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PREFACE

The works in this thesis were carried out under the guid-
ances of Professor Katsutoshi Ohkubo at Faculty of Engineering
of Kumamoto University from 1975 to 1980, and of Professor
Taketoshi Kito at Faculty of Engineering of Kyushu Institute of
Technology from 1981 to 1983.

The objects of the work are to develop effective processes
and chiral catalysts to obtainvoptically active compounds.

The author believes that the work will be able to contrib-
ute to the development in a field of catalytic asymmetric

reaction by transition metal complexes.

Kohji Yoshinaga

Faculty of Engineering,
Kyushu Institute of Technology

October, 1984



LIST OF PUBLICATIONS

Contents in this thesis are published in following papers.

1. Asymmetric Intramolecular Hydrogenation of an Unsaturated
Alcohol by Ruthenium(II) and Rhodium(I) Chiral Phosphine
Complexes

Katsutoshi Ohkubo, Tsutomu Ohgushi, Tsugihiko Kusaga, and

Kohji Yoshinaga, Inorg. Nucl. Chem. Lett., 13, 631 (1977).

2. Enantioselective Dehydration of Racemic 1,3-Butanediol by
the Catalytic System of RhCl3 and Chiral Phosphine
Katsutoshi Ohkubo, Kyoshiro Hori, and Kohji Yoshinaga,

Inorg. Nucl. Chem. Lett., 13, 634 (1977).

3. Asymmetric Dehydrogenation of Secondary Carbinols by
Ruthenium(II) Chiral Phosphine Complexes
Katsutoshi Ohkubo, Takayuki Shoji, and Kohji Yoshinaga,

J. Catal., 54, 166 (1978).

4. The Enantioselective Dehydrogenation of Racemic Secondary
Alcohols Catalyzed by Dimeric Ruthenium(II) Chiral Diphos-
phine Complexes

Katsutoshi Ohkubo, Ikuhiro Terada, and Kohji Yoshinaga,

Bull. Chem. Soc. Jpn., 51, 2807 (1978).

5. Enantioselective Dehydrogenation of Racemic 1-Phenylethanol
by Rhodium(I) Chiral Phosphine Complexes
Katsutoshi Ohkubo, Tsutomu Ohgushi, and Kohji Yoshinaga,

J. Coord. Chem., 8, 195 (1979).

—ii-



10.

Relationships between Activation Enthalpies and Entropies of
the Enantiomer-differentiating Dehydrogenation of Racemic
1-Phenylethanol by Rhodium(I)-chiral Phosphine Complex

Kohji Yoshinaga, Taketoshi Kito, and Katsutoshi Ohkubo,

Nippon Kagaku Kaishi, 1982, 1838.

Asymmetric Hydrogenation of Prochiral Ketones by Homogeneous
and Heterogeneous Rhodium-chiral Diphosphine Catalytic
Systems

Kohji Yoshinaga, Taketoshi Kito, and Katsutoshi Ohkubo,

Nippon Kagaku Kaishi, 1983, 345.

Asymmetric Transfer Hydrogenation of Prochiral a,f-Unsatu-
rated Acids and their Esters by Alcohols with Binuclear
Ruthenium(II) Chiral Diphosphine Complexes

Kohji Yoshinaga, Taketoshi Kito, and Katsutoshi Ohkubo,

Bull. Chem. Soc. Jpn., 56, 1786 (1983).

A Kinetic Study on Asymmetric Transfer Hydrogenation of
Unsaturated Acids and Esters by Alcohols with Binuclear
Ruthenium(II) Chiral Diphosphine Complexes

Kohji Yoshinaga, Taketoshi Kito, and Katsutoshi Ohkubo,

J. Chem. Soc., Perkin Trans. 2, 1984, 469.

Catalytic Ability of Cobalt(II) and Nickel(II) Chiral
Diphosphine Complexes for Asymmetric Hydrogenation of
Prochiral Unsaturated Esters

Kohji Yoshinaga, Taketoshi Kito, Hiroshi Oka, Shigeyoshi

Sakaki, and Katsutoshi Ohkubo, J. Catal., 87, 517 (1984).

-iii-



CONTENTS

Introduction e (1)

References e (4)

PART 1 Kinetic Resolution of Racemic Alcohols by

Chiral Ruthenium and Rhodium Complexes

Chapter 1 Enantiomer-differentiating Dehydrogenation
of Secondary Alcohols by Ruthenium(II)

Chiral Monophosphine Complexes = —————————-eu—— (6)

Chapter 2 Enantiomer-differentiating Dehydrogenation of
‘Secondary Alcohols by a Binuclear Ruthenium(II)

Chiral Diphosphine Complex‘ -—————————-—--(25)

Chapter 3 Enantiomer-differentiating Dehydrogenation
of a Secondary Alcohol by Rhodium(I) Chiral

Phosphine Complexes = ———emmmmmmmmn (40)

Chapter 4 Enantiomer-differentiating Intramolecular
Hydrogen Transfer of an Unsaturated Alcohol
by Ruthenium(II) and Rhodium(I) Chiral

Phosphine Complexes = —————————m o (53)

Chapter 5 Enantiomer-differentiating Dehydration of a
1,3-Diol by Rhodium(III) Chiral Phosphine

Complexes e (61)

References e (67)

—-iv-



PART 2 Asymmetric Hydrogenation by Chiral Transition
Metal Complexes
Chapter 6 Asymmetric Transfer Hydrogenation of
Unsaturated Acids and Esters by Alcohols
with Binuclear Ruthenium(II) Chiral
Diphosphine Complexes = =~eceme————————
Chapter 7 Kinetic Study on Asymmetric Transfer
Hydrogenation of Unsaturated Acids and
Esters by Alcohols with a Binuclear
Ruthenium(II) Chiral Diphosphine Complex -—---
Chapter 8 Asymmetric Hydrogenation of Ketones by
Homogeneous and Heterogeneous Rhodium(I)
Chiral Phosphine Catalytic Systems - ~———————-
Chapter 9 Asymmetric Hydrogenation of Unsaturated
Esters by Cobalt(II) and Nickel(II)
Chiral Diphosphine Complexes = = ———=w—w—w———
References 7 e
conclusion  —mem—meme——————
Acknowledgment —  —mom—————————



INTRODUCTION

Optically active compounds are of growing importance in up-
to-date organic chemistry. In order to obtain the compounds,
the reagents or the media to be used are required to contain at
least one center of asymmetry as chiral source. Therefore, prep-
aration of optically active compounds by means of the asymmetric
synthesis or the optical resolution utilizing chiral catalyst,
in which chiral source is able to create a larger amount of the
compounds, is most effective and practical.

In this regard, the enantio-differentiating reaction cata-
lyzed by chiral transition metal complexes has received consider-
able attention, since the asymmetric hydrogenation of prochiral
olefins by rhodium(I) chiral phosphine complexes has been first

1) and Hornorz) in 1968, independently.

reported by Knowles
Asymmetric induction by the transition metal complexes, especial-
ly rhodium(I) chiral phosphine ones, in the hydrogenation of
prochiral olefins has been extensively investigated, and great
effort in the development of efficient chiral ligands has suc-
cessfully enable to produce optically active amino acid deriva-
tives with over 95% enantiomeric excess in the hydrogenation of

3) Recently, much attention has

dehydro-amino acid derivatives.
also been paid to interesting type of asymmetric syntheses with
chiral organometallic compounds, such as the cyclopropanation by
chiral cobalt(II) or nickel(II) complexes,4) the Grignard cross-
coupling reaction by chiral nickel(II) or palladium(II) complex-
es,s)‘aﬁd the allylic rearrangement by chiral ruthenium(II) or

rhodium(I) complexes.6)



Enantiomer-differentiating reaction {(kinetic resolution) of
racemates with chiral catalyst, another type of asymmetric reac-
tion, can be used as a method of obtaining optically active
compounds. However, there have been only limited investigations
on this type of reaction, even though enantiomer-differentiating
epoxidation of racemic allylic alcohols by chiral titanium(IV)
complex with extreme high enantio-selection has been recently
reported by Sharpless.7)

On the other hand, opticaily active alcohols as significant
starting materials have been recognized. For example, Mukaiyamas)
has developed an efficient and convenient conversion of chiral
alcohols to the corresponding amines, thiols, or halides by the
reaction with 2-halopyridinium or 2—hélobenzothiazolium compounds.
In many cases, the asymmetric hydrogenation of ketones by rhodi-
um(I) chiral phosphine complexes afforded optically active alco-
hols with low yield and low enantiomeric excess, although high
enantio-selection has been attained in noncatalytic reduction of

9)

ketones with chiral organo-lithium hydride complex and chiral

organo-aluminium complex,lo)or catalytic hydrosilylation by rho-
dium(I) chiral phosphine complexes.ll)
Part 1 describes the kinetic resolution of racemic alcohols
in the dehydrogenation of secondary ones by ruthenium(II) chiral
phosphine complexes (Chapter 1 and 2) and by rhodium(I) chiral
phosphine complexes (Chapter 3), in the intramolecular hydrogen
transfer of a racemic unsaturated alcohol by chiral ruthenium(II)
and rhodium(I) complexes (Chapter 4), and in the dehydration of

a racemic 1,3-diol by chiral rhodium(III) complexes (Chapter 5).

Part 2 describes the asymmetric hydrogenation by chiral



transition metal complexes, which has been investigated with the
intention of developing practical processes and catalysts. In
Chapter 6 is presented asymmetric transfer hydrogenation of pro-
chiral olefins by alcohols with ruthenium(II) chiral phosphine
complexes. The author has also investigated the kinetics of the
reaction to elucidate its mechanism (Chapter 7). Furthermore,
asymmetric hydrogenation of prochiral ketones by homogeneous and
heterogeneous chiral rhodium(I) complexes (Chapter 8), and of
prochiral esters by cobalt(II) énd nickel(II) chiral phosphine

complexes (Chapter 9) have also been investigated.
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PART 1

KINETIC RESOLUTION OF RACEMIC ALCOHOLS

BY CHIRAL RUTHENIUM AND RHODIUM COMPLEXES



CHAPTER 1 ENANTIOMER-DIFFERENTIATING DEHYDROGENATION OF
SECONDARY ALCOHOLS BY RUTHENIUM(II) CHIRAL

MONOPHOSPHINE COMPLEXES

1-1 Introduction

Asymmetric hydrogenation of prochiral olefins catalyzed.by
rhodium(I) chiral phosphine complexes, a procedure originally
developed in 1968, has been extensively investigated.l) A num-
ber of chiral phosphines were synthesized to examine their
effectiveness for the asymmetric induction in terms of their
structural effect on the optical purity of the hydrogenated prod~
ucts. In an early stage, chiral monpphosphine having an asymmet-
ric phosphorus atom, various and bulky ligands, such as (+)-0-
methoxyphenylcyclohexylmethylphenylbhosphine,2) were shown to be
more efficient in the rhodium(I) complex-catalyzed asymmetric
hydrogenation of dehydro-amino acid derivatives than ones con-
taining chiral carbon atoms in the ligands, such as (+)-neo-
menthyldiphenylphosphine.3)

The author has prepared some ruthenium(II) chiral monophos-
phine complexes, and examined their enantiomer-differentiating
ability for the dehydrogenation of racemic secondary alcohols.

It is also discussed that how the enantio-selective ability of
the ruthenium complexes depends on the structure of the chiral

ligand and unsaturated additives, and on reaction temperature.

1-2 Experimental

Measurements.

Elemental analyses were carried out with Yanagimoto MT-2.

—-6-



lH NMR spectra were recorded on JEOL MH-100. Gas-chromato-
graphic measurements were made with Hitachi 063 equipped with a
1-m column packed with Tween 80 on Celite 545. Optical rota-

tions were measured with a Union PM-101 digital polarimeter.

Materials.
Ruthenium trichloride trihydrate (RuC13'3H20) was commer-—

cially available. Dichlorotris(triphenylphosphine)ruthenium(II)

(RuCl2(PPh3)3) and dichlorotetrakis(triphenylphosphine)ruthenium
(11) (RuClZ(PPh3)4) were prepared according to the literature
method.4)

Racemic alcohols were distilled before use. Unsaturated
compounds for the dehydrogenation of alcohols were used after

recrystallization or distillation.

Preparation of Optically Active Phosphines.
(+)-Neomenthyldiphenylphosphine (nmdp). According to
3)

the method reported by Morrison, this phosphine was synthe-
sized from l-menthyl chloride and sodium diphenylphosphide
23 ., 3)
. o 23 °
(Scheme 1}); [a]D +93.95° (¢ 1.27, CHZClE)’ lit. [a]D +94.4

(e 1.26, CH2C12).

CH, HCl CH, NaPPh CH,
H,C -- — HyC-- ————9%3c--
‘CH, znCl, CH, CH,

. A3

OH Cl PPh2

Scheme 1.



(+)-Benzylmethylphenylphosphine (bmpp). Starting from
phenyldichlorophosphine, (S)P—(—)—menthyl methylphenylphosphi-
nate was first prepared along the route in Scheme 2; [a]D -93.5°
(¢ 0.5, CeH.), 11t. %) [0]5%72° -94° (¢ 1-3, C_H ). (+)-Benzyl-
methylphenylphosphine oxide was given by the reaction of the
phosphinate with benzyl magnesium chloride in benzene; [a]§4
+50.32° (¢ 1, CH,OH), lit .6) []23 26 i51.4° (¢ 1-3, CH_OH).
The oxide was reduced by trichlorosilane in the presence of tri-
ethylamine to give (+)-benzylmethylphenylphosphine, which was
immediately supplied for the preparation of the chiral ruthenium

complex because of extreme air sensitivity.

CHOH
@— 2_% P(OCH)-.%@'PCH

PClS
0] .
Ux Resolution 8 l1-Menthol 8
- - P -
e e—— Orfren < Ot
OMen OMen Cl1
(S)P—(—)
\L R X
RMgX
C_H_CH
@8* HSiCl, @_* 6752 C1
P-CH } P-CH -
. 3 . ( 3 o CH3OC6H4 Br
R 3 R
p-CH3OC6H4 Br
C3H7 Br
Scheme 2.



(-)-o-Methoxyphenylmethylphenylphosphine (o-ampp), (=)-p-
methoxyphenylmethylphenylphosphine (p-ampp), and (-)-propyl-
methylphenylphosphine (pmpp). In a similar manner described
above, these chiral phosphines were synthesized by the reduction
of corresponding chiral phosphine oxides, (-)-o-methoxyphenyl-

methylphenylphosphine oxide ([a]§4 -19.3° (¢ 0.46, CH3OH)),

24
D

-9.8° (¢ 1-3, CH30H)), and (+)-

(-)-p-methoxyphenylmethylphenylphosphine oxide ([a -9.96°

L ,a, 6) 22-24
(¢ 0.53, CHZOH); 1it.”" [a] ]

propylmethylphenylphosphine oxide ([a]§4 +16.3° (¢ 0.45, CH_OH);
52—24 3OH)) respectively, which were

also immediately supplied for the preparation of the chiral

lit.6) [a] +17° (e 1-3, CH

ruthenium complexes.

Preparation of Chiral Ruthenium Complexes.
Dichlorotris((+)-benzylmethylphenylphosphine)ruthenium(II).

Two grams (1.6 mmol) of RuCl2(PPh3)3 was suspended in hexane

(100 cm3) containing .(+)-benzylmethylphenylphosphine (1.5 g,

7.0 mmol). The suspension was refluxed for 6 h in a nitrogen at-

7)

mosphere to give dark yellow érystals (1.6 g). After the

crystals were thoroughly washed with hexane, and dried in vacuo,

giving RuClz((+)—mep)3 1

H NMR (CDC1,) 6=1.60 (3H, broad),
3.45 (2H, broad), and 6.30-7.37 (10H, m); [m)2* -685¢ (¢ 0.1,
. . . . [+)
C6H6). Found: C, 62.01; H, 5.64; Cl, 8.61%. Calcd for C42H45C12

P3Ru: C, 61.92; H, 5.57; Cl, 8.70%.
Dichlorobis((-)~o~methoxyphenylmethylphenylphosphine) (tri-

phenylphosphine)ruthenium(II), dichlorobis((-)-p-methoxyphenyl-

methylphenylphosphine)(triphenythosphine)ruthenium(II), and

dichlorotris((-)-propylmethylphenylphosphine)ruthentum(II).



