like other di{tertiary phosphine)-
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Table 6.1: Hydrogenation of olefins catalyzed by the achiral Rh(I)
complexes [Rh(P-P)(NBD)IC10, (P-P = I-1V) °.

/

, Catalyst Max. Rate,
Olefin precursor Solvent Tin,S T sS mo1/s
COOH

CH2=C:: VIII EtOH 8 60 5.9x10-2
NHCOMe  IX " 8 95 3.6x10°

X " 23 780 2.1x1077

XI u 27 700 3.2x1077

XI MeOH 17 375 7.1x1077

H COOH VIII EtOH 8 150 3.4x1070

N | -6
c=C IX " 15 150 2.2x10

i’ ONHCOMe X y "20 280 1.0x1070

X1 " 30 1780 1.4x1077

X1 MeOH 18 680 2.9x1077

COOH VIII EtOH 8 180 1.8x10°°

CH, = e VIII MeOH 8 125 2.8x107°

SewjcoH X " 8 75 5.9x107°

X " 7 62 6.9x107°

XI EtOH 9 90 4.1x10°°

XI MeOH 8 200 5.5x10"°

) Me virn EtOH - - 0
e=C IX " 25 780 5.0x10

W coo X " 30 950 4.5x10-;

XI " 20 600 5.5x10"

Table cont'd...
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Catalyst Max. Rate,

Olefin precursor Solvent Tin’s T S mol/s
1-Octene VIII MeOH 45 32,000 445107

X " 5 60  6.8x107°

X " 7 200 6.2x10°°

XI " 15 325 3.5¢10°°
Cyclohexene VITI MeOH 60 35,000 3.7x1078

IX " 10 200 2.2x107°

X " 20 520 3,7x107°

XI l 15 780 1.1x107°

2

[Substrate] = 2.00x10"°M in 10 mL of solvent; [Catalyst precursor] =
-4

2.00x107 'M; p(HZ) =1 atm; t = 30°C; t_ = time to complete 100% uptake of H2;
Tin
slope of gas uptake plot per 2.00 x 10-4M of the catalyst precursor.

= induction period before measurable H2 uptake; Max. Rate = maximum
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Rh(1) systems, proceeds via the "unsaturate" route (cf. section 1.4.2C) with
the rate-determining step being the oxidative addition of H2 to the catalyst-
substrate intermediate (cf. Fig. 2.i5), then the oxidative addition should be
facilitated by the increased electron density on the Rh metal. Thus with
sterically undemanding substrates, including those which occupy only one
coordination site, rates of reaction should be enhanced by the presence of
electron donating tert-butyl groups, as is dramatically shown in the reduction
of 1-octene and cyclohexene (Table 6.1). These two substrates are hydroge-
nated approximately one hundred times faster using the alkylphosphine
complexes (IX - XI) than using the tetraphenyl drivative (VIII). As is

usual [131], the terminal olefin 1-octene is reduced faster than the internal
olefin cyclohexene regardless of the catalysts employed. The hydrogenation
of other non-chelating olefins such as styrene and 1-hexene was also studied
in order to examine the generality of these trends in reaction rates. Within
the experimental error, the reaction rates measured with the alkylphosphine
complexes (IX - XI) were in the same order (10'6 mol/sec) as that for the
reduction of 1-octene, once again the alkylphosphine complexes (IX - XI)
being more efficient than the tetraphenylphosphine complex (VIII) which
affords rates of the order of 10'8 mol/sec.

On the other hand, when olefins have the ability to chelate to the metal
center such as acylamino-cinnamic and -acrylic acids, the electronic effects
seem to be outweighed by the steric effects, and the overall rates are faster
with the tetraphenyl derivative (VIII) than with the alkylphosphine complexes

(IX--XI). However; it is difficult to explain the lack of reaction of
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(E)-a-methylcinnamic acid.

In connection with these rate differences, it should be mentioned that
all the rates are very much faster using these catalysts [Rh(P-P)(NBD)](HO4
(VIII - XI) than using the related catalysts [Rh(P-N)(NBD)]C]O4 (XIT - XIV)
(cf. Tables 6.2 énd 6.4). Here again the presence of phenyl groups (P-N =
PPFA) results in slower reactions {Table 6.4). For example, itaconic acid
is only 21% reduced in 72h when P-N = PPFA, yet is 100% reduced in 16h when
P-N = V - VII. The rates are even faster as the numbers of tert-butyl groups
are increased (Table 6.4). The effect of the -NMeZ group in these chiral
Tigands (P-N) seems to be to lower the electron density on the metal without
exerting much steric influence. This leads to slower rates with PPFA-based
catalyst being less active than those containing the -PBu2t group(s).

Finally, Table 6.1 shows that reaétion rates in methanol are greater
than in ethanol. This is probably due to the easier solubility of the

catalyst precursors in methanol than in ethanol.

6.2.2 Asymmetric Hydrogenation

The results of asymmetric hydrogenation reactions using the new chiral
catalyst precursors, (S,R)-XIII (from VI) and (S,S)-XIV (from VII) are Tisted
in Table 6.2. Here the configuration is that of the free chiral ligands VI
and VII. A number of interesting conclusions can be drawn from the table as

follows.
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Table 6.2: Asymmetric hydrogenation of some olefinic acids with
[Rh(P-N)(NBD)]C10, (P-N = VI and VII) 2-P

Catalyst Time(h) ' %e ,e

Configuration
Substrate Precursor® MeOH EtOH MeOH  EtOH
Ph MM (s pyxirr 31 43 2 4
AN (s,)-XIV 4.2 4.8 8 9
H COOH
 NHCONe (S,R)-XIIT 2.5 3.2 T
200 (5,5)-XIV 3.2 3.6 82 95
COOH
Ph Me
< (S,R)-XITT 2.3 2.7 51 5] S
A (5,5)-XIV 3.0 3.5 59 6] R
H COOH
CoOH (S,R)-XITT - 2.3 - 28
CHp=C S (s,S)-XIV 8.5 4.7 19 38
CH,,COOH
@ Al1 reactions are stoichiometric. [Substrate] = 4.0x10'2M in 10 mL of

solvent; [Catalyst Precursor] = 4.0x10'4M; p(H2) =1 atm; t = 30°C;

Time = approximate total reaction time.

Optical yields are based on the rotation of the isolated products (cf..
section 4.3).

The configurations (S,R) and (S,S) are those of the chiral ligands VI and
VII, respectively.

This is reduced by HZ/(S,S)-XIV to give the (S)-isomer (28% e.e.) in
benzene(reaction time >10 h).
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Table 6.3: Asymmetric hydrogenation of amino acid precursors with Rh(I)

complexes of (S,5)-VII and other representative di(tertiary.

phosphine) ligands 2.

%e.e.
Substrate Chiral Ligand (Configuration) Reference
Ph\\ /,NHCOMe (R,R)-DIPAMP 94(S) 85
C=C (S,S)-CHIRAPHOS 89(R) 76a
H// COOH (R)-PROPHOS 91(S) 76b
(S,S) -SKEWPHOS 93(R) 76¢
(S,R)-BPPFA 93(S) 94
BPPM 91(R) 90a
(R,R)-DIOP 72(R) 88b
(S,S)-VII 91(s) Table 6.2
NH COMe (R,R)-DIPAMP 90(S) 77b
H2C=C\\ (S,S)-CHIRAPHOS 92(R) 76a
COOH (R)-PROPHOS 90(S) 76b
(S,S) -SKEWPHOS 98(R) 76c
(R,R)-DIOP 73(R) 88b
(S,S)-VII 95(S) Table 6.2

a

The structures of the above chiral ligands are found in Chapter 2.
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Table 6.4: Asymmetric hydrogenation of some olefins with [Rh(P-N)(NBD)]C104
(P-N = V-VII and PPFA).