These complexes were prepared from RuCl2(PPh3)3 and respective
phosphines in the same manner described above. Analytical
characterizations of the complexes are as follows.

RuCl_ ((-)-0-ampp),(PPh,): yellow crystal; 1y NMR (cDCL,) 8=
1.54 (6H, broad), 3.75 (6H, s), and 6.20-7.30 (33H, m); [m]Z24
-2600° (¢ 0.1, C6H ). Found: C, 61.80; H, 5.14; Cl, 7.82%.
Calcd for C 6H Cl O P_.Ru: C, 61.74; H, 5.03; C1, 7.94%.

2 2 3
1

RuClz((—)—p—ampp)Z(PPhs): dark brown crystal; “H NMR (CDClB)
§=1.65 (6H, broad), 3.75 (6H, s), and 6.35-7.45 (33H, m); [m]§4
~26.7° (e 0.1, CH.). Found: C, 61.17; H, 5.38; Cl, 7.71%.

Calcd £ C H Ci R C 1.74; H, . ; Cl, 7.94%.
alc or 26145 202P3 u: C, 6 5.03 94%
RuCl2((—)—pmpp)3: pale yellow crystal; 14 NMR (CDCl3) §=
0.80 (6H, broad), 1.77 (4H, broad), and 7.10-7.30 (S5H, m); [m]§4
+260° (¢ 0.1, C6H6) Found: C, 53.82; H, 6.57; Cl; 10.35%.
Cal R . ; H, .77; 1, .58%.
alcd for C3OH45C12P3 u: C, 53.74 6 C 10.58%
Since the complex from RuCl2(PPh3)3 and (+)-nmdp was unable
to be isolated, ruthenium-(+)-nmdp complexes were prepared in

situ to supply for the dehydrogenation of alcohols directly.

Reaction Procedure and Analyses.

A typical reaction was carried out as follows. The chiral
ruthenium complex (0.16 mmol) was charged into a two-neck flask
(50 cm3) with a condenser and a nitrogen inlet. The flask was
purged with nitrogen gas, and then l-phenylethanol (10 g, 82
mmol) and benzylideneacetone ( 10 g, 69 mmol) was put into it.
The reaction temperature was controlled within +1°C. After the
desired conversion of the reaction was attained, the unreacted

alcohol was fractionally distilled under a reduced pressure and

-10-



subjected to optical rotation measurement. In the dehydrogena-
tion of achiral alcohols such as benzyl alcohol with the ruthe-
nium chiral phosphine complexes, it was confirmed that distilled
alcohols were never contaminated with any optically active com-
pounds such as the chiral ruthenium complex, chiral ligand, and
their decomposed products. Measurement of the optical rotation
for the alcohol enriched with one enantiomer was repeated four
times and the average value thus obtained was employed to deter-

mine its optical purity.

1-3 Results and Discussion

Characteristic Features of Enantio-selective Dehydrogenation of
Racemic Alcohols.

_In principle, the progress of the reaction during the ki-
netic resolution always brings about the elevation of the opti-
cal purity of the unreacted substrate, as shown in Fig. 1,
which is produced in a straight manner from the following equa-
tion;

1
kg £ In(RIG/RD)  1h12¢)(1-0.p.)
-— - (1)

kS %ln([S]O/[S]) In(1-C)(1+0.P.)

starting from the equation for first-order kinetics; —d[R]/dt:ka
[R], and —d[S]/dt=kS[S]. Where C is the fraction of consumption

of racemates, 0.P. (optical purity of the unreacted substrate)

is %0.P./100, R and S are enantiomers, the square brackets signi-
fy the c¢oncentration, and subscfipt zero represents the initial

state. Thus, the optical purity of the unreacted substrate is

-11-



an inadequate estimate for enantio-selectivity in the kinetic
resolution. The relative rate-constant ratio (kR/kS) of three
variables in Fig. 1 is appreciably independent on the reaction
time, so that it can be used as a measure of the extent of
enantio-selectivity.

When the dehydrogenation of 1l-phenylethanol (i) by the
chiral ruthenium(II) complexes was carried out at 180°C with or
without benzylideneacetone as hydrogen donor, the optical purity
of unreacted 1 enriched with the (R)-(+) or (S)-(-)-enantiomer
monotonously increased with increasing in conversion of the
alcohol. Plots of 1n[R],/[R] and 1n[s],/[S] calculated from Equa-
tion (1) against the reaction time showed a good linear rela-
tionship (Fig. 2), indicating to obey pseudo-first-order rate
law, which was also reflected in the constant kR/kS ratio during
the reaction. Therefore, the extent of enantio-selectivity in
the present reaction can be defined by the ratio of the rate

constant for each enantiomer.

100
g0 b Knlke= 20
RTTS 10
5
60 | 3
o0
~
a 2 . .
s 40T Fig. 1. Relation between
1.5 '~ the relative rate ratio
20 i
1.2 . and the optical purity of
0 r L N L unreacted alcohol.
0 20 40 60 80 100
Conversion/%

12—



10 x 1n[R]O/[R] or 10 x 1n[s]0/[sj

41.08
4 _zm
N
v
41.04
2 4 1.00
0

Fig. 2. Plots of reaction time ws. 1n[R],/[R] or ln[S]o/[S],
and kR/kS for the dehydrogenation of 1 by Ru(II)-(+)-nmdp
complex at 180°C with (O ,®, 0) or without (A, A, ®) benzyl-
ideneacetone.

' -3 .
(+)—nmdp/RuC12(PPh3)3=6, RuClz(PPhS)S, 2 or 8 mmol dm with or

without the olefin, respectively.

In the case of the dehydrogenation of i without hydrogen
acceptor, the enantio-selectivity is very low (kR/kS=l.003—
1.004) but reproducible with the products consisted of aceto-
phenone (AP)(45-48 mol%), racemic and meso bis(l-phenylethyl)
ether (PEE)(32-34 mol%), ethylbenzene (11-15 mol%), and styrene
(4-5 mol%). |

The addition of a hydrogen acceptor such as benzylidene-

acetone to the reaction system showed a considerable increase in

-13-



1.
1. 2.0
n
N 3
xm A
1. 1.0 0
1.00 s : . 0
0 0.5 1.0 1.5
Olefin/Alcohol

Fig. 3. Effects of mole ratio of benzylideneacetone/i on
enantio-selectivity (O ) and optical purity (@) in the dehy-
drogenation of 1 by Ru(II)-(+)-nmdp complex at 180°C for 5 h.
RuCl,(PPhg)g, & mmol dm_3; (+)—nmdp/RuClZ(PPh3)3=6. Conv. (%),
AP (mol%), PEE (mol%): A(19.4, 42.0, 47.3); B(36.7, 85.6, 10.2);

Cc(38.2, 95.7, trace); D(38.5, 96.4, trace); E(37.0, 93.2, trace).

the reaction rate and the enantio-selectivity (Fig. 3), but
these reduced somewhat in the.excess olefin concentration. In
this reaction system, formation of the byproducts, especially
PEE, was remarkably decreased with increasing amount of the
additive, and AP was preferentially produced with comprizing
over 95 mol% of the products in the reaction with the ratio of
benzylideneacetone/1>0.84 (Fig. 3). Probably, the enhancement
of the enantio-selectivity due to addition of the unsaturated
compound is attributable to the promotion of the dehydrogenation
of 1 to AP with the enantio—differentiating process by the

~

ruthenium complex (discussed later).

~-14-



Table 1. Enantio-selective Abilities of Ru(II) Chiral Phosphine

Complexes in the Dehydrogenation of 1 with Benzylideneacetonea

Complex Time Conv O.P.b) kR/kS
h % %

RuCl2(PPh3)3_ 5 38.2 2.28 1.10

(+)-nmdp

RuClZ((—)—O—ampp)2 14 38.1 1.30 1.06

(PPh3)

RuClz((+)—bmpp)3 9 49.3 0.90 1.03

RuCl2((-)—pmpp)3 3 40.5 0.24 1.01

RuCl2((—)—p—ampp)2 5 63.5 0.37 0.993

(PPhS)

a) Benzylideneacetone/g=o.84; the reaction temperature, 180°C;
the ruthenium complex, 8 mmol dm"3 except for RuClZ((—)-pmpp)3
3
).

b) Calculated from the specific rotation for the (S)-(-)-alcohol;
8)

(4 mmol dm
23 -52.5° (¢ 2.27, CH.C1.)
[«]p ' =27, CHyCl, ).

Enantio-selective Ability of Chiral Ruthenium(II) Complexes.

The dehydrogenation of 1 by chiral ruthenium(II) complexes
was carried out at 180°C in the presence of benzylideneacetone.
Results are shown in Table 1. The enantio-selectivity was sub-
stantially dependent on the structure of the chiral phosphine,
and in the following order: RuCl2(PPh3)3—(+)—nmdp>RuC12((—)—o—
ampp)Q(PPh3)>Ru012((+)—bmpp)3>Ru012((—)—pmpp)3>RuClz((—)—p—ampp)2
(PPh3). The chiral phosphine possessing different and bulky

substituents seems to be efficient.

-15-



Lo L : 4 1.00
0 3 6 9 12

+)-nmdp/R
(+) -nmdp/ uClz(PPh3)3

Fig. 4. Effects of mole ratio of (+)—nmdp/RuC12(PPh3)3 on
catalytic activity (kp,0 ; kg, ®) and enantio-selectivity
(kR/kS,'o) in the dehydrogenation of 1 by Ru(II)-(+)-nmdp complex.
Reaction conditions were the same as in Fig. 3, except for ben-

zylideneacetone/1=0.84.

The enantio-selective ability of the most effective RuClZ—
(PPh3)3—(+)~nmdp complex, however, considerably suffered the
concentration effect of (+)-nmdp, and the selective ability was
the greatest around (+)—nmdp/RuClZ(PPh3)3=6 (Fig. 4). This phe-
nomenone is presumably relevant to the following equiliblium in

the reaction system:

—
RuClz(PPh3)3~v———— RuClZ(PPhs)2 + PPh3 (2a)

-PPh :
RuC12(PPh,3)2 + n (+)-nmdp ;::522 RuCl2(PPh3)((+)—nmdp) +

-PPh :
(n-1) (+)-nmdp v—____—-3——x RuCl2((+)—nmdp)2 + (n-2) (+)-nmdp —=
RuClz((+)—nmdp)3 + (n-3) (+)-nmdp. (2b)

-16-



In the case of n:(+)—nmdp/RuClz(PPh3)3<6, the presence of (+)-
nmdp in the coordination sphere of RuClZ(PPh3)3 decreases the
dehydrolyzing ability of RuClz(PPha)3 with diminution of the
reaction rate, and the ligand exchange between PPh3 and (+)-nmdp
which results in the formation of RuCl2(PPh3)((+)—nmdp), RuC1 ,-
((+)-—nmdp)2 and/or RuClZ((+)—nmdp)3, also gives rise to a retarda-
tion of the reaction because the ruthenium(II) complexes possess-—
ing (+)-nmdp ligand are catalytically less active than RuCl,-
(PPh3)2. On the contrary, thé formation of ruthenium(II) com-
plexes involving (+)-nmdp ligand elevates the enantio-selectivi-
ty, and at n=6 the amount of RuClZ((+)—nmdp)2 seems to become
largest among the chiral ruthenium complexes.

With excess concentration of (+5—nmdp (n>6), the selectivi-
ty was lowered by increasing the (+)-nmdp concentration. The
excess free phosphine presumably changes the above equiliblia
through the promotion of RuClZ((+)—nmdp)2 formation, and the
selectivity is lowered by increasing of the concentration of cat-
alytically inactive RuC12((+)—nmdp)3. In such situation, the
reaction rate increased again, probably owing to increasing bas-
icity of the reaction system by the free phosphine. This
basicity effect on the rate enhancement is directly related to
the contribution of bases to the dissociation of the oxygen-
bound hydrogen of alcohol as proton in Reaction (3a) or (4b).

-g*

RR'CHOH + (Ru) —> [RR'CHO—(Ru)] (3a)
N -(Ru)
RR'CHOH + H  + [RR'CHO-(Ru)] —> (RR'CH),0 + H,0 (3b)

Where (Ru) denotes catalytically active species.
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Effects of Hydrogen Acceptors.

In the present reaction, the enantio-selectivity was affect-
ed by the concentration of hydrogen acceptor with respect to the
alcohol (Fig. 3). The low olefin concentration presumably pre-
vents the intermediate [RR'CHO—(Ru)] from converting into
RR'C=0 and the ruthenium hydride complex (Ru-H) because of the
lack of the hydrogen acceptor, and it promotes PEE formation in
Reaction (3a) and (3b). As also shown in Fig. 3, the gradual in-
crease in olefin concentration makes PEE/AP ratio smaller via
hydrogen transfer from the alcohol to the olefin in Reaction (3a)
and (4b) (see later), and results in higher enantio-selectivity.
However, the excess concentration of olefin suppresses the selec-
tivity, probably through a blocking of the active site of the
complex by the olefin. In fact, the reaction rate increased
monotonously up to benzylideneacetone/l=1.26, but it decreased
in excess olefin concentration; (the olefin/i; 1o4kR’ 1o4ks):(o;
1.21, 1.19), (0.42; 2.61, 2.47), (0.84; 2.80, 2.55), (1.26; 2.85,
2.56), and (1.68; 2.64, 2.50) under the condition shown in Fig. 3.

The enantio—selectivitthas also found to vary from olefin
to olefin. Representative results of the dehydrogenation of i
by the ruthenium-(+)-nmdp complex are shown in Table 2. There
are possible explanation concerning the structural effect of
hydrogen acceptors on the selectivity: (a) the type of the hydro-
gen acceptor affects the equiliblium of the complex (for example
the distribution of RuClz(PPh3)((+)—nmdp), RuClz((+)—nmdp)2, and
RuCl2((+)—nmdp)3 in Reaction (2a) and (2b)), and causes differ-
ent selectivity, and (b) the céordination of the hydrogen accep-
tor to the chiral ruthenium complex gives rise to a new chiral

field.
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Table 2. Enantio-selectivity Change in the Dehydrogenation of 1

by Hydrogen Acceptorsa)

No. Hydrogen Temp Time Conv 0.P. k_/k

R"™S
acceptor °C h % %

1 Benzylidene- 180 8 17.3 2.01 1.24
acetophenone 120 8 46.4 4,31 1.15

195 8 81.2 4.79 1.06

2 Benzylidene- 165 5 18.7 1.17 1.12
acetone 170 5 27.9 1.70 1.11

180 5 38.2 2.28 1.10

190 5 60.3 2.11 1.05

3 trans-Stilbene 180 8 26.2 0.10 1.04
195 8 . 41.8 0.05 1.OO2

4 Ethyl cinnamate 165 8 7.6 0.09 1.02
180 8 36.1 0.10 1.01
5 Dodecyl meth- 180 5 34.2 0.12 l.OO4

acrylate

6 2-Ethylhexyl 170 9 14.0 0.28 1.04
methacrylate 190 7 36.7 1.63 1.07

7 Hexyl meth- 180 8 13.7 0.14 1.02

acrylate

8 Secobarbital 180 5 18.9 0.72 1.06
9 None 165 5 11.3 0.07 1.01
180 5 19.4 0.04 1.01

a) Catalyst, RuCl2(PPh -(+)-nmdp complex; the ruthenium

3)3
complex, 8 mmol dm_3; (+)—nmdp/RuCl2(PPh3)3=6; Hydrogen

acceptor/1=0.84.
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1 2

R*CH=CHR + (RU) —p (Ru) 2 (4a)
rlcH==CHR?
¥# ¥*
—u* CHRY
2+ RR'CHOH —— | RR'CHO— (Ru)--| N
< 2
CHR
¥*
*
. cur! . ,] H
RR'C=0--(Ru)--|| S| ™ RR'C=0 ---(Ru)-CHR CH,R® | ———
CHR
¥
' 1 2
RR'C=0 + RCH,CH,R® + (Ru) (4b)

Such effect of the hydrogen acceptor on the selectivity
was observed in the case of the dehydrogenation of racemic alco-

hols by Ru Cl4((—)—diop)3 (diop=2,3-0-isopropylidene-1,4-bis(di-

2
phenylphosphino)-2,3-butanediol); e.g., kR/kszl.ll for benzyl-
ideneacetone, 1.06 for 2-ethylhexyl methacrylate, and 1.03 in

11) From this, explana-

the absence of olefin (see Chapter 2).
tion (b) seems plausible, even though the induced asymmetry of
olefins coordinated with platinum(II) chiral amine complexes has
been confirmed only at the temperatures much lower than 160 to
195°C in the present experiment;lg’ls) that is, newly formed
asymmetric center in the intermediate g might not be completely

diminished via epimerizationla)

at a temperature range of 160 to
195¢C.

Among hydrogen acceptors employed, two unsaturated ketones
of benzylideneacetone and benzylideneacetophenone were most ef-

fective in terms of the enhancement of the selectivity. Hence,

one could propose that, with deliberately chosen acceptors, the
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Table 3. Enantiomer-differentiation of Secondary Alcohols by

a
RuClZ(PPUB)S—(+)—nmdp Complex with Benzylideneacetophenone

b
No. RR 'CHOH Temp Time Conv 0.P. ) kR/kS
R R °C h % %

10 Ph Me 160 7 26.2 1.60 1.11
170 6 34.3 1.54 1.08
180 5 47 .3 1.74 1.05
190 2 41.5 1.37 1.05

11 Ph Et 170 7 26.3 1.37 1.09
180 5 38.7 0.82 1.03
190 3 36.4 1.00 1.05

12 PhCH2 Me 170 12 31.1 0.09 0.995
180 6 : 27 .4 0.07 0.993
190 4 39.9 0.08 0.994

a) Mole ratio of (+)—nmdp/RuClZ(PPh3)3, 3; RuCl2(PPh3)3, 8 mmol
dm~3; benzylideneacetone/alcohol=1,

b) Calculated from the specific rotation: [a]é7—20 +40° (¢ 5,

15)

. 25 o
CgHg) for (R)-(+)-PhCH(Et)OH; [aly” -20.2°(c 5, C,H OC,H.)

for (R)—(—)PhCHZCH(Me)OH.l6)

corresponding phosphobetaihe can be expected to form in the reac-
tion of the above ketones with the chiral 1igand.14) Especially
in the case of the in situ prepared complex, the phosphobetaine
(R"BECH(Ph)CH=C(R)O_) is then bound to the ruthenium complex as
a new chiral ligand. The unsaturated esters such as the meth-
acrylates, except 2-ethylhexyl methacrylate which possesses an

asymmetric carbon atom, were relatively less effective, probably

because negatively charged oxygen of the ester binds to the
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ruthenium complex and disturbs the coordination of the chiral
ligand in the case of the in situ prepared Ru(II) complex.

The free proton participation in Reaction (4b) has already
been confirmed in the transfer hydrogenation of benzylideneaceto-
phenone by l-phenylethanol with RuCl2(PPh3)3.1O) Through Reac-
tion (4a) and (4b), the abstraction of a-carbon-bound hydrogen
by the ruthenium complex is the rate-determining step.lo)

The structural change of alcohol (RR'CHOH: R, R'=Ph, Me; Ph,
Et; PhCHz, Me) varied the reaction rate and the enantio-selectiv-

ity (Table 3). The selectivity order was not simply reflected

in the bulkiness of the substituents.

Activation Parameter Relationships.

The enantio-selectivity was also dependent on the reaction
temperature and raised by lowering the temperature (Table 2 and
3). Presumably, lower temperature makes the interaction among
the species in Reaction (4a) and (4b) more stronger. The tem-
perature dependence of the reaction rate in the reaction was
expressed by linear Arrhenius relationship for each enantiomer.

A typical example is shown in Fig. 5.

-10.0 [
i Fig. 5. Arrhenius plots in
[i2]
~
2 the dehydrogenation of 1 by
- =-l0.5F
— Ru(II)-(+)-nmdp complex with
1%
° benzylideneacetone. R, 0; S, @.
v -11.0 F
> Reaction conditions were the
5
same as in Fig. 3.
-11.5 L 1
2.15 2.20 2.25 2.30

103/T/K'



Notably, the activation parameters thus obtained, which re-
flect those for the rate determining process in Reaction (4b),
bore isokinetic relationship; that is, the smaller AH* values
for one of enantiomers always required negatively larger AS*
values (Fig. 6). In view of the fact that the AHR:F (for (R)-
enantiomer) and AHS+ (for (S)-enantiomer) values are different
from each other and require different AS# (ASR# and ASS:|= for re-
spective (R) and (S)-enantiomer) values in the isokinetic rela-
tion, the coordinatioq distance between the carbonyl oxygen and

the Ru metal center in the following transition state might be

different between enantiomers;

H o cygr?
RR'C==0--(Ru)--ll 5
CHR | .

The shorter coordination distance probably makes the AH+ value
smaller, requiring the negatively larger AS+ value. If this is
true, the difference (AAH*) between AHR+ and AHS+ values might
have a correlation with the difference (AAS+) between ASR* and
ASS+ values. In this regard, there is a linear correlation be-
tween the AAH% and AAS% values with intercept zero (Fig. 7).
This correlation strongly suggests the enantiomer-differentiat-
ing process controlled by steric factors (reflected by AS*)
which compensate electronic ones (reflected by AH*); the hydro-
gen migration from RR'CHOH to the complex might simultaneously

occur in the different coordination distance between the

enantiomers.

-23-



1
2.0
~ 1.5
l'—_4 T
o)
. E
—~
3 S onof B
e 2 3
S o 10 06
5
<q 0.5F 4
9
10 1 i 1 0 12. N " s
-20 0 20 40 60 : 0 1 2 3 4 5
-AS+/ cal mo1 ! k71 AAS+/ cal mol” ! k71

Fig. 6 1Isokinetic relationship. Numbers are the same as in
Table 2 and 3. R,Q0; S, A.
Fig. 7 Correlation between AAH+ and AAS*. Numbers are the

same as in Table 2 and 3.

1-4 Summary

Kinetic resolution of racemic secondary alcohols in the
dehydrogenation with ruthenium(II) chiral monophosphine complex-
es was gtudied. The magnitude of enantio-selectivity was
substantially dependent on the structure of the chiral phosphine
ligand, the equiliblium of the complex in the reaction system,
the asymmetry induced by unsaturated species, and reaction
temperature. The linear isokinetic relationship was exhibited

between AH+ and AS+ values obtained for each enantiomer. There

~24~-



was also a linear correlation between the differences of the
above activation parameters for the enantiomers. These
relationships led to an assumption that the enantiomer-
differentiating process was controlled by the difference in

coordination distance of each enantiomer to the chiral complex.
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CHAPTER 2 ENANTIOMER-DIFFERENTIATING DEHYDROGENATION OF
SECONDARY ALCOHOLS BY A BINUCLEAR RUTHENIUM(II)

CHIRAL DIPHOSPHINE COMPLEX

2-1 Introduction

A chiral diphosphine of (+) or (-)-2,3-0O-isopropylidene-
1,4-bis(diphenylphosphino)-2,3-butanediol (diop), first reported
by Kagan17) in 1972, has been accepted as an efficient chiral

)17)

ligand for rhodium(I and ruthenium(II1)18,19) complexes cata-

lyzed asymmetric hydrogenation of olefins, for rhodium(I)
complex catalyzed asmmetric hydrosilylation of ketones,20’21)
and for nickel(II) complex catalyzed asymmetric Grignard cross-
coupling.22’23)

Therefore, the author has examined the catalytic efficien-
cy of a binuclear ruthenium(II)-(-)-diop complex, Ru2Cl4((—)—
diop)s,jjlthe enantiomer-differentiating dehydrogenation of

racemic secondary alcohols with or without unsaturated com-

pounds as hydrogen donor.

2-2 Experimental

Measurements.
1
Elemental analyses, records of H NMR spectra, gas-chromato-
graphic analyses and optical rotation measurements were carried

out with the same instruments described in Chapter 1.

Materials.

Racemic alcohols were distilled before use. Unsaturated

compounds for the dehydrogenation of alcohols were used after
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recrystallization or distillation.

The chiral diphosphine of (-)-diop was prepared by Kagan's

method17) (Scheme 1). The chiral phosphines of (-)-o-methoxy-

phenylmethylphenylphosphine (o-ampp), (-)-propylmethylphenylphos-

phine (pmpp), and (+)-benzylmethylphenylphosphine (bmpp) were
6)

synthesized according to Mislow's method. (+)-Neomenthyldi-

phenylphosphine (nmdp) was made by means of the method of
3)

Morrison, and ruthenium(II)-(+)-nmdp complex was prepared in

situ from RuClz(PPhs)3 and (+)-nmdp. The binuclear ruthenium

18)

complex, Ru2014((—)—diop)3, was prepared by James' method and

the other complexes, RuClz((—)—o—ampp)z(PPh3)3, RuClZ((—)—pmpp)s
and RuCl2((+)—bmpp)3, were made according to the phosphine ex-
change method.7) Characterization of‘Ru2C14((—)—diop)3 is as
follows: 1H NMR (CDC13) §=0.86 (6H, broad), 1.57 (12H, broad),
3.02 (6H, broad), 6.98 (20H, m), and 7.18 (40H, m); IR (CsI), 318
em! (Ru-Cl). Found: C, 60.78; H, 5.78; Cl, 7.58%. Calcd for

C93H96Cl406P6Ru2: C, 60.72; H, 5.22; Cl, 7.22%.

H
HO~J _~ CO.Et + E CH,OH
2 H L1A1H
(Me) C(OMe)
HO C02Et CO Et CH OH
H
J/ TsCl
H
0. - CH,PPh, ; CH,OTs
NaPPh
1
0] CH.PPh CH OTS
2 2
H
Scheme 1.
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Reaction Procedure and Analyses.

The dehydrogenation of secondary alcohol by the ruthenium
(II) chiral phosphine complex was carried out in a two-neck flask
(50 cm3) without solvents at 120-195°C under nitrogen atmosphere
in the absence or in the presence of hydrogen acceptor. After
a desired conversion of the reaction was obtained, the unreacted
alcohol was fractionally distilled under reduced pressure and
the distillate was subjected to the optical rotation measurement.
In the dehyhdrogenation of achiral alcohols such as benzyl alco-
hol with chiral ruthenium complexes at 120-195°C, the distilled
alcohols were confirmed to include no optically active contam-
inants. In order to determine the optical purity of the alcohol,
average value of the optical rotations measured four times was
used as the observed one. The distribution of the reaction prod-
ucts was monitored by gas-chromatographic analyses, and some
products such as the racemic or meso bis(1l-phenylethyl) ether
were identified by 1H NMR after their fractional collection by

gas-chromatography.

2-3 Results and Discussion

Propriety to Pseudo-first-order Rate Law.

Dehydrogenation of 1-phenylethanol (i) by Ru2Cl4((-—)—diop)3
was carried out in the presence of benzylideneacetone as hydro-
gen acceptor at 165°C. Results are shown in Table 1. The opti-
cal purity of the unreacted alcohol increased with increasing in
the conversion of 1, and the redction obeyed pseudo-first-order
rate law up to 65% conversion; rate constans, kR and kS’ calculat-

ed from the following Equations (la) and (1b) for each
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Table 1. Inantio-selective Dehydrogenation of 1 by Ru2Cl4((—)-diop)3

with Benzylideneacetone at 165°C

. 23 6 6
Time Conv —[a]D 0.P. 10 kR 10 kS kR/kS Product/mol%
h % o % st s” AP PEE S,B
2 23.0 0.46 0.88 37.5 35.1 1.07 98.9 1.1 trace
3 32.7 0.65 1.24 37.8 35.5 1.06 83.6 15.5 0.9
4 41,0 0.92 1.75 37.9 35.4 1.07 87.0 12.3 0.7
6 54.9 1.28 2.44 38.0 35.7 ) 1.06 88.0 11.4 0.6
8 65.3 1.49 2.84 37.8 35.8 1.06 88.4 11.2 0.4
a) Catalyst, 2 mmol dm_s; alcohol, 83.4 mmol; olefin, 68.4 mmol.

b) Calculated from the specific rotation; [a]§3 ~52.5¢ (¢ 2.27, CH
8)

2C12) for
(s)-enantiomer.
c) AP: acetophenone; PEE: bis(l-phenylethyl) ether; S,B: styrene and ethyl-

benzene.



enantiomer, were invariable for the reaction period of 8 h, and
its ratio (kR/kS), which reflects the enantio-selectivity in the

present reaction, also unchanged virtually.

kRz%ln(R]O/[R]=—tl:— 1n(1-C)(1-0.P.) (1a)
kS:.%_1n[s]o/[s]=-%-1n(1—C)(1+O.P.) (1b)

Where [R] and [S] mean respective concentrations of (R) and (5)-
enantiomer, the subscript zero represents the initial state, C
is the fraction of conversion of the racemate, and O.P. (optical
purity of the unreacted alcohol) is %0.P./100.

As indicated in Table 1, the present chiral ruthenium com-
plex produced acetophenone (AP) as the main dehydrogenation prod-
uct of 1, with quantitative saturation of hydrogen acceptor, but
small amounts of racemic and meso bis(l-phenylethyl) ether (PEE)
were also detected, together with traces of styrene and ethyl-

benzene.

Efficiency of (-)-diop as Chiral Ligand.

In order to establish the actual efficiency of (-)-diop as
a chiral ligand of the ruthenium(II) complex in comparison with
other chiral phosphine ligands, the dehydrogenation of 1l-phenyl-
1-propanol was examined in the presence of benzylideneaceto-

phenone at 165°C with Ru Cl4((—)—diop)3, and RuCle((~)—o—ampp)2_

2
PPh_), RuCl -)- , RuCl - y d RuCl h -

( 3) u 2(( )-pmpp) o, RuCl,((+)-bmpp)_, and Ru 5 (PPh_)
(+)-nmdp complex (prepared Zm situ). Results are listed in
Table 2. Although the enantio-selective ability of Ru2014((—)—

diop)s‘complex is not directly compared with those of the other

mononuclear complexes, among the complexes to be tested,
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Table 2. Enantio-selective Dehydrogenation of 1-Phenyl-1-
propanol by Chiral Ruthenium(II) Complexes with Benzylidene-

acetophenone at 165°Ca)

Complex Time Conv O.P.b) kR/kS
h % %
Ru,C1,((-)-diop), 24 56.8 11.0 1.30
Ruc12((—)—o—ampp)2 78 51.8 0.09 1.00
h
(PP 3)3
RuClz((-)—pmpp),3 3 40.5 0.24 1.01
RuClz((+)—bmpp)3 70 26.3 1.36 1.09
c)
RuClz(PPhs)S— 72 59.1 0.51 1.01
(+)-nmdp

a) Catalyst, 4 mmol dm™3 except for Ru Cl4((-—)-diop)3 (2 mmol

2
dm_s); alcohol, 83.4 mmol; olefin, 68.4 mmol.
b) Calculated from the specific rotation: [a]é7_20 +40.0° (¢ 5,
15)

C6H6) for (R)-(+)-enantiomer.

c) Prepared in situ (mole ratio of RuCl2(PPh3)3/(+)—nmdp, 1/4).

(-~)-diop ligand substantially brought about the highest selectiv-

ity in the enantiomer-differentiation of the alcohol. Probably
the high enantio-selectivity of the ruthenium-(-)-diop complex
is attributable to its conformational rigidity due to the seven-
membered chelate structure, as compared with other ruthenium(II)

chiral monophosphine complexes.
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Effects of Hydrogen Acceptors.