Catalyst

Substrate Precursor? Time(h) %e.e. Configuration Reference

Ph\\ //NHCOMe (S,R)-PPFA 24 76 S 102C

C=C\\ (S,R)-XII 16 84 R 102C
H// COOH (S,R)-XITI 4.3 4 R Table 6.2
(S,S)-X1V 4.8 91 S Table 6.2

NHCOMe (S,R)-PPFA 18 49 S 102C

CH,= ~ (S,R)-XII 12 24 R 102C
COOH (S,R)-XIII 3.2 31 R Table 6.2
(S,S)-XIV 3.6 95 S Table 6.2

co0H b (S,R)-PPFA 72 33 R 102¢

CH2=C\\ (S,R)-XI1I 16 43 S 102C
CH, CO,H (S,R)-XIII 2.3 28 S Table 6.2
(S,S)-XIV 4.7 38 R Table 6.2

The configurations (S,R) and (S,S) are those of the chiral ligands, and
(S,R)-PPFA represents the chiral catalyst precursor [Rh(S,R-PPFA)(NBD)]-

C10,.

This is reduced 21% in 72h in the presence of (S,R)-PPFA.
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(A) Optical Yields

The most significant finding is that the trisphosphine complex XIV is
a very efficient catalyst precursor for the asymmetric hydrogenation of
acylamino-cinnamic and -acrylic acids. The optical yie]d; are 91% e.e. and
95% e.e., respectively when the.hydrogenation is carried out in EtOH. Optical
yie]ds are slightly lower in MeOH. These high optical yields are comparable
with fhose obtained with other representative chelating di(tertiary aryl-
phosphine) derivatives, as shown in Table 6.3. These results are remarkable
considering the fact that there is only one report [102c] of olefin
reductions catalyzed by Rh complexes of alkylphosphines which lack the
‘supposedly necessary -PAr, donors (cf. Table 6.4). A few reports have been
published describing the reduction of other substrates. Thus Kumada et al
[109] showed that a closely related P-N Tigand, (PMeZ)FA can be used to

prepare an i

situ Rh(I) catalyst precursor for the hydrosilation of ketones.

The optical yields are moderate (~ 50%). Rhodium(I) complexes of alkyl-
phosphines of the type [Rh{(iPr)ZP(CHZ)nP(iPr)z}]UO4 (n = 3,4) are reported
to be efficient for hydrogenatiqn of a number of carbonyl compounds, including
aldehydes [132a]. Ruthenium complexes of the DIOP derivatives [133] are also
reported to catalyze the hydrogenation of carbonyl compounds and olefinic
acids, These results are intriguing because the di(tertiary arylphosphine)-
based catalysts are known to be inefficient for hydrogenation of the carbonyl
group.

Using the same complex, (S,S)-XIV, as catalyst, only moderate to low

optical yields are obtained in the hydrogenation of substrates lacking the
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-NCOMe group such as (E)-a-methylcinnamic acid and itaconic acid (Table 6.2).
These results seem to endorse the generally accepted fact that chelation of
the substrate through both the olefinic double bond and the cérbony] of the
-NCOMe group, for instance, is important in obtaining high optical yields.

- However, it is noteworthy that methylcinnamic acid is usually only slowly
reduced using H, and Rh(I) type catalysts [56, 63, and Table 6.1], and optical
yields greater than 60% have rarely been observed; the best to date being
61.4% using the ligand MMPP [92].

In general higher optical yields seem to be obtained when the reduction
is carried out in EtOH, although reaction'rates are slightly greater in MeOH
than EtOH. In connection with these solvent effects it should be mentioned
that they can be very significant and even reversal of the product confiqu-
ration can be observed on changing the solvent [62, 76c]. The same pheno-
menon was observed in the present investigation. Thus the hydrogenation of
(E)-a-methylcinnamic acid catalyzed by the trisphosphine complex (S,S)-XIV
resulted in the product of opposite configuration (S) on changing the
solvent EtOH (or MeOH) for benzene (Table 6.2). This was accompanied by a
much slower reaction rafe (>10n) and lower optical yield (28% e.e.). Other

substrates have not been investigated to date.

(B) Comparative Studies: XIV vs XII and XIII
A further striking feature of the results in Table 6.2 is that the
trisphosphine complex (S,S)-XIV is a more effective chiral catalyst than the

bisphosphine complex (S,R)-XII and other monophosphine derivatives containing
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(PRZ)FA (R = Ph, But)v(cf, Table 6.4). Thus, for example, hydrogenation of

acylamino-cinnamic, -acrylic acids, and itaconic acids results in a wide

.spread of optical yields using the catalyst precursors containing the

P-N 1igands, (PRZ)n FA (n = 1;2; R = Ph, But) (cf, Tables 6.2 and 6.4).
Another striking difference between the trisphosphine complex (S,S)-XIV

and the other two complexes (S,R)}-XII and -XIII is that the former gives

hydrogenated products of the opposite absolute configuration to those -

- obtained by the latters. For example, the hydrogenation of acylaminocinnamic

acid using the (S,R)-mono, (S,R)-bis, and (S,S)-trisphosphine comp]exes/

(XI1, XIII, and XIV) resulted in (R)-, (R)-, and (S)- pheny]a1$nine

respectively as the product. These results indicate that in the same solvent

planar chirality plays an important role in determining the configuration

of the hydrogenated products, The following considerations based on con-

formational effects provide a basis for understanding these differences in

optical yields and product configurations.

(C) Conformational Effects

It has been shown in section 5.2.2(B) that the trisphosphine complex
(S,S)-XIV adopts only one conformation C, whereas the other two complexes
(S,R)-XIT and -XIII show two conformers A and B in solution. The
Ke(=[B]/[A]) value for (S,R)-XII and -XIII is approximately 1 and 2,
respectively, The mechanism of hydrogenation for these systems may also be
described by that outlined in Fig. 2.13 but because the two ends of the P-N

ligands are different twice as many 4-coordinate intermediates need to be
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considered. Namely, four diastereomers for the catalyst-substrate'adduct
[Rh(P-N)(substrate)]+ are produced from each conformer (A, B, or C), as
shown in Fig. 6.1(A). If catalysis proceeds via a hydride mechanism five
diastereomers of [Rh(P-N)(H)z]+ can be formed from each conformer of the
type [RN(P-N)(5),1", as shown in Fig. 6.1(B).

Thus, in order to achieve high optical yields, catalysis by these
systems (XII-XIV), like other catalysts, requires maximization of the
AAG+ value among various possible dilastereomers in the rate-determining
step (cf. equation 2.5). Then the high optical yields by the trisphosphine
complex (S,S)-XIV may be associated with the strong conformational prefe-
rence of the chiral chelate ring as argued by Bosnich et al (cf. Section
2.3.3A). The favored conformation C (Fig. 5. 7B) is the same as shown in
Fig. 2.14 for (S,S)-CHIRAPHOS and (S,S)-SKEWPHOS. However the product
configurations are reversed as seen in Table 6.3, Therefore the conformationatl
arguments based entirely on chiral arrays of R groups in -PR, moieties do not
hold in this systém (XIV). Undoubtedly the bulky ferrocenyl group exerts
some influence (let alone the kinetic factors).

In the case of catalysis by the mono- or bisphosphine complex ((S,R)-
XIT or -XIII), the number of the diastereomers for [Rh(P-N){substrate)]’
(or [Rh(P-N)(H)é]+) (Fig., 6.1) will be doubled due to the presence of the
two diastereomeric conformers A and B, Under this circumstance either
conformer A or B of the NBD precursor (XII or XIII) can, in principle, lead
to a pair of the enantiomeric hydrido alkyl intermediates,(P-N)Rh(H)(R),

which in turn yield a pair of enantiomeric products via reductive elimination
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Fig. 6,1: (A) Four possible diastereomers of [(‘P’:N)Rh(substrate]+
generated from the conformer A, B,or C of [(PfN)Rh(S)2]+.

(B) Five possible diastereomers of [(_PfN)Rh(H)Z]+ generated
from the conformer A, B, or C of [(PfN)Rh(S)2]+.

PfN = the ligands V-VII, S = solvent, M = Rh.
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of RH., Thus low optical yields obtained by (S,R)-XII or -XIII may be
anticipated unless a route leading to any particular enantiomeric inter-
mediate (P-N)Rh(H)(R) is preferred for any reason. The hydrogenation
results in Table 6.4 indicate that no such preference is made in the case
of (S,R)-XII and -XIII,

fhe conformational effects presented here may also account for the
differences in the product configurations caused by these catalytic systems -
(XII-XIV). Fig. 5.17 shows that the preferred'conformation (C) of (S,S)-
XIV is enantiomeric with the major confprmation (B) of (S,R)-XIII. Thus if
these two conformers function in the opposite directionvin inducing the
enantioface-discrimination the results summarized in Table 6.4 are as
anticipated; (S,S)-XIV and (S,R)-XIII give the enantiomeric products.
However, apart from the consideration of planar chirality, it is difficult
to explain why (S,R)-XII and -XIII give the same configuration of products,
It‘is also difficult to account for the variation in optical yields (Table
6.4) caused by XII and XIII unless kinetic factors are considered.

Furthermore, electronic effects undoubtedly play some part. As seen
in Tables 6.2 and 6.4, the bisphosphine complex XIII gives much higher
reaction rates (4~8 times) than the monophosphine complex XII in spite of
increased steric bulk in the second Cp ring. This rafe incréase is probably
due to electronic effects which are slightly outweighed by the steric effects
in the case of the trisphosphine complex XIV, since reaction rates are slightly
Tower with XIV than those observed with the bisphosphine complex XIII (Table
6.2).
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6.3 HYDROGEMATION OF CATALYST PRECURSORS
6.3.1 Intrbduction

(A) Recent Development

As pointed out in section 1.4.2, an important distinction between
the Rh-monophosphine catalyst [Rh(L)Z(Diene)]A and the Rh-di(tertiary
phosphine) catalyst [Rh{(L-L)(Diene)]A is that the former reacts with H, to
form hydrides and the latter does not. Thus a solvate [Rh(L-L)S)2]+
(S = solvent) which is the catalyst in the hydrogenation reaction is formed in
the initial hydrogena%ion of the catalyst precursor [Rh(L-L)(Diene)JA. On
the other hand, catalytic hydrides ([Rh(L)Z(q)ZJ“‘_—:[Rh(LjZH]°+H+) are
formed in the case of [Rh(L)Z(Diene)]A (hére‘the coordinated solvents are
omitted). More recently, however, three important observations have been
made which indicate that these generalities may not be correct. Those |
observations can be summarized as follows.

(a) Unsaturate Route with [Rh(L)z(Diene)]A

Halpern et al [135] demonstrated that even some monophosphine deriva-
tives can react via an unsaturate route when the following equilibrium is

established under suitable reaction conditions (equation 6.1).

K
e

[RA(L),(S) (M) ] ==—=== cis-[RN(L),(S),1"+H, (6.1)

 ———
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s

The cis-structure for the solvate [Rh(L)2(5)2]+ (L = PPh3) was deduced ‘
from the large 3]P-Rh coupling constant (1JRhP = 205 Hz), For example,
the analogous cis-structure [Rh(DIPHOS)(S)2]+ has the value of 203 Hz for
1JRhP [135]., Additional evidence for the reversibility of reaction (6.1)
has recently been reported [47d].

(b) quride Formation from [Rh(L-L)(Diene)]A

Brown et al [136] have recently published evidence for the formation
of hydrides from di(tertiary phosphine)Rh{I) catalysts in the absence of

substrate (equation 6.2).

2H 2 |
[RA(L-L) (NBD) T ——2> [Rh(L-L)(S5),]* = [Rh(L-L) (H)x(s5),1*
. e

The equilibrium constant Ke is very low when the 1igands (L-L) are typical
chelating diphosphines, and the hydrides are undetected by usual techniques.
In the absence of substrate, hydride formation seems to be blocked by
substrate coordination. Nevertheless, equation (6.2) suggests that the Ke
value and thus the mechanism of hydrogenation could be greatly affected by
the nature of the chelating di(tertiary phosphines). For instance a more
basic phosphine could stabilize the hydride(s) and allow hydrogenation to
proceed via either the hydride route or the unsaturate route. 1In this
connection, Otsuka et al [132b] have recently reported the isolation of a

solid rhodium hydride from the reaction of equation (6.3).
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[Rh(L—L)(NBD)]C'IO4 + H2/Me0H — [Rh(L-L)(H)2]C104 (6.3)
o P(CgH1)2
o X

The suggested structure for the product is based on the analytical and
spectroscopic data: IR v(Rh-H) 2100, 2075 cn™ 5 'H NMR(CD,C1,) &-8.2(br),
-19.8(br) ppm. A crystal structure has not yet been reported, and the NMR
data do not support two terminal hydrides although Brown et al [136] recently

proposed the structure to be that shown below.

H

o)

c1-O

~
o) \o

(B) Possible Hydrogenation Pathways for [Rh(L-L)(Diene)]A

The results described above indicate that various intermediates (or
products) could be produced reversibly in a given reaction, even though they
may not be isolable. Some possible hydrogenation pathways for the catalysts
of the type [Rh(L-L)(Diéne)]A are sét out in Fig. 6.2. As will be discussed
later, this general scheme seems to be applicable to the present cafa]yst

systems VIII-XIV.
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[(L-L)M(NBD)JA
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Fig. 6.2: Some possible hydrogenation pathways for [(L-L)Rh(Diene)]A.
' Vacant sites of metal may be filled with S. L-L = chelating

bidentate ligands; M = Rh, A = C104; X=AorS; S =solvent.
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The first step, the formation of the disolvate 6.2a, is based on the
commonly found result for typical di(tertiary phosphine)Rh(I) catalysts.
The second step'invo1ves oxidative addition of H2 to the disolvate to
form the dihydrido Rh(III) species 6.2b or 6.2c. From these two species
a number of other hydrides such as 6.2d-h could be formed reversibly by

plausible dimerization, and deprotonation reactions.

(C) Relevant Metal Hydrides

Although there are no precedents for the monohydride Rh(I) species
6.2d, monophosphine analogues are quite common, In particular the 14
electron compounds Rh(L)zH can be synthesized and isolated as cryéta11ine

solids when the Tigand L carries bulky electron donating alkyl groups such

as tert-butyl or cyclohexyl {(equation 6.4) [137].

1 .
Y[RhH(L)z]x(Nz) —N: RhH(L), (6.4)
X =1, L= P(CMes),
=2, = P(CgHy),

It is interesting to note that cationic analogues such as [(DIPHOS)Rh(H)-

(S)3]2+ (S = MeCN) are known {(equation 6.5) [46a].

[(DIPHOS)RA(S),]* + HX ———> [(DIPHOS)Rh(H)(S),]%"
2 | 3

PF6

X = C104 , BF4 s
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The hydrides of the type~[(L-L)RhH]2° (= 6.2f in Fig. 6.2) have

been recently described by Fryzuk [138], as shown in equation (6.6).

R>
[n3-(z-Me-c3H4)Rh(:]] +Hy ——— [( (6.6)
RZ

R = CHMe, , OCHMe,

The products are reported to be efficient catalysts for the hydrogenation
and isomerization of simple olefins. The product, where R = OCHMeZ, reacts
with H, to form a dimeric tetrahydride, [(L-L)ZRh2H4]. The suggested

structure for this compound is shown below [138a].