Addition of hydrogen acceptors to the reaction system sub-
stantially enhanced the enantio-selectivity of the chiral ruthe-
nium complex in comparison with that in the same reaction with-
out hydrogen acceptors, and structure effect of hydrogen accep-
tors on the enantio-selectivity was observed (Table 3). Such a
structure effect of hydrogen acceptors has also been reported in
the enantiomer-differentiating dehydrogenation of i by in situ

4) and Ru(II)-(+)-nmdp complexes.25)

prepared Rh(I)—(+)—nmdp2
There are two possible explanations of the effect of hydrogen
acceptors on the selectivity: (a) the change in the type of hy-

drogen acceptors affected the equiliblium of Ru Cl4((—)—diop)3

2
in solution, (b) the coordination of the unsaturated hydrogen
acceptor (RlCH=CHR2) to the chiral ruthenium complex gives rise

to newly formed asymmetric center, as shown in below;

RICH=CHRZ  + (Ru) —> (Ru) 2 (2)
R} CH==CHR®
* 3*

where (Ru) denotes a catalytically active species supplied from

the ruthenium complex. 31P NMR spectroscopy showed the disso-

ciation of bridged type Ru2Cl4((—)—diop)3 in solution has

been suggested as follows;26)

Cl %l Cl
p. I~ P P c1 p. | _p
( >Ru—P P—Ru/) = < SRu” + ~ Ry (3)
P7 | | ~p P~ Nc1 P” I
cl cl cp P
where P P denotes (-)-diop. However, it seems unreasonable to

explain the effect of hydrogen acceptor on the selectivity only



Table 3. Effect of Hydrogen Acceptors on Enantio-selectivity in

the Dehydrogenation of 1 by Ru2Cl4((—)—diop)3a)

No. Hydrogen acceptor Temp Time Conv 0.P. kR/kS
°C h % %
1 Benzylideneaceto- 150 22 23.5 0.34 1.02
phenone 170 14 23.9 0.34 1.02
180 8 37.9 1.03 1.04
190 . 5 48.4 3.37 1.11
2 Benzylideneacetone 120 34 18.5 0.29 1.03
130 24 35.9 0.62 1.03
150 6 27.1 0.58 1.03
3 trans-Stilbene 170 10 12.9 0.71 1.08
180 10 20.3 1.18 1.10
130 10 28.3 2.76 1.18
4 Ethyl cinnamate 170 5 22.8 1.14 1.09
180 5 28.8 1.28 1.08
190 4 37.9 2.74 1.13
5 2-Ethylhexyl 170 5 37.4 5.68 1.28
methacrylate 180 5 53.4 6.15 1.17
190 4 72.4 4,27 1.07
6 None . 170 8 11.6 0.120 1.02
180 7 15.7 0.243 1.02
190 6 21.1 0.294 1.03
b

7 a-Methylcrotonic ) 165 8 65.4 4.85 1.09

acid

a) Reaction conditions were the same as in Table 1.

b) The enantiomeric excess of a-methylbutyric acid enriched with

(R)-enantiomer was 21%.
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Table 4. Enantiomer-differentiating Dehydrogenation of

1-Phenyl-1-propanol by Ru2014((—)—diop)3 in the Presence of

Hydrogen Acceptora)

Hydrogen acceptor Temp Time Conv 0.P. kR/kS
°C h % %
Benzylidenaceto- 165 24 56.8 11.0 1.30
phenone 175 11 75.7 14.1 1.22
Benzylideneacetone 165 | 8 56.3 2.52 1.03

a) Reaction conditions were the same as in Table 1.

on the basis of Explanation (a).

On the other hand, Explanation (b) seems plausible because
asymmetric centers induced by the coordination of olefins to
chiral metal complexes (piz., Platinum-chiral amine complexes)

12,13) Although, in the case of the

have already been reported.
platinum amine complexes, Reaction (2) has been established only
at temperature much lower than 120-195°C, the newly formed asym-
metric centers in the intermediate g might not be completely disf

12,13) even in the present tempera-

appeared via epimerization,
ture range. The possibility of Reaction (2) is supported by the
fact that g-methylcrotonic acid used as a prochiral hydrogen
acceptor instead of achiral olefins was converted into a chiral
species ((R)—(-)—MeCHZCH(Me)COZH) with enantiomeric excess of
21% in the dehydrogenation of 1 by Ru2014((-—)—diop)3 at 165°C,
and simultaneously (S)—(—)—i was obtained with the 0.P. of 4.85%

(at 68.4% conversion).
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In connection with the above effect of hydrogen acceptors
on enantio-selectivity, change in the type of racemic alcohol
also affected the magnitude of the selectivity to a substantial

extent (Table 4).

Reaction Mechanism.

If the induced asymmetry in the intermediate g’plays an
important role in the enhancement of enantio-selectivity, the co-
ordination of the hydrogen acceptor to the chiral complex is re-
quired before the coordination of the alcohol to the complex can
proceed. In this regard, an increase in the concentration of a
hydrogen acceptor with respect to that of the alcohol resulted
in a monotonous increase in the reaction rate up to the mole
ratio of olefin/alcohol=1l, but excess concentration of olefin
retarded the reaction rate (Fig. 1). This probably implies that
an increase in the olefin concentration raises the concentration
of the intermediate g, which, in turn, reacts with the alcohol

in following way;

*
-yt CHR!
2 + RR'CHOH —> | RR'CHO— (Ru)~-ll | —>
CHR
*
B cur? x4 N
RR'C=0--(Ru)--l , [ —> | RR'C=0--(Ru)-CHR CH,R"| ——
CHR
*
RR'C=0 + RlCHZCHZRZ + (Ru). (4)
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Fig. 1. Effects of mole ratio of benzylideneacetone/i,on reac-
tion rate (kR,o; Kg, ® ) and enantio-selectivity (kR/kS, 0) in

the dehydrogenation of 1 by Ru Cl4((—)—diop)3 (2 mmol dm~3) at

2
165°C. Conv. (%), AP (mol%), PEE (mol%): A(45.7, 35.2, 64.4); B

(25.0, 97.4, trace); C(28.4, 98.8, trace); D(18.2, 98.3, trace).

In the case of using excess of olefin, its shielding of the
active site of the intermediate g depresses the reaction between
the intermediate 2 and the alcohol in Reaction (4). The reac-
tion between the intermediate 2 and the alcohol starts via the
deprotonation of alcohol. The deprotonation process, comparable
with rate-determining step, can be explained by rate enhance-
ment with addition of a base; the dehydrogenation of ethanol by

9)

2Ph)6]Cl is accelerated by potassium hydroxide, and

the transfer hydrogenation of benzylideneacetophenone by PhCH-

Ru_Cl_(PEt
(Ru,C1 (

(Me)O Na' with RuC12(PPh3)3 is markedly accelerated as compared
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with a similar reaction including PhCH(Me)OH.lO)

Activation-parameter Relationships.

The rate of dehydrogenation of the alcohol by the ruthenium
(IT)-(-)-diop complex is also dependent on reaction temperature
between the enantiomers, and enantio-selectivity comes to be af-
fected by the temperature (Table 3). Temperature dependence of
the rate constant for each enantiomer can be expressed by the
linear Arrhenius relationship (Fig. 2); the activation parame-
ters (AH+ and AS+) obtained for a series of experiments shown in
Table 3, which reflect those for the rate-determining hydrogen
abstraction process in Reaction (4), exhibited an isokinetic
relationship, that is, the smaller AH* values for one of enantio-

mers always require larger negative AS+ values (Fig. 3). Such an

-10.5 ~-9.0
n —
) 2-Ethylhexyl !
\U] -11.0 methagry(la:{e 1 -9.5 Q T
X~ _Y_,m val
5 = =
-11.5 1-10.0 o
4 ¢
o 5 &
*
£5-12.0 1-10.5 & 3
o trans-Stilbene c
— —
-12.5F 1 -11.0
i 1
2.15 2.20 2.25
3 -1
107/T/K st/ cal mor~L k~1

Fig. 2. Typical Arrhenius plots. kR,c); kS,..
Fig. 3. An isokinetic relationship. Numbers are the same as in

Table 3. R,0; S,A -
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isokinetic relationship indicates that the electronic factors
reflecting in AH:‘E are compensated by‘the steric factors reflect-
ing in AS*. Hence, the difference in AI—I:rL between the (R) and
(s)-enantiomers (AHR+ and AHS+ respectively) leads to the idea
that the coordination distance between the oxygen and the ruthe-
nium metal in the transition state might be different between
the enantiomers; the shorter qoordination distance makes the AH*
values smaller, while it makes negative AS* ones larger. If
this is true, the difference between AHR+ and AHS+ values, AAH*,
is correlated with that between ASR#and ASS+ (for (R) and (S)-
enantiomer respectively) values, AAS+. In this respect, there
is a linear correlationship between AAH+ and AAS4= values with
the intercept of zero (Fig. 4). It may be deduced, therefore,
that coordination of the alcohol to the chiral ruthenium complex
occurs at a different coordination distance between the enantio-

mers under asymmetric circumstances, viz., stereochemical influ-

ence of chiral ligand.
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2-4 Summary

The asymmetric dehydrogenation of racemic alcohols by Ru2—
Cl4((—)—diop)3 was investigated with or without hydrogen accep-
tors at 120-195°C. The magnitude of enantio-selectivity was sub-
stantially affected by the structure of the alcohols and hydro-
gen acceptors, and by reaction temperature. The activation
parameters (AH+ and AS+) obtained from the linear Arrhenius
dependence of reaction rate constants for each enantiomer bore
an isokinetic relationship, and the differences in the parame-

ters of the enantiomers (AAH:f and AAS+) also showed a satisfacto-

ry linear correlationship between them.
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CHAPTER 3 ENANTIOMER-DIFFERENTIATING DEHYDROGENATION OF A
SECONDARY ALCOHOL BY RHODIUM(I) CHIRAL PHOSPHINE

COMPLEXES

3-1 Introduction

Rhodium(I) complexes possessing chiral phosphine ligand
have been widely utilized as enantio-selective catalyst in asym-

1)

metric reaction, such as asymmetric hydrogenation or hydro-

formylation27) of prochiral olefins, and asymmeric hydrosilyla-

21, 28) However, there have been no reports on

tion of ketones.
the chiral rhodium(I) complexes utilized in the kinetic resolu-
tion of racemates.

This Chapter describes the enantiomer-differentiating dehy-
drogenation of racemic l1-phenylethanol (L) in the presence of
unsaturated species by in situ prepared rhodium(I)-(+)-neomen-
thyldiphenylphosphine (nmdp) or rhodium(I)-(-)-2,3-0-isopropyl-
idene-1,4-bis(diphenylphosphino)-2,3-butanediol (diop) complexes.
Characteristic features of the chiral rhodium(I) complexes in
the reaction is shown with respect to the dependence of cataly-

tic enantio-selectivity on the concentration of chiral phosphine

and of unsaturated additives, and on reaction temperature.

3-2 Experimental

Measurements.
Records of 1H NMR spectra, gas-chromatographic analyses and
optical rotation measurements were carried out with the same

instruments described in Chapter 1.
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Materials.

The alcohol of 1 was distilled before use. Unsaturated
compounds were supplied for the dehydrogenation of the alcohol
after distillation or recrystallization.

Chiral phosphines of (+)-nmdp and (-)-diop were synthesized

3) 17)

according to Morrison's and Kagan's methods, respectively.

4)2]2 and RhH((-)-diop), were pre-
9) 30)

pared by means of the methods of Cramer2 and Cullen, respec-

Rhodium(I) complexes, [RhCl(C2H

tively. The chiral rhodium(I)-(+)-nmdp and rhodium(I)-(-)-diop
complexes were prepared in situ from [RhCl(C2H4)2]2 and respec-
tive phosphines; the mole ratios of (+)—nmdp/[RhCl(C2H4)2]2 and
(—)—diop/[RhCl(C2H4)2]2 were 6 ‘and 3, respectively, with some

exceptions noticed in this Chapter.

Reaction Procedure and Analyses.

The dehydrogenation of i by the rhodium chiral phosphine
complexes was carried out in a two-neck flask (50 cm3) without
solvent at 160-190°C under nitrogen atmosphere. After a desired
conversion of the reaction was obtained, the unreacted alcohol
was fractionally distilled under reduced pressure and then the
distillate was subjected to optical rotation measurement. In
the dehydrogenation of benzyl alcohol, achiral alcohol, with the
chiral rhodium (I) complexes at 180°C, it was confirmed that the
distilled alcohol included no optically active contaminants. To
determine the optical purity of the alcohol, the average value
of the optical rotations measured four times was used as observ-
ed one. The distribution of reaction products was monitored by

1

gas-chromatography, and the products were identified by “H NMR

after their fractional collection by gas-chromatography.
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3-3 Results and Discussion

Propriety to Pseudo-first-order Rate Law.

When the dehydrogenation of racemic i’by the rhodium(I)-(+)-
nmdp complex was carried out at 180°C in the presence of benzyl-
ideneacetone as hydrogen acceptor, the optical purity (0.P.) of
unreacted i'enriched with (§)-(-)-enantiomer increased with
increasing in conversion of 1 (Table 1). It was shown that the
reaction obeyed pseudo—first—order rate law; rate constants, kR
and kg, calculated from the following Equations (1a) and (1b)
for each enatiomer, where almost invariable for the reaction

period of 36 h. The ratios (kR/kS), which reflect the enantio-

selectivity in the present reaction, were also constant

virtually.
kR=%ln[R]O/[R]=——tl:- 1In(1-C)(1-0.P.) (1a)
kg= - 1n[s] /[S]=- + 1n(1-C) (1+0.P.) (1b)

Where [R] and [S] mean respective concentrations of (R) and (S)-
enantiomer, the subscript zero represents the initial state, C
is the fraction of conversion of the racemate, and 0.P. is
%0.P./100.

As shown in Table 1, products of the present reaction
mainly consisted of acetophenone (AP) and racemic and meso bis(1-
phenylethyl) ether (PEE) together with a small amount of styrene
and ethylbenzene, including saturated product of the hydrogen

acceptor.
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Table 1.

Enantio-selective Dehydrogenation of 1 by Rh(I)-(+)-nmdp Complex

with Benzylideneacetone at 180°C a)
Time Conv -[a] 23 p.2) 105 10%k k_/k Products/mols’’
D e R R*S
% ° % st s~ AP  PEE ST EB
8 6.1 0.188 .358 2.32 2.08 1.11 75.6 16.8 6.0 1.6
19 14.3 0.224 . 427 2.32 2.19 1.06 64.5 30.0 3.2 2.3
30 21.6 0.363 .691 2.31 2.18 1.06 79.8 17.6 1.4 1.2
36 25,2 0.516 .983 2.32 2.17 1.07 79.9 17.9 1.9 0.3
a) Catalyst was prepared in situ from [RhCl(C2H4)2]2 (5 mmol dm—s) and (+)-

b)

c)

nmdp (30 mmol

Calculated from the specific rotation; [u]§3 -52.5° (¢ 2.27, CH
8)

(8)-(-)-enantiomer.

_3)‘

H

dm

83.5 mmol;

olefin,

.5 mmol,

2012) for

AP: acetophenone, PEE: bis(l-phenylethyl) ether, ST: styrene, EB: ethyl-

benzene.



Concentration Effects of (+)-nmdp.

Enantio-selective abilities of in situ prepared chiral
rhodium(I) complexes, which were very low but reproducible, were
dependent on the concentration of the chiral phosphine. Figure 1
indicates concentration effects of (+)-nmdp on the selectivity
of the rhodium(I)-(+)-nmdp complex in the dehydrogenation of 1
with benzylideneacetone at 180°C. The selectivity monotonously
increased up to the mole ratio of (+)—nmdp/[RhCl(C2H4)2]526, and
thereafter, decreased gradually with increasing in (+)-nmdp con-
centration. Maximum selectivity obtained with (+)-nmdp/[RhC1-
(C2H4)2]22e6 may be related to the formation of active chlorine-
bridged dimer species of [RhCl((+)—nmdp)2]2 probably via follow-
ing equiliblium; 39’

-4 02H4

A 4

[RhCl(CzH + 6 (+)-nmdp

4)2]2

[RhCl((+)—nmdp)2]2 + 2 (+#)-nmdp ——

2 RhCl((+)—nmdp)3. (2)

Effects of Hydrogen Acceptors.