R R
[(Pz\ 'l‘l/H\ /Pz;]o

PT L ~H” P
R, H R,

R = OCHMe,

Muetterties et al [139] have recently reported the closely related neutral
Rh(IIT)-Rh(1I) dimers, [(PR3)4Rh2H4] (R = OCHMe, NMe2) which are the hydro-

genation products of the catalyst precursors [RhH(PR3)2]2.
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S | n : SNPZN (6.7)
m\\ qui = Hé>7r<:%§>nh<:p = H5i7m\\ S

= P(0-i-C3H,),

U'\
VU0

It has been shown that the product (R = O-C_H 1) can be formed reversibly

37
“from the precursor dimer, and is fluxional in solution (equation 6.7).
1 31

Based on the variable temperature NMR ( 'H, ~ ' P) studies [139b], the triply
bridged dimer was proposed as a ground state structure for the product and
the doubly bridged dimer as an excited state. The proposed stereochemistry
of the transition state (or intermediate) is based on the crystal structure
of the related doubly bridged hydride (R = NMeZ) [139¢c]. Because it is

of importance for future discussion; it is useful to briefly review the
fluxional behavior of product of equation (6.7).

1

/
As summarized in the Appendix, the low temperature (-80°C) 'H NMR is

consistent with the triply bridged dimer (equation 6.7). Namely, it shows

(i) a doublet of multiplets for the identical bridging hydrides H (8 - 7.8

b
ppm, trans 2JPH = 180 Hz, I =2), (ii) a doublet of multiplets for the

unique hydride Hb’ (§ - 11.1 ppm, trans ZJPH = 89 Hz, I =1), and (iii) a
broad peak for the terminal hydride Ht (6 = 14,5 ppm, I =1). The VT 1H

NMR study shows that on warming from -80° to 3°C the two resonances
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ascribed to the terminal hydride (H,) and the unique bridging hydride

¢)

(Hb)) merge and coalesce. The resonance for the two bridging hydrides
(Hb) is unaltered in this temperature range. On warming to>56°C, all
peaks collapse and on further warming to 46°C a new broad sigrnal appears,
indicating that all hydrido 1igands are engaged in the exchange process of
this temperature. The products in equation (6.7) were proposedvas active
intermediates in the olefin reductions catalyzed by the precursors
[RhH(PR3)2]2 [139].

In the Appendix are summarized the NMR (]H, 3]P) data for some metal

hydrides and other related compounds. This information is relevant to the

future discussion.
6.3.2 Hydrogenation of the Catalyst Precursors VIII-XIV

(A) General Observations

The experimental procedures are descr%bed in section 4.2.4.

(a) Reaction in Alcohol

When solutions of the achiral catalyst precursors VIII-XI in MeOH or
EtOH are exposed to H2 (1 atm, 30°C) the initial reddish orange color deepens
to red, and in most cases dark red crystals are obtained at 20°C or on
cooling (0°C). The chiral complexes XII-XIV show a color change from

]H NMR spectra of these crystals or the

reddish orange to wine red. The
solid residue after solvent removal are temperature dependent and show the pre-

sence of bridging and/or terminal hydrides. The solutions of the reactants
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3]P) which are not fully inter-

(CD3OD) gave very complex NMR spectra (1H,
preted at this stage. Some representative spectra are presented in the
next subsections.

(b) Reactions in Other Solvents

The reaction with H, was carried out in various other solvents such

as acetone, CH3CN, CH2C12, and CHC1 The general observations are similar

3
to those described above. Thus, in most cases, the 1H NMR spectra of the
solid or crystalline products are strongly temperature dependent, and show
the presence of bridging and/or terminal hydrides. NMR (1H; 3]P) monitoring
of the reaction§ in solution also reveals considerable complexities. Only
a few particular examples will be discussed.
| (c) Catalytic Properties

The hydrogenation products obtained as solids from MeOH are catalyti-
cally acfive in olefin reductions. The hydrogenation procedure generally
used was the same as that described in section 4.2.2 except that the

catalyst precursor was replaced by the isolated solid. In some cases the

substrate was added to the in situ solution containing the hydride(s). A1l
reductions are stoichiometric but no attempt was made tolmeasure kinetic
data or isolate any reaction intermediate. The catalytic properties of
the hydrogenation products obtained from solvents other than MeOH have not

been investigated.

(B) Hydrogenation of,[Rh(_BPPF)(_NBD),_'IC]O4 (VIII)

The reaction was carried out in three different solvents, MeOH, CHBCN,
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and CHC13. \

(a) Reaction in MeOH

This reaction resulted in the uptake of 4.7 moles of H, per rhodium

atom. A dark brown solid remained after solvent removal. The 1H NMR

spectrum (CDZC12) of either this solid or the in situ solution (CD30D) did
not show any hydride resonance (35° - -90°C). Brown et al [47d] briefly

reported that the same reaction gives a disolvate [Rh(BPPF)(MeOH)2]+ in

31

solution. The assignment was made on the basis of the ' P NMR data (é&p

55.3 ppm, 1

JRhP = 215 Hz), the large coupling constant being consistent with
the phosphine trans to a relatively weak donor such as MeOH (see also
Appendix for comparison with other related species). In the present investi-

31P

gatibn, however, hydrogenation for 25 min resulted in a more comp]lex
NMR spectrum.

(b) Reaction in CHC13

The 3.IP NMR spectrum of the solution after hydrogenation for a short
period (~ 5 min) shows a new pair of broad doublets (sp(1) 44.60 ppm,
J

= 210 Hz; sp(2) 44.48 ppm, J = 217 Hz) in addition to the doublet

RhP RhP
from the NBD precursor (VIII). No hydride coupling was observed for these
signé]s. These peaks can be interpreted as arising from two nonequivalent
phosphine groups in the n6-arene complex 6.3b (Fig. 6.3). .The structure of
the DIPHOS analogue [ha(DIPHOS)Z](BF4)2 is shown in Fig. 1.8. This
[Rh(DIPHOS)]22+ complex is known to dissociate into monomer'ic.[Rh(DIPHOS)]+
(or [Rh(DIPHOS)(MeOH)2]+) ions when dissolved in MeOH [46a]. The méthano]ic

solution gives a single 31P signal (580, d, JRhP = 203 Hz). No NMR data have
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[(8PPF)Rn(NBD)]cIO,
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Fig. 6.3: Possible hydrogenation pathways for VIII in CHC13.
BPPF = the 1igand I; n = 0 or 2.
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been recorded for this species in a non-coordinating solvent. The analogous
reaction has been carried out in benzene where the solvent again preferen-

tially binds to the metal upon loss of the NBD ligand (equation 6.8) [140].

[Rh(L-L)(NBD)]CIO, + H,/CeHg-THF ————~ [Rh(L—L)(’vs-ct.;He;)]CIo4 (6.8)

PPh,

L-L

PPh,

The 3]P NMR data (CD2C12) of this product of known structure are: &p 31.4(d),

J

Rhp = 201.4 Hz,

Further hydrogenation of VIII results in reaction of all the starting
material (VIII), a reduction of the intensity of the doublets of the proposed
nG-arene complex 6.3b, and the appearance of a doublet at sp 54.41 ppm

(JRhP = 146.5 Hz). This species is a hydride (Jp, = 19.5 Hz). Addition of

P
Et3N removes this doublet. This species could be a simple monohydride
[(BPPF)RhH]"+ (6.3c) where the charge is either 0 or 2. When the same
solution (Qﬁthout amine) is allowed to stand for longer period K>2h) after
initial hydrogenation, a number of additional peaks arise including a doublet
of 1:1:1 triplets at 53.79 ppm (JRhP ~ 144 Hz). Triplet separation averages
12 Hz. This peak is not affected by base addition. The identity of thig
species is uncertain. Removal of solvent Teaves a solid residue whose ]H

NMR spectrum is shown in Fig. 6.4.
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Fig. 6.4(A): Variable temperature 400 MHz 1H NMR spectrum (CDZC1é) of the

hydrogenation product (S) of VIII from CHCL5.
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Fig. 6.4(B): Variable temperature 400 mHz

H NMR spectrum (CD2C12) of the

hydrogenation product(s) of VIII from CHC13.
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The hydride NMR pattern at -90°C consists of a temperature independent

signal B (v -11 ppm) and two péirs of temperature dependent multiplets T1‘/T]

and TZ'/Tzhﬁin the range -15 to -19 ppm, but the broadness of the peaks
prec1udes any satisfactory interpretation. It is possible that the signal B
is due to a neutral monomer or dimer such as 6.3d (Fig. 6.3), however, the
data do not compare very satisfactorily with known compounds described in
equations (6.6) and (6.7) (see also Appendix). Nevertheless there is no
doubt about the formation of hydride species which will be established.

(c) Reaction in CH5CN

This reaction resulted in the formation of large yellow crystals on
allowing the hydrogenated solution to stand at foom temperature. The
31P{]H} NMR spectrum (CH2C12) of the sample showed a doublet at 45.05 ppm
(1Jth = 181.9 Hz) due to the disolvate [(BPPF)Rh(MeCN)2]C1O4. This formula-
tion has been recently confirmed by a crystal structure determination [141],
although the analytical data are not in agreement: C, 54.01; H, 3.32; N,
3.32. This type of complexes where the ligands are typical di(tertiary
phosphines) have been well characterized in solution by NMR, and are known

to be active hydrogenation catalysts formed from the diene precursors (cf.

section 1.4.2B).

(C) Hydrogenation of [Rh(BPB'PF)(NBD)IC10, (IX)
(a) Reaction in MeOH -
After passage of H2 for 30 minutes the resultant solution deposited

orange crystals on standing at 20°C. The crystal structure of this product

-
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The crystal structure of the hydrogenation product of IX from

Fig. 6.5:

(11-H)3Rh(H)(P-P)I¥(P-P = the Tigand II) [142].

MeOH, [(P-P)(H)Rh
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is shown in Fig. 6.5. The molecule is a unipositive Rh(III) dimer with
three bridging hydrides and one terminal hydride on each Rh metal. This
molecule can be roughly described as possessing a C2 axis along the line
connecting H3 and the middle point of two Rh atoms (vide infra). Each Rh

atom adopts approximately an octahedral geometry (cf. 6.2h, Fig. 6.2).

P, |=7

H \ [ H /’P‘;
~pn 1:ha

N Y Hz / T,

Hs

~

Therefore the ion has: (i) a pair of equivalent terminal hydrides H4 and
Hg which are not trans to a phosphorus atom; (i1) a pair of equivalent
bridging hydrides H1 and Hz, each being trans to a single phosphorus atom
(Hy trans to P,, H, trans to P,); (iii) a unique bridging hydride H; trans
to both P1 and P3. Thus, if this compound were nonfluxional in solution

" three hydride resonance signals would be seen. However,vthis product shows
fluxional behavior in solution as seen in Fig. 6.6.

No hydride signal was observed at 35°C. Cooling to 0°C resulted in
the appearance of (i) a broad terminal resonance at -23.3 ppm (I = 2) and
(ii) a pair of broad signals of equal intensity at -8.0 and -9.4 ppm (I = 3).
Both signals are slightly sharpened on further cooling (-40° ~ -90°C). The
fluxional processes in the two regions seem to be independent in the range

-90° to 0°C as seen in Fig. 6.6. Thus a pbssible exchange process may
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Fig. 6.6: Variable temperature 80 MHz 1H NMR spectrum (CDZC12) of the

hydrogenation product, [(P-P)(H)Rh(u—H)3Rh(H)(P-P)]+, of IX
from MeOH. P-P = the ligand II.
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involve the structure where all three bridging hydrides are equivalent and

trans to a single phosphorus atom to give a broad doublet whose separation

2

of 112 Hz is assignable to a trans P-H coupling ( JPH) (see also Appendix

for comparison). Similar but better resolved and assignable spectra have

(n =

n-1
2,3; DPPP = Ph2P(CH2)3PPh2) [143] and [Irz(u-H)3H2(PPh3)4]PF6 [144].

been reported for the iridium analogues [Irn(H)2n+1(DPPP)n](BF4)

The same reaction was carried out in CD3OD, and the solution monitored
by 'H NMR (~ 30 min). The VT 'H NMR spectra are shown in Fig. 6.7, and
relevant hydride resonances are listed in Table 6.5. As summarized in
Table 6.5, the Tow temperature (-90°C) hydride NMR pattern consists of
(i) a set of temperature-independent signals Ty, T and T, and (ii) a set
of temperature-dependent signals B1, B2, T4, T5, T6’ and T7. As the tempe-
rature is raised to -60°C, both pairs of bridging signals B1/B2 and terminal
signals T4/T5 merge to give broad multiplets B and T , respectively. By 0°C
all the signals except T1, T6 and T7 have disappeared. Further warming
(35°C) causes the pair of multiplets T, and T, to coalesce to a broad
multiplet T, and thus only two signals T1 and T are seen at this temperature.
None of the signals associated with the isolated product are present in these
spectra (cf, Figs. 6.5 and 6.6). The following attempted interpretation of
all these spectra is based on Figs. 6.2 and 6.8.

(I) The Temperature-Independent Signals Ty - T,

The temperature invariant signal T-| appears to be a doublet of doublets

with small coupling constants (24 and 28 Hz). The weaker signals T, and T3

also give the same pattern which is difficult to account for in terms of
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Fig. 6.7(A):

1

Variable temperature 400 MHz 'H NMR spectrum of the

hydrogenated solution (CD3OD) of IX.
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Fig. 6.7(B): Variable temperature 400 MHz ]H NMR spectrum of the hydrogenated
solution (CD3OD) of IX.
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Table 6.5: 1H NMR data (hydride portion) for the hydrogenated solution

(CD30D) of the catalyst precursor IX a,b.

Temperature-dependent Temperature-independent
Temp C signals signals
-90 B1(dm, -12,35, J(d)=172, 1=2) T](dbd, -18,13,J(d)=24,
Bz(dm, -13,23, J(d)=180, 1=2) J(bd)=28, 1=1)
T4(tm, -21,82, J(t)= 24, 1=2) Tz(dbd, -18.,29)
Ts(tm._-22 45, J(t)= 28, 1=2) T3(dbd, -18.53)
> T6&bdu-22 88, J(t)= 28,
J(bd)=1 =1)
T7(m. =23, 36 1=1)
-60 B(m, -13.2) T
T (m, -22.3) T,
Te T3
Ty
0 Te and T7 T
+35 T(m, -23.3) T

3 See also Fig. 6.7.

Coupling constants in Hz: dm = doublet of multiplets, dbd = doublet of
broad doublets, tbd = triplet of broad doublets, m = multiplet; J(d),
J(t), J(bd), 3(dbd) = coupling constant in each pattern; I = relative
intensity,



208

chelating 1igands. One possibility involving a dangling phosphine is seen

below.

_ -0
S

S hS
’,hﬂ\\

H” !l P P

| s ~—
6.8e

As indicated in Fig. 6.2, this species is analogous to the monomeric Rh{I)
species 6.2d which is a dissociation product of the Rh(III) dimer 6.2e. In
Fig. 6.8 is proposed a possible dissociative process through which the above
species can be formed.