The enantio-selectivity was also dependent on the concentra;
tion of unsaturated additives as hydrogen acceptor. As shown in
Fig. 2, addition of benzylideneacetone to the reaction system
resulted in an enhancement of enantio-selectivity and apprecia-
bly suppressed PEE formation. In the absence of the additive,
PEE predominantly formed, and consequently the enantio-selectiv-
ity became lower through the consumption of 1 without enantio-
selection. Although the olefin suppressed PEE formation through

hydrogen transfer from 1 to the olefin, PEE formation still
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Fig. 1. Effects of mole ratio of (+)—nmdp/[RhCl(C2H4)2]2 on
reaction rate (kR, O; kg, ® ) and on enantio-selectivity (kR/kS, a)
in the dehydrogenation of 1 (83.5 mmol) by Rh(I)-(+)-nmdp com-
plex with benzylideneacetone (68.5 mmol) at 180°C.

[rRnci(c,H,),],, 5 mmol am™3.

occurred even in an excess concentration of the olefin. Thus,
the reaction includes competifive processes of AP and PEE forma-
tions, as shown in a proposed mechanism in Scheme 1, where (Ru)
denotes active chiral rhodium(I) species. Intermediates of‘§
and g} which possess newly formed asymmetric center, contribute
to an enhancement of the enantio-selection of i during Reaction
(3b). The deprotonation and protonation processes, Reaction (3Db)
and (3d) respectively, have been reported in the transfer hydro-
genation of benzylideneacetophenone by deuterated l‘with RuClz—

(PPh3)3,lo) where the abstraction of a-carbon-bound hydrogen by

0)

the complex is the rate-determining step.l

—45-~



0.822

0 0.4 0.6 1.2
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Fig. 2. Effects of mole ratio of benzylideneacetone/l’on
enantio-selectivity in the dehydrogenétion of 1 by Rh(I)-(+)-
nmdp complex at 180°C.

Concentrations of the catalyst and l’were the same as in Table 1..

Values are the mole ratio of AP/PEE in the products.

Change in the structure of unsaturated additives varied the
magnitude of enantio-selectivity (Table 2). This indicates that
olefins as hydrogen acceptors play an important role in enhance-
ment of the selectivity by suppression of PEE formation and by
the creation of asymmetric center through coordination to the
chiral rhodium(I) complex.lz’ls)

The effect of olefin to be tested at 180°C on increasing of
the selectivity is the following order: benzylideneacetophenones
benzylideneacetone>trans—stilbene>ethyl cinnamate>hexyl methacry-

late.‘ Such an order of the effect of additives on the selectivi-

ty elevation was just the same as in the dehydrogenation of‘l
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Table 2. Effect of Hydrogen Acceptors on Enantio-selectivity in

the Dehydrogenation of 1 by Rhodium(I)-(+)-nmdp Complexa)

No. Hydrogen acceptor Temp Time Conv 0.P. kR/kS
°C h % %

1 Benzylideneacetone 160 36 7.9 0.512 1.14
170 30 10.9 0.613 1.11

180 30 18.5 0.743 1.08

190 20 22.5 0.827 1.07

2 Benzylideneaceto- 170 38 11.1 0.521 1.09
phenone 180 30 12.4 0.631 1.10
195 30 41.6 1.084 1.04

3 trans-Stilbene 170 48 .0 0.231 1.09
180 30 .4 0.147 1.05

195 30 19.1 0.200 1.02

4 Ethyl cinnamate 170 48 9.5 0.098 1.02
180 30 11.0 0.066 1.01

195 23 28.8 0.082 1.01

5 Hexyl methacrylate 170 43 8.9 0.072 1.02
180 30 23.2 0.059 1.01

195~ 26 70.6 0.000 1.00
6 Benzylideneacetoneb) 140 24 27.2 0.033 1.OO2
160 24 38.9 0.291 1.OO8
170 24 41.1 0.041 1.OO2

7 None 170 30 12.1 0.133 1.02
180 30 29.4 0.048 l.OO3
190 22 45.1 0.091 1.OO3

a) Reaction conditions were the same as in Table 1.

b) RhH((-)-diop) was used instead of the Rh(I)-(+)-nmdp complex.
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(Rh) + RCH=CHR' —— (Rh) 2 (3a)
~ : ~
RCH=CHR"
* ¥*
*
CHR
2 + 2 PhCH(Me)OH —|PhCH(Me)0—(Rh)--| + PhCH(Me)OH,* (3b)
CHR'
*
3
3 ——> [Ph(Me)C=O——(Rh)—-CHRCH2R'] 4 (3c)

4, Ph(Me)C=0 + RCHZCHZR' + (Rh) + PhCH(Me)OH (3d)

PhCH(Me)0H2+

RO

(PhCH(Me))ZO + H,0 (3e)

Scheme 1.

catalyzed by the Ru(II)-(+)-nmdp complex in the presence of the

24) The bulky substituent of olefins seems to be

same olfins.
more effective for the selectivity elevation, and it is also
taken into consideration that remarkable effect of the unsaturat-
ed ketones on enantio-selectivity is due to the formation of a
bulky chiral ligand oflphosphobetaine (R'aECH(Ph)CH=C(R)O_) from
the ketone and chiral ligand (R'3P).14) The phosphobetaine is

capable of behaving as an asymmetrically effective ligand instead

of (+)-nmdp.

Effects of Added Base.
Inorganic bases accelerate hydrogen transfer from alcohol

1)

to unsaturated species,3 and this basicity effect has already

been observed in the transfer hydrogenation of
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_Table 3. Basicity Effect of 2,5-Xylidine on Enantio-selectivity in the

Dehydrogenation of 1 by Rh(I)-(+)-nmdp and Rh(I)-(-)-diop Complexes at 180°Ca)

Complex 2,5-Xylidine Conv 0.P. 10 kR 10 ks kR/kS AP PEE
mmo 1l % % s1 5”1 mmol mmol
Rh(I)-(+)-nmdp 0 18.4 0.67 1.95 1.82 1.06 7.82 3.43
50 40.7 0.67 4,98 4.77 1.02 32.9 trace
Rh(I)-(-)-diop 0 73.3 0.05 12.2 12.2 1.00 26.1 32.2
25 36.0 0.04 4,13 4,13 1.00 29.5 trace
50 48,7 0.69 6:23 6.10 1.02 35.8 3.79
100 39.4 0.26 4,65 4.60 1.01 32.0 trace

a) Reaction period was 30 h and other conditions were the same as in Table 1.

The Rh(I)-(-)-diop complex was prepared in situ from [RhCl(C2H (5 mmol

3).

4)2]2
dm_a) and (-)-diop (15 mmol dm Benzylideneacetone was used as an

unsaturated additive.



benzylideneacetophenone with PhCH(Me)OnNaf catalyzed by RuClZ—

10) In the present reaction, effect of 2,5-xylidine on

(PPh3)3.
enantio-selectivity in the dehydrogenation of 1 by Rh(I)-(+)-
nmdp and Rh(I)-(-)-diop complexes with benzylideneacetone was
investigated. 2,5-Xylidine caused AP to dominate PEE completely,
changing the reaction rate and the selectivity (Table 3). How-
ever, the rate and the selectivity did not vary consistently
with the 2,5-xylidine concentration, so that such a basicity
effect is not simple; the base is capable of participating in
both protonation and deprotonation steps, and in changing the
catalytic activity of the chiral rhodium(I) complex. At any

rate, the basicity effect was observed in present asymmetric

catalysis of the chiral rhodium(I) complexes.

Activation-parameter Relationships.
The enantio-selectivity decreased with elevating tempera-

ture in spite of increasing of conversion of 1 (Table 2).

-12.5
~ -13.0T
® Fig. 3. Typical Arrhenius
~
w
x plots in the dehydrogenation
5 -13.5 |
of 1 by Rh(I)-(+)-nmdp com-
[ ~
o
plex. Hydrogen acceptor was
£-14.0 F
c benzylideneacetone and other
~
conditions were the same as
_14.5 i 1 "
2.15 2.20  2.25 2.30 in Table 2. kg, O; kg, @ -

103/1"/K'l
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same as in Table 2.

Presumably, higher temperature lowers
asymmetry in the intermediate 2 owing

and makes the interaction between the

o
.

3
0 p
1
2
5 -
7
4
5
6
0 1 L
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AAS*/ cal mo1 ! g1
are the same as in

Numbers are the

the magnitude of induced

to epimerization,

12,13)

catalyst and the reactants

less strong so as to diminish enantio-selectivity.

Each rate constnat (k

tionship in the range of 170-195°C (Fig. 3),

R

or kS) satisfied the Arrhenius rela-

suggesting that the

reaction course or mechanism remains unchanged in the tempera-

ture range.

It is noteworthy that an isokinetic relationship is observ-

ed between the activation parameters, AH+ and AS+, which reflect

rate-determining step during the dehydrogenation of the alcohol
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(Fig. 4). This implies that steric factor compensates for acti-
vation barrier in hydrogen transfer from the alcohol to the
olefin by the rhodium(I) complex, that is, the shorter the co-
ordination distance between o-carbon-bound oxygen and rhodium
metal center in the intermediate g makes the easier the abstrac-
tion of gq-carbon-bound hydrogen of the alkoxide-rhodium complex.
Further, it is fognd out that the difference, AAH+, of acti-
vation enthalpy between enantiomers is linearly proportional to
the difference, AAS+, of activation entropy through that of the

i

origin (Fig. 5). The enthalpy difference AAH' exhibits activa-
tion barrier between enantiomers during hydrogen transfer in the
intermediate 3. Therefore, it is suggested that enantio-selec-

tion of 1 is controlled by coordination distance in the alkoxide-

rhodium(I) complex (intermediate 3) for each enantiomer.

3-4 Summary
Asymmetric dehydrogenation of 1l-phenylethanol by in situ

prepared Rh(I)-(+)-nmdp and Rh(I)-(-)-diop complex was investi-
gated with or without unsaturated additives. Enantio-selectivi-
ty was dependent on the concentration of chiral phosphine and un-
saturated additives, on basicity of the reaction system, on the
structure of unsaturated additives, and on reaction temperature.
Isokinetic relationship was observed between activation parame-
ters AH+ and AS+, and it was found out that the difference, AAH+,
in activation enthalpies between (R) and (S)-alcohol was propor-

tional to the corresponding entropy difference, AAS*.
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CHAPTER 4 ENANTIOMER-DIFFERENTIATING INTRAMOLECULAR HYDROGEN
TRANSFER OF AN UNSATURATED ALCOHOL BY RUTHENIUM(II)

AND RHODIUM(I) CHIRAL PHOSPHINE COMPLEXES

4-1 Introduction

Ruthenium(II) and rhodium(I) chiral phosphine complexes
have been reported to be catalytically active for enantiomer-
differentiating dehydrogenation of racemic secondary alcohols
with intermolecular hydrogen transfer between alcohols and

11,33,34) There have, however, so far been no reports

olefins.
on kinetic resolution of alcohols by means of intramolecular
hydrogen transfer with chiral transition metal complexes as cata-
lysts. An unsaturated alcohol has both hydrogen donor and accep-
tor groups per se, so that the hydrogen transfer is expected to
proceed easily and efficiently under mild condition.

This Chapter describes on enantiomer-differentiating intra-
molecular hydrogen transfer of an unsaturated alcohol, 1-buten-

3-01 (1), by ruthenium(II) and rhodium(I) chiral phosphine

complexes.

4-2 Experimental

Materials.

The alcochol (i) was distilled before use. The chiral
phosphines of (+)-neomenthyldiphenylphosphine (nmdp),B) (-)-2,3-
0-isopropylidene-1,4-bis(diphenylphosphino)-2,3-butanediol
17) ) and  (-)-o-

(diop), (+)-benzylmethylphenylphosphine (bmpp),6

methoxyphenylmethylphenylphosphine (o—ampp)6) were synthesized
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according to the literature methods, respectively. Preparation

. 29)
of [RhCl(CeH4)2]2 and Ru2Cl4((—)—d10p)3 were done by Cramer's

8)

and James'1 methods, respectively. Complexes of RuClZ((+)~

bmpp)3 and RuClz(o—ampp)Z(PPhB) were prepared by the phosphine

exchange method.7)

Reaction Procedure and Analyses.

A typical reaction was run as follows. A mixture of 1
(4.1 g, 58.3 mmol), [RhCl(02H4)2]2 (8.0 mg, 2.4x10°° mmol) and
(-)-diop (20.1 mg, 4.2x10_2 mmol) was put into a flask (50 cm3),
purged with nitrogen prior to use. The flask was controlled at
70°C. After the given reaction period, unreacted 1 was separat-
ed by fractional distillation from the mixture, and the distil-
late was supplied for the measurement of optical rotation with
a high sensitive digital polarimeter (Union PM-101). Reaction
products were analyzed by a gas-chromatograph (Hitachi 063),

using a 2-m column packed with Tween 80 on Celite 545 at 80°C.

4-3 Results and Discussion

When the intramolecular hydrogen transfer of 1 by in situ
prepared Rh(I)-(-)-diop copmlex was carried out at 80°C, the
optical purity (O0.P.) of the unreacted l enriched with (g)-
enantiomer increased with increasing in conversion of the alco-
hol (Table 1). It is obvious from Fig. 1 that the reaction
obeys pseudo-first-order rate law, and the ratios of rate con-
stants for enantiomers(kR/ks), which reflect the enantio-selec-
tivity in the present reaction, are virtually constant; k_ and kS

R

values were calculated from the following equations.
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Table 1. Dependence of Optical Purity on Conversion of 1a

. 20 b)
Time Conv [a] 0.P.

h % o %
1.5 6.0 0.130 0.38
3.5 13.0 0.296 0.87
5.0 18.0 0.312 0.92

6.0 21.9 0.369 1.09

a) Catalyst, in situ prepared Rh(I)-(-)-diop complex from
3
).

[Rnc1(c,H,),], (4 mmol dmn™3) and (-)-diop (8 mmol dm 3);
reaction temperature, 80°C.

b) Calculated from the specific rotation; [a]SO +33.9° (neat)

for (g)-(+)-1.35)
kR=% 1n[R]O/[R]=_%1n(1—c)(1—o.P.) | (1a)
ks=—% ln[S]O/[S]=_tl:—1n(1—C)(1+O.P.) (1b)

wWhere [R] and [S] mean respective concentrations of (R) and (§)-
enantiomer, subscript zero represents the initial state, C is
the fraction of conversion of the racemate, and O0.P. is
%0.P./100.