The spectka in Fig. 6.7 shows that the intensity of T2 and T3 decreases
as that of Ty increases on warming (-90° »-60°C), and then TZ/T3 disappear
at -40°C. This fluxional behavior is hard to explain although the intra-
molecular exchange processes in Fig. 6.8 suggest that dissociation of the
dimers 6.8a-d become irreversible at higher temperatures (3_-4O°C) to result
in the predominant formation of monomers such as shown above (6.8e). The
remaining aspect of Fig. 6.8 is discussed below.

(I11) Other Temperature-Dependent Siéna1s

If the isolated product (Fig. 6.5) were formed reversibly through the
route 6.2a= 6.2c=6.2e=6.29=6.2h (Fig. 6.2), then the solution could

contain a doubly bridged Rh(III) dimer analogous to 6.2e. Since the ligand
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Fig. 6.8: The proposed intramolecular exchange processes in the
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hydrogenated solution (CD30D) of the complex IX, The vacant
sites of metal may be filled with S(CD3OD). M = Rh, P-P =

the Tigand II.
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in this case is rac-II ((S,S)-/(R,R)=11), there are two possible combinations
to form this dimer: namely, an enantiomeric pair of dimers (S,S5,5,5)-/-
(R,R,R,R)- and an equivalent pair of dimers (S,S,R,R,)-/(R,R,S5,S)-. Here

$ and R refer to the configuration at P atoms of the ligand II. Each
enantiomer such as (S,5,5,5) possesses two pairsof diastereotopic hydrides

Hy/H, and Ha/H, by internal comparison (6.8a) (vide infra).

R
R H m_H,
, NG\
H R
3 '12 !g“/s

(S,5,5,5)-6.8a

t

On the other hand the (S,S,R,R)-/(R,R,S,S)-diastereomers possess an

equivalent pair of bridging and of terminal hydridés by internal comparison.
Thus the signals B], Bz, T4 and T5 can be assigned to the structure

(s,5,5,5)-6.8a shown above. Either the doublet of multiplets By or B, is

2 2

associated with Hy or H, with JPH(B1) = 172 Hz and “J.,(B,) = 180 Hz.

PH( 2)
The terminal hydrides H3 and H4 would appear as a triplet of multiplets
with 2JPH value of 24 and 28 Hz as seen in T, and Tg. Additional small
couplings to Rh and H]/H2 are responsible for the multiplicities. A]thbugh
it is conceivable that the solution contains the equivalent pair of

diastereomers (S,S,R,R)-/(R,R,S,S)-, the lTow temperature (-90°C) NMR

pattern seems to exclude this possibility, since there should be additional
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signals due to the pair of equivalent bridging and terminal hydrides.
Another possible intermediate on the same reaction route (6.2a=6.2c
6.2e26.29=6.2h) could be the five-coordinate dihydride Rh(III) species

6.8f analogous to 6.2c.

The multiplets T6 and T7 can be assigned to this species. Thus the axial
2 _ 1 _

12 Hz). The equatorial hydrogen has essentia11y the same but more spread-

hydrogen is seen as a triplet of broad doublets T6 J

out pattern (signal T7) probably because of a greater 2JPH. ‘
The principal feature of the temperature-dependent spectra is the
collapse of the bridging resonances B] and B, at the same rate as the termi-
nal resonances T4 and T5 without the appearance of any new "average"
resonance. This indicates that the fluxional dimeric species 6.8a is stable
only in the solid state or in solution at low temperatures. Any fluxional
process must be such as the exchange terminal and bridging hydrogen atoms
independently. Such a process is set out in Fig. 6.8. The most important
feature of the equilibria shown is the requirement for phosphine dissociation

(as suggested above for the structure of 6.8e). The exchange process could

proceed in a stepwise manner (6.8aw6.8b=26.8c (or 6.8d)=6.8b=6.8a) or in
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a simultaneous manner (6.8a=>6.8c=26.8d). If the exchange is fast on the
NMR time scale the diastereotopic pair of bridging hydrides H1/H2 and
terminal ones H3/H4 become equivalent resulting in the broad signal B and
T" (at -60°C). As mentionéd previously, at higher temperatures (> -60°C),
the fluxional dimers 6.éa-d presumably dissociate to the monomers 6.8e and
6.8f shown above.
| The remaining two temperature-dependent signals T6 and T7 are not

altered in the temperature range -90° to 0°C, but the averaged signal T at
35°C suggests that the two distinct hydrides in 6.8f become equivalent.

(b) Reaction in Other Solvents

The reaction in CH3CN resulted in a yellow o0il after solvent removal

(reaction time ~ 30 min). The Wy NMR spectrum (CD2C12) of this product or

the in situ solution (CD3CN) showed both bridging and terminal hydrides in
the range -11 to -27 ppm at -40°C. Changing the solvent to acetone resulted
in a different NMR pattern which also showed the presence of hydrides on

cooling (> -20°C). A1l the peaks were poorly resolved.

(C) Hydrogenation of [Rh(BB“PF)(NBD)]C10, (XI)

The reaction Was carried out in three different solvents, MeOH, CH3CN,
and C6H6. Data for the hydrogenation products obtained from each solvent
are listed in Table 6.6, ’

(a) Reaction in MeOH

Deep red crystals deposited on cooling (0°C) the reaction mixture.

Fig. 6.9 shows the partial crystal structure of this product which is a
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Table 6.6: Hydrogenation products of [Rh(BBtPF)(NBD)]C104(XI);
Analyses, NMR, and Others a
Reaction Physical
medium property H2(m01) Analysis Ty NMR(CD2C12)
MeOH deep red 3.3 €:49.23 (hydride portion at -85°C)b
crystal H: 7.36 B](bd, -9.96,J(d)=120,1=2)
0: 6.30 Bz(bd -10.77,3(d)=120,1=3)
Cl: 3.64 T](dtd -22.38,3(t)=17.2,
J(d)=27,3(d )=4)
T,(dt,-25.46,9(d) =3
J(t)=32)
Ty(dtd,-27.66,9(t)=16,3(d)=
39.6,J(d)=4)
T4(bm,-26.99,1=2)
Ts(bm,-27.08,I=1)
CeHg deep brown 5.1 €:45.71 5.01(bs)
crystal H: 6.55 4.,72(bs)
0:16.00 2.08(d,JPH=12)
Cl: 5.94
CH4CN yellow oil - - -
a

precursor.
crystalline product.

m = multiplet, bm = broad multiplet, bs

dt = doublet of triplets, dtd =

J(t) =

coupling constant in each pattern.

See also Fig. 6.10.

Coupling constants in Hz;
= broad singlet, d = doublet,
doublet of triplets of doublets. J(d),

I

Hz(mol) represents the amount of H2 consumed per mole of the catalyst
Analysis and 1H NMR data were obtained from the isolated

bd = broad doublet,

relative intensity.
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hydrogenation product of XI from MeCH.
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hydrogenation product of XI from MeOH.



217

cationic Rh dimer. The +1 tharge of the cation was estéb]ished by the
Tocation of one perchlorate anion [142]. The bridging hydride ligands

could not be located with any certainty, and the terminal ones were not
seen. The structure must be of the type [(P-P)ZRhZ(H)x]+C1O4 (x = 3 or 5)
based on the charge, and the best interpretation based on ligand disposition
is a (u-H), dime} (x = 5) analogous to that shown in Fig. 6.5. Once again
Fig. 6.2 can be used to predict a possible route to this product: 6.2a&2
6.2b (or 6.2c)=%6.2e=26.2g (x=3)=26.2h (x=5).

Further evidence for the presence of hydrido ligands is provided by
the 'H NMR spectrum (CDZC12) of the crystal, as shown in Fig. 6.10. As
summarized in Table 6.6, the hydride NMR pattern at -85°C consists of (i)
a set of temperature-independent signals Tys To, and T, and (ii) a set of
temperature-dependent signals B], BZ’ T4, and T5. On warming the solution
to -60°C, both bridging and terminal resonances B]/B2 and T4/T5 merge to
give broad multiplets B(~ -10.6 ppm) and T (~ -27.5 ppm), respectively.

By 0°C both signals B and T have collapsed, and a new‘averaged signal A
appears at -17.23 ppm on further warming to 35°C. The attempted interpre-
tation of all these spectra is as follows.

(I) The Temperature-Independent Signals T] - T3

As indicated in Fig. 6.2, any dimeric Rh(III) species 6.2é could
dissociate reversibly to form [(L-L)Rh(X)(H)2]+ (6.2c) which in turn could
produce [(L-L)RhH]® (6.2d). Here the perchlorate (X = C104) is Tikely to
be coordinating because the solvent in this case is CDZC12. The structures

of these two species, where L-L = IV, are shown below.
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The pair of signals T] and T3 can be assigned to the two nonequivalent

hydrides in 6.11d. They appear to be a doublet of triplets of doublets
2
Jp

= 4 Hz). These

with coup]ing constants as follows: T, (]JRh

23 - 39.6 Hz, 2J

T 27 Hz,
= 16 Hz, 2J

y = 17.2 Hz,

_ ) 1
wp = 4 H2) s Ty (dppy PH HH

coupling constants are not unreasonable as compared with those listed in
Appendix. The signal T, with five lines can be treated as a doublet of
triplets with separation of 32 Hz in both patterns. This signal can be
assigned to the Rh(I) monohydride 6.11e.

In connection with the structure 6,11d, it should be mentioned that

monitoring the same reacton by 31

broad doublet (&p 83.3 ppm, ]J

(2

P NMR in MeOH (~ 30 min) resulted in a
RhP = 113.5 Hz). Each signal in the doublet
was split into four Tines JPH = 10 Hz) when hydride coupling was left in.
These observations are consistent with the formation of 6.11d although X
could be MeOH or C1O4 in this case. The anticipated disolvate [(L-L)Rh-
(MeOH)Z]+ and the proposed monohydride 6.11e were not observed in this expe-
riment. A number of species were formed on leaving the solution overnight.
(I11) Temperature-Dependent NMR Pattern
The temperature-dependent signals (81, By, Ty, and T5) can be explained

in terms of the Rh(III) dimer 6.17a and its fluxional behavior as proposed in

Fig. 6.11 (cf. equation 6.7).
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If, at -85°C, only one exchange process (6.11a=26.11b) were occurring
slowly onthe NMR time scale, the hydride NMR spectrum would consist of five
distinct signals due to Hl/HZ’ H5/H6, H7, H3/H4, and H8. On these bases
"the broad doublets B] and 82 can be assigned to the pair of equivalent
bridging hydrides H1/H2 and H5/H6, respectively. The resonance for the
unique bridging hydride H7 could be superposed on the higher shielding peak
of the doublet B, since the.signal B, is asymmetric (Note I(Bz)/I(B]) = 3/2
in Table 6.6). A1l the bridging hydrides except H, have a single trans P
atom, accounting for the large separation (120 Hz) in both doublets B] and
BZ' Their chemical shifts and coupling constants are consistent with those
previously noted for related bridging hydrides (cf. Appendix). Other
couplings, H-H, Rh-H, and cis P-H are too small to be observed. The broad
signal T4 and T5 can then be assigned to the terminal hydrides H3/H4 and H8,
respectively.

On warming the solution (-85° -~ -60°C), the exchange 6.11a=>6.11b
shou1& become fast to give the averaged signal B and T for the five bridging
hydrides and the three terminal ones, respectively. The exchange is still
sTow enough for the bridging and terminal hydrides to be distinguished in the
range -85° to -20°C (cf. Fig. 6.10). At higher temperatures (> -20°C) an
exchange process such as 6.11b=26.11c (Fig. 6.11) seems operative and all
the hydrido ligands become equivalent to give only one signal: signal A.

(b) Reaction in CH3CN and C6H6

Hydrogenation in CH3CN resulted in a yellow oil after solvent removal.

1

At -95°C, the 'H NMR spectrum (CD2C12) of this product exhibited at Teast
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hydrogenation product of XI from benzene,
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13 signals in the range -10 to -22 ppm, some of which are strongly tempera-
ture-dependent. Al1 the peaks were poorly resolved.

When a benzene slurry of the catalyst precursor XI was exposed to H2,
the orange solution deposited a dark brown precipitate immediately. The
solid was separated by filtration and recrystallized from a CHZC12/hexane
solution to give deep brown crystals. In Fig. 6.12 is shown the room tempe-
rature ]H NMR spectrum of this product. The spectrum is highly symmetric
and very simple, No hydride resonance was observed on cooling to -90°C.

On the basis of the reaction described in equation (6.8) the product could

TH NMR and analytical results (Table 6.6)

be a n6-arene complex. However the
are not consistent with this. A crystal structure determination is in
progress [145].

(D) Hydrogenation ofh(R,R)-XIV

Reaction in MeOH resulted in the uptake of 2.5 equivalents of H2 and
a reddish brown solid after solvent removal. In Fig. 6.13 is shown the room
temperature 1H NMR spectrum of this product. The hydride NMR pattern consists
of a pair of triplets of triplets centered at -8.98 and -8.50 ppm of intensity
ratio 6 to 1. Couplings in gigna1s are 60.4 and 17.6 Hz. These observations
suggest that the product could be of the type [(L-L)RhH]ZO. A possible route
to this product can be deduced from Fig. 6.2: 6;2a:36.25 (or 6.2c)=6.2d==6.2f.
The NMR spectrum further suggests that the following two geometrical isomers

are slowly exchanging, each isomer undergoing a rapid intramolecular site-

exchange (equation 6.9).
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The pair of equiva]ént hydrides in the trans isomer would show a triplet

of triplets from the result of the fast intramolecular process. The pair of
diastereotopic hydrides in the c¢cis isomer become equivalent through this
process and result in the.same NMR pattern. The jﬁggé_isomer is expected

to be more stable than the cis isomer because the cis isomer has one
bridging hydride trans to both P atoms. Thus the sharp set is reasonably
assigned to the trans isomer, and the weaker §et to the cis isomer. The

larger coupling (60.4 Hz) is probably due to 25 y» and the smaller one

P
(17.6 Hz) to 1JRhH’ or vice versa.

6.3.3 Summary
It has been shown in this section that hydrogenation of VIII - XIV

results in the formation of metal hydrides in various solvents such as MeOH,
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"CH,CN, and CHC13. In many cases they can be isolated as crystalline solids,

3
and their identity as [(L-L)HRh(H)3Rh(H)(L-L)]+C1O4 has been established in

two cases. The solid products not only show fluxional behaviors but also
seem to produce reversibly other hydride species in solution. In other

31

cases, NMR (]H, P) monitoring of reaction solution also reveals that more

than one hydride species is produced in a given reaction.
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CHAPTER 7
GENERAL CONCLUSION AND SUGGESTIONS FOR FUTURE STUDIES

7.1 FERROCENYLPHOSPHINE LIGANDS

| The preparation and the properties of a wide range of ferrocenyl-
phosphines have been described. Special emphasis has been placed on the
synthesis of ligands containing bulky tert-butyl groups on the phosphorus
atoms. One of the most intriguing findings relating to the synthesis of
these Tigands is that the chiral Tigand precursor FA canundergo trilithiation
leading to the isolation of the unexpected chiral trisphosphine Tigand VII.
This reaction is unprecedented, and it would be desirable to investigate
its geﬁera]ity by attempting to prepafe other alkyl- and arylphosphine
derivatives, Furthermore, since the absolute configuration of the product

(VII) was not that anticipated, this aspect needs to be further studied.