In present reaction, the extent of intermolecular reaction,
viz., hydrogen transfer from 1 to 1, was found to be very small
in comparison with the intramolecular one, and 2-butanone (more
than 91 mol% in the products) was never produced through the
reaction of 2-butanol with 1l-buten-3-on under the present reac-

tion condition.
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In Table 2, the results of the intramolecular hydrogen
transfer of 1 by various ruthenium(II) and rhodium(I) chiral
phosphine complexes are listed. The ruthenium(II) complexes ex-
hibited high catalytic activity as compared with the rhodium(I)
complexes, as well as the ruthenium ones in the asymmetric hydro-

11,33,34) The highest

gen tansfer of'racemic alcohols to olefins.
enantio-selectivity (kR/kS=1.21) was brought about by Ru2Cl4((—)—
diop)3 at 70°C. The ruthenium(II) and rhodium(I) complexes with
bulky chiral diphosphine of (-)-diop resulted in high enantio-
selectivity more than those containing the chiral monophosphine.
Probably, a bulky and rigid chelate structure of Ru(II)-(-)-diop

or Rh(I)-(-)-diop complex is favolable for the enantio-selection

through steric interaction during the hydrogen transfer.
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Table 2. Asymmetric Intramolecular Hydrogen Transfer of 1 by

Ru(II) and Rh(I) Chiral Phosphine Complexesa)

No. Complex Concn Temp Time Conv 0.P. kR/kS
mmol dm °  °C h % %

1 Ru-(+)-nmdp 8 70 9.0 37.4 0.55 1.02
80 5.0 48.6 0.16 1.02

90 1.3 53.7 1.15 1.03

2 RuClZ((+)— 8 70 8.0 16.1 0.97 0.898
bmpp)3 80 4.0 15.0 0.59 0.930
90 1.5 9.2 0.40 0.921

3 RuCl,((-)-o- 8 70 10.0 7.8 0.12 0.971
ampp)2(PPh3) 80 5.0 9.8 0.13 0.975

90 4.0 11.9 0.29 0.955

4 Ru2Cl4((—)— 4 70 3.0 10.8 1.06 0.829
diop)3 80 3.0 20.6 1.09 0.910

90 2.0 30.8 1.70 0.912

5 Rh-(+)-nmdp 10 70 30.0 0.18 1.04
80 18.0 9.2 0.34 1.07

90 10.0 0.17 1.04

6 Rh-(-)-diop 10 70 6.0 9.4 0.57 1.12
80 4.0 14.7 1.28 1.18

1.38 1.08

90 4.0 29.6

a) Ru-(+)-nmdp complex was prepared in situ from RuClz(PPha)3 (8

mml dm_s) and (+)-nmdp (48 mmol dm“s), Rh-(+)-nmdp and Rh-(-)-

diop complexes from [RhCl(C2H4)2]2 (5 mmol dm~3) and
(+)-nmdp (30 mmol dm_3) and (-)-diop (10 mmol dm_3),

respectively.
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Fig. 2. Typical example of Arrhenius plots. H{,O; ks,és.

Al though the kR/kS ratio Qas aléo dependent on the reaction
temperature, each rate constant, kR or kS, for the enantiomer
satisfied linear Arrhenius relations (Fig. 2). Activation para-.
meters, AH+ and AS*, obtained for each enantiomer of k bore an
isokinetic relationship with the larger AH* values always requir-
ing negatively larger AS# values. Similar isokinetic relation-
ship has been observed for the intermolecular hydrogen transfer
from racemic secondary alcohols to olefins, and interpreted by
compensating effect of steric factors on electronic ones in the
rate-determining step of an abstraction of the hydrogen bound
to aq-carbon atom in the ruthenium-alkoxide intermediate.ll’34)

For the present reaction, therefore, the following mechanism

can be acceptable for establishing isokinetic relationship;
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CH =CH
5 C (EHCH3 +

OH

[(M)—CH(CHB)COCH

where (M) denotes active species.

_H 0
(M) — |cH _cH” (m)

3 or

+

(M)-CH

H

/,O\ 1

>|H c-¢" (M)

3 : 3 \ '

CH;CH2 CHZCH
]H+ Y

CH COCH ]1—> CH CCH CH. +

27 2 3 3 2 3

2

—

(M) (2)

The deprotonation and the

protonation processes have been established for the case of in-

termolecular hydrogen transfer from alcohols to olefins by RuCl_-

10)
(PPh3)3.

Presumably,

2

the difference in the coordination dis-

tance of each enantiomer to the chiral complex is reflected in

those' in AH* and AS+ values of the enantiomers.

Furthermore,
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the activation parameters (AAH+=AHR+ - AHS4= and AASzf:ASRz* - Ass+)
between enantiomers show a linear correlation through the origin
without any appreciable difference between the ruthenium(II) and
rhodium(I) complexes (Fig. 4). Such a correlation suggests that
enantio-differentiating process is controlled by steric factor
(viz., the coordination distance in the alkoxide complex inter-

mediate), to compensate electronic one.

4-4 Summary

Asymmetric intramolecular hydrogen transfer of racemic 1-
buten-3-0l by ruthenium(II) and rhodium(I) éhiral phosphine com-
plexes was studied. The enantio-selectivity was affected by the
structure of chiral phosphine. The highest selectivity (kR/kS=
1.21) was obtained in the Ru2Cl4((—)—diop)3~catalyzed reaction
at 70°C. The activation parameters (AH* and AST) exhibited an
isokinetic relationship, and the difference in the parameters
for each enantiomer (AAH+ and AAS+) showed a satisfactory linear

correlation between them.
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CHAPTER 5 ENANTIOMER-DIFFERENTIATING DEHYDRATION OF A

1,3-DIOL BY RHODIUM(III) CHIRAL PHOSPHINE COMPLEXES

5-1 Introduction

While the dehydration of 1,3-diols with sulfuric acid has

been reported to give the unsaturated alcohols or aldehydes, or

36)

ethers, a system of RhCl3 and triphenylphosphine has been

found to be an effective catalyst for the selective one-step
conversion of 1,3-diols into monoketones.37)

Therefore, the author has examined the application of the
catalytic reaction to the enantiomer-differentiation of racemic

1,3-butanediol by the use of RhCl_-chiral phosphine complexes.

3

5-2 Experimental

Materials.

Rhodium trichloride trihydrate (RhC1l .3H20) was commercial-

3
ly available. 1,3-Butanediol and phenol were distilled before

use. (-)-2,3-0-Isopropylidene-1,4-bis(diphenylphosphino)-2,3-

) 3)

butanediol (diop)17 and (+)-neomenthyldiphenylphosphine (nmdp

were prepared according to the literature methods, respectively.

Reaction Procedure and Analyses.
A typical reaction was run as follows. A mixture of 6 g

(66.7 mmol) of 1,3-butanediol, 0.132 g (0.50 mmol) of RhC1 -3H20

3
and 0.162 g (0.50 mmol) of (+)-nmdp was put into a flask (50 cm3)
purged with nitrogen previously. The flask was controlled at

70°C. After the desired reaction period, the unreacted diol was
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separated by fractional distillation from the mixture, and sup-

plied for the optical rotation measurement with a high sensitive
digital polarimeter (Union PM-101). Reaction products were ana-
lyzed with Hitachi 063 gas-chromatograph, equipped with a 1-m

column packed with Tween 80 on Celite 545.

5-3 Results and Discussion

Various ruthenium(II) and rhodium(I) chiral phosphine com-
plexes were examined as a cataiyst for the asymmetric dehydra-
tion of 1,3-butanediol in the presence of phenol, which was add-
ed in order to homogenize the reaction system. Complexes of

*
[RhCl(C2H4)2]2~L , RhC1l(PPh *, RgClS—L*, RuCIZ(PPh3)3_L*’

3)37k
and Ru2Cl4((—)—diop)3 (L*=chiral phosphine) showed markedly low

or negligible activity at 80°C, but only RhCl _-chiral phosphine

3
complexes had remarkable catalytic activity.

When the reaction of the diol by the rhodium(III) complexes
was carried out at 70-90°C, the unreacted diol was found to be
optically active and enriched with (R)-(-)-enantiomer in the
reaction by the Rh(III)-(+)-nmdp complex and with (S)-(+)-enan-
tiomer in the reaction by Rh(III)-(-)-diop complex. The optical
purity (O0.P.) of the diol increased with increasing in conver-
sion (Table 1). As indicated in Fig. 1, the reaction obeyed
pseudo-first-order rate law, and rate constant ratios (kR/kS)
for each enantiomer, reflecting enantio-selectivity in the pre-
sent reaction, were constant virtually.

k
R
(R)~(b)—CHSCH(OH)CHchzOH o

I
CH3CC2H5 + H,0 (1)

(S)—(+)—CH3CH(OH)CH2CH2OH
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Table 1. Dependence of Optical Purity on Conversion of

)

1,3-Butanediol?

Complex Temp Time Conv [a]SB O.P.b)
°C h % o %
RhC13—(+)—nmdp 80 12 17.6 -0.170 0.90
80 24 - 33.3 -0.179 0.95
80 48 56.1 -0.350 1.86
RhCl3—(—)—diop 30 10 12.8 +0.056 0.30
90 18 20.9 +0.098 0.52
90 30 33.4 +0.108 0.57
a) RhCl3, 72 mmol dm—3; mole ratio of the phosphine/RhCls, 1/1.
the diol, 9.6 mol dm™S3.
b) Calculated from the specific rotation; [a]§3 -18.8° (c 4,
C2H50H) for the (R)-(-)-diol.
2-Butanone was always formed in more than 98 mol% in the pro-
ducts, and kR and kS values wére evaluated by the following
equations.
1 -1 _ _
kR—-Eln[R]O/[R]_ T 1n(1-C)(1-0.P.) (2a)
1 __1 -
kg= £1n[s],/[s]=-F 1n(1-C)(1+0.P.) (2b)

Where [R] and [S] mean respective concentrations of (R) and (S5)-
enantiomer, the subscript zero represents the initial state, C
is the fraction of conversion of the racemate, and O.P. 1is

%0.P./100.
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Fig. 1. Plots of reaction time vs. ln[R]O/[R] (OQ) or

1n[s],/[s] (&) , and ky/kg ratio (@).

Reaction conditions were the same as in Table 1.

As Fig. 1 indicates, the monophosphine of (+)-nmdp was a
more effective chiral ligand than the diphosphine of (-)-diop in
the system of RhCls—L*, in te?ms of dehydration activity and
enantio-selectivity. Mole ratio of the phosphine to RhCl3 also
affected the dehyration rate and the selectivity. In the case
of Rh(III)-(+)-nmdp system, an increase in (+)—-nmdp/RhCl3 ratio
accelerated the dehydration rate up to the ratio>0.5, but remark-
ably diminished the rate with monotonous elevation of enantio-
selectivity (Fig. 2). Probably, the rate drop in high (+)-nmdp
concentration is attributable to neutralization of the positive
charge of the rhodium metal center due to the coordination of
the phosphine to the complex. In fact, the decrease in oxida-

tion number of rhodium metal center in the complex resulted in
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Fig. 2. Effects of (+)—nmdp/RhCl3 mole ratio on dehydration

rate (k_,, O; kS,ZS) and on enantio—seiectivity (ks/kR,CJ).

R’
Reaction conditions were the same as in Table 1.

Table 2. Dependence of Enantio-selectivity on the Concentration

of RhCl3—(+)—nmdp (1:1) Complex and Reaction Temperaturea)

Concn Temp Time Conv 0.P. /
mmol dm > °C h % % s
36 80 48 17.7 0.21 1.02
72 80 24 33.3 0.95 1.05
72 90 18 28.1 _ 0.92 1.06
72 95 16 27.2 0.57 1.04
144 80 24 63.0 4,53 1.10

a) The diol , 9.6 mol dm S.
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lowering the catalytic activity remarkably; the system of [RhCl~

(C2H4)2]2—L* or RhC1l(PPh * showed negligibly low activity.

3)37L
In relation to above phenomena, it is also noteworthy that
an increase in amount of RhCls—(+)—nmdp (1:1) accelerated the
dehydration rate monotonously with increasing enantio-selectivi-
ty (Table 2). Therefore, magnitude of the selectivity is not
directly related to the dehydration rate. On the other hand,
elevation of reaction temperature from 70°C to 95°¢C increased

the dehydration rate, but did not change the selectivity so

markedly (Table 2).

5-4 Summary

Asymmetric dehydration of racemic 1,3-butanediol to 2-butan-
one by RhClS—chiral phosphine complexes was studied. Catalytic
activity and enantio-selectivity were affected by the mole ratio

of chiral phosphine to RhCl by the concentration of the catal-

3 H
yst, and by reaction temperature. The maximum enantio-selectiv-

ity of kR/kS=1.ll was obtained.
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PART 2

ASYMMETRIC HYDROGENATION

BY CHIRAL TRANSITION METAL COMPLEXES



CHAPTER 6 ASYMMETRIC TRANSFER HYDROGENATION OF UNSATURATED
ACIDS AND ESTERS BY ALCOHOLS WITH BINUCLEAR

RUTHENIUM(II) CHIRAL DIPHOSPHINE COMPLEXES

6-1 Introduction

Since ruthenium(II) chiral phosphine complexes have been
effective catalysts for enantiomer-differentiating dehydrogena-
tion of racemic secondary alcohols in the presence of unsaturat-
ed compounds,l’z) the author has investigated the catalytic effi-
ciency of the chiral ruthenium complexes for transfer hydrogena-
tion of prochiral olefins by alcohols, to examine the asymmetric

hydrogenation without molecular hydrogen.

Rl R2 R2

\ / 1 x J/

/C=C\ + RR'CHOH ————> R CH2CH + RR'C=0 (1)
3 \

H COZR C02R3

This Chapter describes effects of chirality and bulkiness
of substituent groups in reactants on the extent of asymmetric
induction in the transfer hydrogenation of prochiral unsaturated
acids and esters by alcohols with RuClz(PPha)3 or Ru2014((+)— or
(—)—diop)3 (diop=2,3-p-isopropylidene-1, 4-bis(diphenylphosphino)-

2,3-butanediol).

6-2 Experimental

Materials.

(+) or (-)-Diop and RU2C14((+) or (—)—diOp)3 were prepared

3) 4)

by Kagan's and James' methods, respectively. 1,2-p-Iso-
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propylidene-, 1,2;5,6-¢p-diisopropylidene-, 1,2-p-cyclohexylidene-
and 1,2;5,6-p-dicyclohexylidene—q-D-glucofuranose were synthe-

sized by the methods reported.5’6)

Several a-methylcrotonates
(1-phenylethyl, a-(ethoxycarbonyl)benzyl, (1R,2R)-1,2-bis(ethoxy-
carbonyl )-2-hydroxyethyl, and l-menthyl esters) were prepared vig
the reaction of a-methylcrotonoyl chloride with corresponding
hydroxy compounds (1-phenylethanol, ethyl mandelate, diethyl
(2R,3R)-tartrate, and l-menthol, respectively). Alcohols, pro-

chiral acids, and esters were distilled or recrystallized

before use,.

Transfer Hydrogenation.

A mixture of prochiral olefin anq alcohol was allowed to
react in the presence of the chiral ruthenium complex in a test
tube at the given temperature under nitrogen atmosphere. The
reaction mixture was refluxed in a 10% NaOH-methanol solution,
and the insoluble catalyst was separated from the solution by
filtration. The filtrate was washed with water, acidified with
dilute HC1l solution in the range of pH 3-4, and extracted with
ether. The etherial phase was washed with water, dried over
magnesium sulfate, and then evaporated to dryness. The unreact-
ed prochiral olefin and hydrogenated product were identified by
gas-chromatographic analysis (Yanagimoto G-180) at 170°C using a
1-m column packed with 15% EGA on Uniport B or 1H NMR (100 MHz,
JEOL MH-100) method. The optical rotation of the hydrogenated
products was measured with a high sensitive Union PM-101 digital

polarimeter.
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6-3 Results and Discussion

Hydrogenation of Unsaturated Carboxylic Acids and Esters.

Asymmetric reduction of the carbon-carbon double bond in
prochiral a,B-unsaturated mono- and di-carboxylic acids by
benzyl alcohol or p-methoxybenzyl alcohol was first carried out
with Ru2Cl4((-)—diop)3. The results are summarized in Table 1.
The optical purities of hydrogenated products for the unsaturat-
ed mono-carboxylic acids were relatively high as compared with
those for the unsaturated di-carboxylic acids. The carboxyl
groups might hinder asymmetrically favorable coordination of the
carbon-carbon double bond in the substrate to the chiral ruthe-
nium(II) complex in the step of asymmetric induction.

It is also noteworthy that optical purities of saturated
products derived from a-methylcrotonic acid or g-methylcinnamic
acid (16.4 and 15.4%, respectively) are higher than the reported
values (maxima 6.9 and 1.5%, respectively) for the transfer
hydrogenation of the same species with H4Ru4(CO)8((—)—diop)8 at
120°C by 2-propanol, indoline, and dioxane.7)

Asymmetric transfer hydrogenation of a series of esters of
a-methylcrotonic acid by benzyl alcohol or 1-phenylethanol was
carried out with the Ru(II)-(-)-diop complex. The results are
shown in Table 2. The ester derivatives of g-methylcrotonic acid,
as compared with a-methylcrotonic acid itself, were easily hydro-
genated to give the corresponding hydrogenated products with
very low optical purities, which decreased with increasing bulki-
ness Qf the ester groups. The bulky ester moiety might decrease
the extent of asymmetric induction considerably by suppressing

approach of the ester to the chiral catalyst during
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Table 1. Asymmetric Transfer Hydrogenation of Prochiral

Unsaturated Carboxylic Acids by Benzyl Alcohol with

. ond)
Ru2Cl4((—)—d10p)3 at 180°C
. . b)
Substrate Time Yield [a]D 0.P.
h % ° %
CH3\ /CHS
Cc=C 6 10 -1.99 16.4
d \\CO H
H 2
CGSQ /CHS
C=C 6 36 -3.29 15.9
7 N
H CO_.H
2
/COZH
CH,=C 6 31 -0.86 6.1
EAN
CH2CO2H
HOZC\\ ,/CHS
c=C 9 9 -0.59 3.4
RN
H CO_H
2
a) Catalyst, 4 mmol dm_a; olefin, 40 mmol; alcohol, 80 mmol.

b) Calculated with respect to the following values of optically

pure acids: [a]éa +12.17% (¢ 5, C,H.OH) for (§)-(+)-CH,

.8) 25 .
(CHB)COZH, [e]~ +20.68° (neat) for (§)-(+)-C H,CH,CH(CH,)-

.9) 20 . _
COH;” [a] +16.88° (c 2.16, C,HOH) for (R)-(+)-CH,CH

CH2CH—

3

.10) 20 . —(=)=HO—

H; [«]5 -17.27° (e 5, C,HOH) for (5)-(-)-HO,
11)

(CO2H)CH2CO2

CCH2CH(CH3)C02H.
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Table 4. Asymmetric Transfer Hydrogenation of g-Methylcrotonic Acid and Its

Esters by Achiral and Racemic Alcohols with Ru2Cl4((—)—diop)3 at 190°Ca)

Alcohol CH,CH=C(CH;)CO,R  Time Yield [a 53 0.p.P)  confn
R h % ° %
C H_ CH,OH H 8 10 -1.39 11.4 R
CH, 4 35 +0.22 1.8 S
CH 5 53 +0.28 2.3 S
C,H 5 47 +0.28 2.3 S
CgHg CH, 5 41 +0.20 1.7 S
- CgHgCH(CH,)OH H 10 13 -3.21 26.4 R
) 4 10 -2.21 18.2 R
CH, 3 85 -1.21 10.0 R
C2H5 22 59 ° -1.19 9.8 R
C,Hg 4 94 -0.90 7.4 R
C¢HsCH, 5 75 -1.02 8.4 R
- -1. .1
p-CH,OC H, CH,OH Hd) 8 1.35 11 R
H +1.25 10.3 S

a) Ru2C14((-)—diop)3, 4 mmol dm_s; alcohol, 67 mmol; olefin, 33 mmol.

b) Opti-

cal purities of saturated esters calculated for a-methylbutyric acid obtained

from the esters by base hydrolysis.

((+)-—diOp)3 was used.

C) Reaction temperature, 170°C.

d) Ru

2

Cl4—



enantio-differentiating process.

The extent of asymmetric induction is also affected by the
structure of hydrogen donor. Such an achiral alcohol as benzyl
alcohol resulted in a low magnitude of asymmetric induction than
l-phenylethanol in the hydrogenation of og-methylcrotonic acid.
Although benzyl alcohol gave saturated esters enriched with (§)-
enantiomer, racemic l-phenylethanol afforded products enriched
with the antipode with higher optical purity.

When a hydrogen transfer is effected with the Ru(II)-(-)-
diop complex from alcohol to such an unsaturated acid as
a-methylcrotonic acid, the reaction is considered to proceed via
two courses I and I1 specified in Scheme 1. In Course I, a par-
tial esterification of the saturated acid is followed by reduc-
tion of the carbon-carbon double bond of the unsaturated acid,
and in Course II, an unsaturated ester is formed before the cor-
responding acid is hydrogenated by alcohol in the presence of
the Ru(II) complex. In order to elucidate which course is pre-
dominant in the asymmetric trgnsfer hydrogenation of unsaturated
acid, the time dependences of chemical yields of products in the
Ru(II)-(-)-diop complex catalyzed transfer hydrogenation of
ag~-Mmethylcrotonic acid and 1l-phenylethyl a-methylcrotonate by
l-phenylethanol were determined.

As shown in Fig. 1, a-methylcrotonic acid was hydrogenated
smoothly by l-phenylethanol with a small extent of esterifica-
tion of the unsaturated acid, and the rates of hydrogen transfer
from l-phenylethanol to a-methylcrotonoic acid and to l-phenyl-
ethyl'a~methylcrotonate did not differ distinctly from each

other. Strictly speaking, the hydrogenation of a-methylcrotonic
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Esterification 11

Unsaturated acid » Unsaturated ester
Reduction Reduction
Saturated acid » Saturated ester
T Esterification
Scheme 1.

acid was accompanied by a rate‘drop due to the slow esterifica-
tion of the acid. Thus, the chiral Ru(II) complex-catalyzed
reaction of a-methylcrotonic acid with l-phenylethanol proceeds
mainly via Course I with formation of g-methylbutyric acid as a
main product.

On the other hand, esterification of a-methylcrotonic acid
by benzyl alcohol was relatively rapid, and benzyl g-methylcroto-
nate was easily reduced to benzyl g-methylbutyrate. From the
gradual decrease in yield of g-methylbutyric acid after the reac-
tion period of 2 h (Fig. 2), it is evident that the saturated
ester is produced from a-methylbutyric acid via Course I, and
that benzyl a-methylbutyrate is formed from a-methylcrotonic
acid and benzyl alcohol pig both Courses I and II; the latter
path seems predominant. it should be stressed that in the trans-
fer hydrogenation of a-methylcrotonate with benzyl alcohol or 1-
phenylethanol, no hydrolysis of unsaturated or saturated esters
was observed. Thus, the difference in reactivity between the
hydrogen donors affected the transfer hydrogenation process,
allowing l-phenylethanol to give higher optical purity (18.2%)

than that (11.4%) obtained with benzyl alcohol in the
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Fig. 1. Changes of product yields with time in the transfer
hydrogenation of a-methylcrotonic acid (3.0 mol dm_3) by 1-
phenylethanol (5.8 mol dm °) with Ru,C1,((-)-diop), (4.0 mmol
am™3) at 190°cC.

Product: a-methylbutyric acid (O ), l-phenylethyl a-methylbutyrate
(A), l-phenylethyl g-methylcrotonate (0O ); l-phenylethyl
a-methylbutyrate ( &) obtained with 1-phenylethyl a-methylcroto-

nate (2.3 mol dm3) and 1-phenylethanol (4.7 mol dm™°) at 190¢C.

Fig. 2. Changes of product yields with time in the transfer
hydrogenation of oa-methylcrotonic acid (2.9 mol dm_3) by benzylv
alcohol (7.0 mol dm °) with Ru,C1,((-)-diop), (4.0 mmol am™3) at
190-°C.

Product: g-methylbutyric acid (O), benzyl a-methylbutyrate a),
benzyl a-methylcrotonate (0 ); benzyl o-methylbutyrate (&)
obtained with benzyl a-methylcrotonate (1.5 mol dm"3) and benzyl

alcohol (6.8 mol dm’3) at 190°C.
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hydrogenation of g-methylcrotonic acid (Table 2). Since the
saturated product from benzyl a-methylcrotonate had considerably
low optical purity (1.7%) and contained the prevailing (S)-enan-
tiomer, opposite to the predominant enantiomer found in the reac-
tion of a-methylcrotonic acid with benzyl alcohol, the easy
esterification of a-methylcrotonic acid by benzyl alcochol is
taken to be responsible for the decrease in optical purity of

the saturated product.

For the present reaction the effective asymmetric induction
by racemic l-phenylethanol was actually observed, and this is
attributable to chiral circumstances enriched with one specific
enantiomer of the unreacted alcohol. 1In fact, in the transfer
hydrogenation of g-methylcrotonic acid or its esters by racemic
l-phenylethanol, enantiomer-differentiation of the alcohol was
observed, and the optically active unreacted alcohol (maximum
e.e. 4.2%) could be separated; the prevailing enantiomer was
(S)-isomer in the case of the Ru(II)-(-)-diop complex and (R)-
isomer in the case of the Ru(;I)—(+)—diop complex. One of the
enantiomers of l-phenylethanol might contribute to the asymmet-

ric induction through coordination to the chiral Ru(II) complex.

Hydrogenation of a-Methylcrotonic Acid by Chiral Alcohols.

Since the chirality of hydrogen donors was expected to
affect the extent of asymmetric induction in the transfer hydro-
genation of unsaturated species with the chiral Ru(II) complex,
a reaction of og-methylcrotonic acid with chiral alcohol was
carried out as follows; (1) an asymmetric transfer hydrogenation

using oa-bD-glucofuranose derivatives as chiral alcohols with
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Table 3. Asymmetric Transfer Hydrogenation of a-Methylcrotonic Acid by Chiral

Alcohols with RuClZ(PPhs)3 and Ru2014((+) or (—)—diop)3 at 160°Ca)

Alcoho1®’ Catalyst Yield -[a]§3 0.P.
% ° %
.81 .7
RuCle(PPh3)3. 0.8 6
S 0 Ru2014((—)—d10p)3 1.57 12.9
o RuC1 ,((+)-diop) | 0.77 6.4
. RUC1,(PPh_) _ 18 1.08 8.9
HO (o] - )=d3
o RuC1,((-) d%op)s 14 2.74 22,
58 RuCl,((+)-diop) 13 ~0.47 3.9
93 o RUC1,(PPh.) 0.37 1
F o Ru2014((—)—diop) 0.90 .4
s}
:(o) ] 'ﬁ RugC14((+)-dlop)3 0.15 .2
" RuCl2(PPh3)3 19 0.04 0.
(o] .
A§=ﬂ Ru,C1,((-)-diop), 0.23 1.9

3 3

a) RuClZ(PPhs)s, 2.5 mmol dm ~; Ru2014((+) or (—)-diop)s, 1.25 mmol dm °; olefin,

40 mmol; alcohol, 40 mmol in diphenyl ether (300 cm3); reaction time, 12 h.

b) Products derived from the glucofuranose derivatives were not investigated.



an achiral catalyst RuClZ(PPh3)3, and (2) a double asymmetric
transfer hydrogenation by the chiral hydrogen donors with a

chiral catalyst Ru Cl4((+) or (—)—diop)3. Results are listed in

2
Table 3.
In the case of the transfer hydrogenation of g-methylcroto-

nic acid with a chiral alcohol and RuCl2(PPh optically

3)3’
active g-methylbutyric acid (0.3-8.9% e.e.) was produced with

the prevailing (R)-enantiomer, and the use of 1,2;5,6-0-diiso-
propylidene- and 1,2-0-isopropylidene-q-D-glucofuranose gave

rise to higher optical purities (6.7-8.9%) than those (0.3-3.1%)
obtained with 1,2;5,6~0-dicyclohexylidene- and 1,2-0O-cyclohexyl-
idene-a-D-glucofuranose. .

In the double asymmetric reactioﬁ with the chiral alcohol
and RuZCl4((—)—diop)3, the Ru(II) complex substantially increas-
ed the optical purity of g-methylbutyric acid enriched with (R)-
enantiomer with a maximum optical purity of 22.5% in the case of
1,2-0-isopropylidene-a-D-glucofuranose. However, the Ru(II)-(+)-
diop complex gave a lower optical purity of the saturated pro-
duct than that obtained with RUC12(PPh3)3’ and changed prevailing
enantiomer in the product from (R)-isomer to (S)-isomer in the
case of 1,2-0-isopropylidene-g-bD-glucofuranose.

At any rate, the chiral alcohols (a-p-glucofuranose deriva-
tives) contributed to enhancing the extent of asymmetric induc-

tion, even though the maximum optical purity of 22.5% is lower

than that (26.4%) attained with 1-phenylethanol.

Hydrogenation of g-Methylcrotonate Including Racemic or Chiral
Ester Groups.

In the present transfer hydrogenation, double asymmetric
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Table 4. Asymmetric Transfer Hydrogenation of a-Methylcroto-

nates Including Racemic or Chiral Ester Groups by 1-Phenyl-

ethanol with Ru,Cl,((-)-diop), at 190c2)
CHACH=C (CH)CO R Time Yield [0]23 0.P
3CH=C(CH3)CO, . .P.
R h % . %
1-Phenylethyl 10 71 +0.10 0.8
a-(Ethoxycarbonyl) 9 93 -1.88 15.4
benzyl '
(1R, 2R)-1, 2-bis (ethoxy- 4 80 ~0.41 1.1

carbonyl )-2-hydroxyethyl

l-menthyl 9 34 -0.23 1.9

12b) . 43 +0.06 0.6
a) Catalyst, 4 mmol dm—3; alcohol, 67 mmol; ester, 33 mmol.
b) Ru2C14((+)—dlop)3 was used.

induction, including diastereo-face differentiation of unsaturat-
ed esters by a chiral catalsyp, can also be expected by the use
of the esters containing chiral carbon atoms in the ester moiety,
chiral alcohol, and the Ru(II) complex.

When an asymmetric transfer hydrogenation of racemic or
optically active a-methylcrotonate by 1l-phenylethanol was effect
ed with the Ru(II)-(-)-diop complex, no effective double asymmet-
ric induction was realized (Table 4); optical purities of hydro-
genated products were low (maximum e.e. 15.4%). Presumably,
steric bulkiness of the ester group in the substrates decreases
enantio-differentiating ability of the chiral Ru(II) complex

through inhibition of the substrate coordination to the complex.
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Ru,Cl, (diop) ,

-RuClZ(diop)2

RR'CHOH, =-HC1

RuCl, (diop) = ~ (RR'CHO)RuC1 (diop) 2

1 /

A
RlCH=C(R2)C02R3
HC1
—RlCHZCH(Rz)C02R3 ,
' (RR'CHO)RuCl(RlCH=C(R2)C02R3)(diop)
3 .

?OZR $02R3
RuC1 (C=CH,R™) (diop) 5b (RCOR') RuC1 (C=CH,RY) (diop)

! ~s !

R2 ~RCOR" . R2
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or N or

r! rl{1

|
RuC1 (CHCH (R?) cO,R?) (diop)  5b (RCOR') RuC1 (CHCH (R?) CO,R?) (diop)

Scheme 2. The sign of the optical rotation of diop is omitted.

Jw



Reaction Mechanism.

It is obvious that the present asymmetric hydrogen transfer
from an alcohol to unsaturated substrate is effected by the coor-
dination of both the reactants to the Ru(II) complex. From the
fact that chirality of the alcohol sustantially affects the
extent of asymmetric induction by the Ru(II)-(+) or (-)-diop
catalyst, the asymmetric induction can be expected in the proc-
ess of coordination of an olefin to the unisolable ruthenium-
alkoxide complex (viz., the steric approach control over enantio-

2)

face differentiation),l which has previously been formed from
the active ruthenium species and the alcohol.

As for the catalytically active species, RuClZ((+) or (-)-
diop) (1) has been suggested as the plausible species by 31P NMR

. . 13)
analysis of Ru2C14((—)—d10p)3,

RuClz((—)—diop)2 simultaneous-
ly formed seems inactive for the present reaction due to the
lack of active sites.