7.2 RHODIUM COMPLEXES OF FERROCENYLPHOSPHINES AS HYDROGENATION CATALYSTS
Cationic Rh(I) complexes of the ferrocenylphosphines are very effective
catalyst precursors for hydrogenation of a wide range of olefinic substrates.
In particular, greater reaction rates are obtaiﬁed with tert-butylphosphine
complexes than with phenylphosphine derivatives. Most significantly, the
chiral trisphosphine complex XIV gives very high optical yields in hydrogena-
tion of amino acid precursors. The results are comparable with those obtained
with the best of other catalysts containing chelating di(tertiary arylphos-

phines). It is also a very effective catalyst for the reduction of (E)-a-
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methylcinnamic acid, giving one of the highest optical yields ever reported.
These results demonstrate that high optical yields can be achieved in the
absence of the supposedly necessary aryl groups.

In striking contrast, the bisphosphine complex XIII is a poor catalyst
precursor for asymmetric hydrogenation of the substrates so far investigated.
Their different behaviors seem to be related to conformational effects since
the complex XIII exists in solution as a mixture of two diastereomeric con-
formers, while the complex XIV exists as a single conformer. In this regard,
it would be desirable to carry out comparative hydrogenation studies under
various reaction conditions in order to investigate further the conformational
effects. For example it has been shown that change of solvent results in
reversal of the absolute configuration of products. Temperature should also
be an important factor since the conformational interconversion has shown to
be temperature-dependent. The chiral complexes XII - XIV could also be
investigated for the hydrogenation of other functional groups such as C=0,

C=N, etc., since some Rh(I) complexes deriyed from alkylphosphines have been

reported to be more effective for the reduction of carbonyl group than their

arylphosphine analogues.

7.3 KINETIC AND MECHANISTIC STUDIES OF HYDROGENATION

The most significant finding of this work is that the hydrogenation of
the catalyst precursors VIII - XIV leads to the formation of metal hydrides
in various solvents such as alcohol, CH3CN, CHC13, etc. NMR (1H, 3]P)

monitoring suggests that various hydride species are formed reversibly in any
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one reaction. Interestingly, the anticipated disolvate [(L-L)Rh(S)2]+ was
not observed when S is MeOH or EtOH. In many cases hydrides can be isolated
as crystalline solids which show fluxional behaviors in solution.

This unique behavior of the present catalyst systems (VIII - XIV)
may be due to the presence of the bulky tert-butyl derivatives. However,’
this aspect needs further studies. It also seems inappropriate to make any
dogmatic statement concerning the mechanism(s) of catalytic hydrogenation of
olefins because hydrides are formed and could be involved in the initial
steps. In this regard it is hjgh]y recommended that their catalytic proper-
ties be further investigated by carrying out careful kinetic and mechanistic
studies of hydrogenation. These studies should include asymmetric hydroge-
nation in order to further investigate the electronic and steric effects of
the chiral catalyst precursors on enantioface-discrimination. Other alkyl-

phosphines containing -PMe, and -P(iPr)2 could also be employed in thesestudies.

7.4 ~ OTHER METAL COMPLEXES OF FERROCENYLPHOSPHINES

Palladium and nickel complexes of the type M(L-L)X2 are known to be
effective catalyst precursors for cross coupling and hydrosilation as well
as hydrogenation. These reactions should be further investigated using the

complexes described in chapter 5.
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APPENDIX
TABLE OF SELECTED NMR ('H, S'P) DATA FOR SOME RHODIUM AND IRIDIUM COMPLEXES 2.
]H(hydride portion) 3]P{]H}
Complex Type Ref.
' S Jppy Jdpy P Jppp Ipp
(A) Nonhydrides
(a) [Rh(L-L)(Diene)]*/
[Rh(L) ,(Diene)]"
L-L=CHIRAPHOS 58.4 154 474
DIOP 17.1 152 474
DIPAMP 50.9 159 47d
DIPHOS 56.9 156 474
PROPHOS 60.5 172 48
| n.s 139 4
L=PPh, 27.6 156 47d
PPh,Me 3.5 140 47d
(b) [Rh(L-L)(MeOH),1*/
‘ +
[Rh(L),(MeOH),]
L-L=CHIRAPHOS 83.9 200 47d
DIOP 43.0 199 474
DIPAMP 80.8 209 47d
DIPHOS 81.2 203 47d
PROPHOS 86.7 204 48
68.9 202 °°
L=PPh, 57.2 207 47d

Table cont'd ...
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M(hydride portion) 3o Ty
Complex Type Ref.
| U dpew e 8P Jrp Ypp
(B) Monomeric Hydrides
(a) [Rh(DIPHOS)HIZ*/MeCN -15.7 12.1 17.2 16a
(b) [RA(L) 4]
L=PBu§; n=2 2139 11 19 137a
(dt) ‘
P(C.Hy-) a3 n=2 214,919 23 137a
611173 6h)
PPhy; n=3 8.9 13 146
(bd)
P(0-iPR) 35 n=3 7.2 120 139
(m) (trans)
16
(cis)
PPhy; n=4 -10.6 0 31.7 113 134
, (bs) (m) 27
28.2 162
(d1d)
P(OMe),; n=4 116 9.8 35 139b
(gnd)
(c) [RR(L-L)(L),H]"
L-L= R,P(CH,) ,PR, -9.8 10.6 88.5 228.7 185 138a
(R= OMe) (tdit) (dt) 70.5
22.6  -22.6 141
L=PMe, (odt)
L-L= RZP(CHZ)ZPRZ -10.4 10.7 85.4 138a
(R= 0-ipr)  (tdT%)
L= PMe, 211
(d) trans-(L,L)-
+
[RA(L) ,(H) 5(S) ] |
L= PPhy; S=MeOH .8 121 474
23.8 118 47d

PthMe; S= MeOH

Table cont'd ...



244

TH(hydride portion) 3o Thy
Complex Type Ref.
S Jppy Jpy 8P Jdppp Jpp
(C) Dimeric Hydrides
(a) [RA(L-L)HI,
L-L= R,P(CH,) PR, -4.3 341 33-35 196.4 212.4 138a
(R= 0-1Pr) (bsep) (1J+3J)
(b) [Rh(L),(H),],
L= P(0-iPr) (35°C) -7.1 34.2 36.6 3.2 249 139b
(otgnt) (bd) -
P(NMe,), (28°C) -9.2 33.3 30.7 132.2 139¢
(grt)
(c) [Rhy(L-L),(H),]
L-L=R,P(CH,) PR, -7.2 148 138a
(R= 0-iPr) (bm)
-12.0
(bs)
(d) [Rhy(L),4(H),]
L= P(0-iPr)y (-85°C) -7.8 180 139b
(dm) (trans)
-11.1 89
(dm) (trans)
-14.5
(bs)
(e) [Irp(H),(u-H)4(L-1),1"
L-L= R,P(CH,) PR, -6.9 70 143
(R= ph) (-a5°¢) ()
-7.9 65
(t)
-20.6 19
(m)

Table cont'd ...
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| M(hydride portion) o Ty
Complex Type Ref.
SH Jppy Jpy 8P Jppp  Jpp
(F) [Ir,(H),(u-H)4(L),]* (-90°C) (-80°C)
L= PPh, -6.9 86 15.3 95  144a
(d) 18.5
-8.4 65
(t)
-23.9
(s)

a

Coupling constants are in Hz: dt

doublet or triplets, bd = broad doublet,

bs = broad singlet, m = multiplet, d1d = double doublet, gnd = quintet of

doublets, odt
triplets, bsep = broad septet, otgn
bm = broad multiplet, dm = doublet
s

singlet, grt = quartet of trip]

overlapping doublet of triplets, tdit = triplet of double

overlapping triplet of quintets,
of multiplets, d = doublet, t = triplet,
ets.
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