Therefore, the present transfer hydrogenation is considered
to proceed along the catalytic cycle in Scheme 2, where the par-
ticipation of HCl1l in the step of coordination of the alcohol to
the species l and of the elimination of the hydrogenated product
has been proposed by Sassonl4) in the transfer hydrogenation of
unsaturated ketones by alcohols with RuClZ(PPhs)S. Ruthenium-
alkyl complexes ig and §§ are more plausible than complexes 39
and §P in the light of the contribution of d-w conjugation be-

tween the ruthenium metal and carbonyl group to stabilization.ls)

6-4 Summary

Asymmetric transfer hydrogenation of prochiral unsaturated
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acids and esters by alcohols was carried out with RuCl2(PPh3)3
or Ru2Cl4((+) or (—)—diop)3 at 160-190°C. The optical purity
(3.4-16.4%) of the hydrogenated acids obtained with PhCH2OH and

Ru2Cl4((—)—diop)3 was in the order: MeCH:C(Me)COZH>PhCH=C(Me)C02H>
CH2=C(CH2CO2H)C02H>H02CH=C(Me)CO2H. In the transfer hydrogena-
tion of MeCH:C(Me)CO2R by PhCH,OH or (RS)-PhCH(Me )OH at 190°C,

the extent of asymmetric induction of Ru2014((-—)—diop)4 (1.7-
11.4% e.e. with PhCHZOH and 7.4-18.2% e.e. with (RS)-PhCH(Me )OH)
decreased with increasing bulkiness of group R and was not
enhanced by the introduction of any groups R containing chiral
carbon atoms into esters (maximum e.e. 15.4% ). The change of
hydrogen donors from PhCH,OH to (RS)-PhCH(Me )OH appreciably
increased the optical purity of the-hydrogenated acids and

esters, and the chiral g-b-glucofuranose derivatives afforded

optically active products, even with achiral RuClZ(PPh3)3.
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CHAPTER 7 KINETIC STUDY ON ASYMMETRIC TRANSFER HYDROGENATION
OF UNSATURATED ACIDS AND ESTERS BY ALCOHOLS WITH A

BINUCLEAR RUTHENIUM(II) CHIRAL DIPHOSPHINE COMPLEX

7-1 Introduction

Ruthenium chiral phosphine complexes have hitherto been the
object of only limited investigation in asymmetric reaction,
although some examples of asymmetric hydrogenation of olefins by
ruthenium(II) chiral phosphine complexes have been documented.4’16)

In this respect, as described in previous Chapters, a bi-
nuclear ruthenium(II) chiral diphosphine complex, Ru2Cl4((+) or
(—)—diop)3 (diop=2,3-~p-isopropylidene-1,4-bis(diphenylphosphino)-
2,3-butanediol), has been an efficient catalyst for enantiomer-

differentiating dehydrogenation of racemic secondary alcoholsl)

and for asymmetric transfer hydrogenation of prochiral olefins.17)
However, the mechanism of asymmetric transfer hydrogenation has
not been elucidated, even though there are some kinetic studies
on the transfer hydrogenation o6f olefins ér aldehydes by hydro-

gen donors (alcohols, indole, or dioxane) with RhCl(PPh3)3,18)

14) 19)
RuClZ(PPhS)S’

or RuHE(PPh3)3.
Therefore, the author has investigated the mechanism of Ruz-
Cl4((—)—diop)3—catalyzed asymmetric transfer hydrogenation of

unsaturated acids and esters by alcohols.

7-2 Experimental

Materials.

The binuclear ruthenium(II) complex of Ru2Cl4((—)—diop)3
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was prepared according to the literature method.4) 1-Phenyl-

ethyl a-methylcrotonate was obtained by the reaction of 1l-phenyl-
ethanol with a-methylcrotonoyl chloride, and deuterated benzyl
alcohols (C.H CD2OD, CGHSCDEOH, and C6H5CH2OD) were prepared by

65
the reported method.zo)

Other commercially available organic
materials were fractionally distilled or recystallized before

use.

Kinetic Run.

A typical example of transfer hydrogenation was run as
following procedure. A mixture of the ruthenium complex (5 mg,
2.7)(10-3 mmol), l-phenylethanol (1.57 g, 12.9 mmol) and o-methyl-
crotonic acid (0.20 g, 2.0 mmol) was put into each of five test
tubes in nitrogen atmosphere, and total volume was made by di-
phenyl ether to 2.5 cm3. These tubes was sealed and heated in
a silicon bath controlled at 150+1°C for 10, 20, 30, 40 and 60
min, respectively. The amounts of unreacted substrate and hydro-
genated product were determined by gas-chromatographic analysis
using a 1-m column packed with 15% EGA on Uniport B (Yanagimoto

G-180) or 100 MHz 1H NMR (JEOL MH-100) analysis.

Transfer Hydrogenation by Deuterated Benzyl Alcohol.

A typical example of the reaction was run as follows. A
mixtare of a-methylcrotonic acid (0.54 g, 5.4 mmol), CGHSCDZOH
(1.61 g, 14.6 mmol) and the ruthenium complex (19.8 mg, 10.7
mmol) was put into a test tube in nitrogen atmosphere, and this
tube was sealed and heated for 12 h at 190°C. The deuterium
distribution of reduced products was determined by means of ly

NMR (100 MHz).
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31P NMR Spectrum.

3lp NMR spectrum of Ru2Cl4((—)—diop)3 in p-dichlorobenzene
was recorded on JEOL FX-100 in 10 mm-tube at 40.32 MHz with the
external standard of 85% H

3PO4 in D20.

7-3 Results and Discussion

Rate Dependence on the Concentration of Catalyst, Alcohol, and
Unsaturated Substrate.

As indicated_by typical time-yield curves for the present
Ru2014((—)—diop)3—catalyzed transfer hydrogenation in Fig. 1,
conversion of the unsaturated substrate to the Hydrogenated prod-
uct is linear with time during initigl stage. When a-methyl-
crotonic acid was used as a hydrogen acceptor, the reaction pro-
ceeded stoichiometrically up to more than 20% conversion at tem-
perature below 190°C, but thereafter some of the hydrogen donor
was consumed by esterification reaction with the saturated acid;
the extent of esterification between such an alcohol as l-phenyl-
ethanol and the unsaturated acid was negligibly small, especial-
ly during the initial stage. 1Initial reaction rate (ri), deriv-
ed from linear part of the time-yield curve, was directly propof—
tional to the concentration of the ruthenium(II) complex and to
that of the hydrogen donor (Fig. 2 and 3). The first-order de-
pendence of the reaction rate on the concentration of Ru2014((—)—
diop)3 and that of the hydrogen donor suggests that Ru2014((—)—
diop)3 itself changes into a catalytically active species, to
which one molecule of hydrogen donor coordinates for reaction.

Although a linear dependence of reaction rate on the
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Fig. 1. Typical time-yield curves for Ru2014((—)—diop)3 (1.0

mmol dm_3) catalyzed transfer hydrogénation of g-methylcrotonic
acid (0.63 mol dm °) (O) at 150¢C, and l-phenylethyl ag-methyl-
crotonate (0.5 mol dm_s) (@®) at 165°C by 1l-phenylethanol (7.0

mol dm_s) in Ph,0.

2
Fig. 2. Dependence of initial rate (ri) on the concentration of
Ru2C14((—)—diop)3 in the transfer hydrogenation of g-methylcroto-
nic acid (0.80 mol dm_a) by l-phenylethanol (7.5 mol dm~S) at
150°C, and of l-phenylethyl g-methylcrotonate (0.5 mol dm~3) at -
165°C by 1l-phenylethanol (6.5 mol dm=3) in Ph,0.

Symbols are the same as in Fig. 1.

concentration of hydrogen acceptor was observed in the case of
an unsaturated ester, l-phenylethyl g-methylcrotonate, the ini-
tial rate was reduced with increasing in concentration of the un-
saturated acid, and a linear relationship between l/r‘i and the

concentration of the unsaturated acid was established, with a
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Fig. 3. Dependence of initial rate (ri) on the concentration
of 1l-phenylethanol in Ru2014((—)—diop)4 (1.0 mmol dm's) catalyz-

3)

ed transfer hydrogenation of a-methylcrotonic acid (0.8 mol dm™
at 150°C, and of l-phenylethyl a-methylcrotonate (0.5 mol dm“3)
at 165°C in PhZO.

Symbols are the same as in Fig. 1.

positive intercept on the vertical axis (Fig. 4). The unsaturat-
ed acid coordinates to the ruthenium(II) complex easily and
strongly, as compared with the unsaturated ester, which might
retard the coordination of hydrogen donor via shielding of the

active coordination site of the catalyst.

Rate Dependence of Added (-)-diop Concentration and Reaction

Temperature.

Addition of (-)-diop to the reaction system lowered the

initial rate, and the plots of 1/ri vs. added (-)-diop
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Fig. 4. Dependence of initial rate (ri) on olefin concentration
in Ru2Cl4((—)—diop)3 (1.0 mmol dm_s) batalyzed transfer hydroge-
nation of g-methylcrotonic acid at 150°C, and of l-phenylethyl

3

a-methylcrotonate at 165°C by 1l-phenylethanol (7.0 mol dm ~) in

Ph20.

Symbols are the same as in Fig. 1.

concentration tend towards a straight line with a positive inter-
cept (Fig. 5). The coordination of added (-)-diop to catalyti-
cally active species, which will be discussed later, makes the
catalyst inactive, but coordination strength of (-)-diop is not
very much larger than that of hydrogen donor or acceptor, as can
be seen from the rate decrease on addition of (-)-diop (Fig. 4).
The initial rate was also influenced by reaction temperature
(140-200°C), and the plots of ln(ri) vs. 1/T gave linear
Arrhenius relationships for the hydrogenation of the unsaturated

acid and ester (Fig. 6). Therefore, the reaction proceeds
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Fig. 5. Dependence of initial rate (ri) on the concentration of

added (-)-diop in the Ru,Cl,((-)-diop), (1.0 mmol am™3) catalyz-

2
ed transfer hydrogenation of a-methylcrotonic acid (0.8 mol dm_s)
at 150¢C, and of 1l-phenylethyl a-methylcrotonate (0.5 mol dm—s)

at 190°C by 1-phenylethanol (7.5 mol dm™>) in Ph.,0.

Symbols are the same as in Fig. 1.

Fig. 6. Plots of 1ln r, vs. 1/T for the Ru2014((—)—diop)3 (1.0
mmol dm_s) catalyzed transfer hydrogenation of g-methylcrotonic
acid, and of 1l-phenylethyl a-methylcrotonate by l-phenylethanol

(7.4 mol dm °) in Ph,,0.

Symbols are the same as in Fig. 1.

the same mechanism in the temperature range of 140-200°C without

structure change in catalytically active species. With regard

4

to activation parameters, the activation energy E', enthalpy of

4

activation AH*, and entropy of activation AS' were evaluated as

22.8 (23.9) kcal mol™ Y, 22.0 (23.1) kcal mol™ Y, and -13.7 (-18.9)
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Scheme 1.
-1 -
cal mol K 1 for the Ru2014((—)—diop)s—catalyzed transfer

hydrogenation of a-methylcrotonic acid (1l-phenylethyl a-methyl-
crotonate) by l-phenylethanol. Although the transfer hydrogena-
tion of bulky unsaturated ester required a slightly larger acti-
vation energy as compared with that of the unsaturated acid, the.
reaction is considered to proceed via the process shown in
Scheme 1, where (Ru) denotes a catalytically active species; the
participation of H" in the reaction process has been confirmed

by Sasson.14)

Generation of Catalytically Active Species.
It is necessary here to discuss the catalytically active

species formed from the binuclear ruthenium(II) diphosphine
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Fig. 7. P NMR spectrum of Ru2Cl4((—)—d10p)3.

complex, Ru2Cl4((—)—diop)3. The 31P NMR spectrum of Ru2Cl4((—)—

diop)3 at -10°C showed six different peaks, one due to free (-)-
diop (-24.6 ppm) and five others denoted by a (13.4 ppm, doublet
JPP=28.1 Hz), b (21.0 ppm, doublet, JPP=28.1 Hz), ¢ (29.7 ppm,
doublet, Jpp=35.4 Hz), d (37.4 ppm, doublet, JPP=35‘4 Hz), and e
(67.6 ppm, triplet, JPP=33.9 Hz), in the ratio of 1.5:1:3:3:1:4, .
as shown in Fig. 7.

Since the remarkable difference in the chemical shifts (a-b
306 Hz, b-c 351 Hz, and c-d 310 Hz) does not correspond to the

21-23) there is no Ru-P coupl-

usual P-P coupling (JPP=25—4O Hz);
ing. The chemical shifts indicate the mixture of relative
stable five or six-coordinate ruthenium(II) complexes generated

from Ru2Cl4((-—)—diop)3 via the equiliblium reaction shown in

Scheme 2, where the coordination of one solvent molecule to
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Scheme 2. §~P: (-)-diop; S: solvent.

the five coordinated ruthenium(II) complexes is assumed. Since
peaks ¢, d, and e change into broad signal (51.0 ppm) on raising
temperature from -10 to 70°C, they can be assigned to (-)-diop

in Ru2Cl4((—)—diop)2, bridged (-)-diop in Ru Cl4((—)—diop)3, and

2
terminal (-)-diop in Ru2014((—)—diop)3, respectively, and peaks
a and b could well be those of (-)-diop in two stable isomers of
RuClg((—)—diop) (tetrahedral or square planar).

Thus, three different ruthenium(II) complexes, RuClZ((—)—
diop), RuClz((—)—diop)2, and Ru2C14((—)—diop)2, can be produced

from Ru2Cl4((—)—diop)4 as shown in Reactions (la-lc).
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Ru2C14((—)—-diop)3 = 2 RuCl2((—)-diop) + (-)-diop (1a)
Ru2014((—)-—d10p)3 = Ru2Cl4((—)——diop)2 + (-)-diop (1b)

Ru2Cl4((—)—diop)3 ;===3.3u012((-)-diop)2 + RuCl2((—)—diOp) (1c)

The unstable four-coordinate complexes might include solvent as
ligand. The catalytically active species RuClz((—)-diop) is

then generated via Reaction (la) or (1c).

Reaction Mechanism.

If catalytically active RuClZ((—)—diop) complex is generat-
ed via Reaction (la), the mechanism shown in Scheme 3 can be con-
sidered, where cat:Ru2C14((—)—diop)3, L=(~)-diop, R=catalytical-
ly active RuClz((—)~diop), S=unsaturéted substrate, and D=alco-

hol. From the material balance: [cat]o=([cat] + [R] +’[R-S] +

1/2 cat > R 2 N 3 N R-S
< < < 2
K
4 x| D
D 5
k6
R-D > R + Product
S .
Scheme 3.

r:kS[R~S][D] + RG[R-D][S]=(k5K2 + k6K4)(Klfcat]/[L])%[D][S] (2a)

L 2
[R-D] + [R-S2])/2=[cat] + [cat]®(1 + K,[S] + k,[D] + K,K5[S]7)x
(K1/4[L])%, the rate equation (2a) can be rewritten in two

1
different ways. The case [cat]<<[cat]’(1 + K,[s] + kx,[p] +
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K2K3f5]2)(K1/4]:L])1/2 (t.e.,( [R} + [r-s] + [R-D] + [R-S,])/2>>

[cat]) gives the equation (2b), and the case [cat]>>[cat]%(1 +
r=2(k K, + kK, )[cat] [S1[D]/(1 + k,[s] + K, [D] + K,k [5]°) (2b)

K,[s] + x,[D] + K2K3[S]2)(K1/4[L])% (i.e., ([R] + [R-s] + [R-D]+
[R-SZ])/2<<[cat]) gives the equation(2c). Although the first
order dependence of ri on [cat]o is explained not by equations
(2a) and (2c) but (2b), linear relation between l/ri and [L] is
not recognized from any equatidns (2a-2c). Therefore, Scheme 3

can be discarded as unacceptable.

r=(kK, + k6K4)[s][D](K1[cat_']o/[L])/2 (2c)

If catalytically active RuClz((;)-diop) complex is formed

in Reaction (1lc), the mechanism can be expressed as in Scheme 4,

where cat=Ru2014((—)—d10p)3, A=Ru012((—)—dlop)2, R=Ru012((—)—
diop), S=unsaturated substrate, and D=alcohol.
K., -A K., S K., S
cat —= \ R 2 N\ R-S 3 > RS,
N ~ A
K4 y ]
D 5
k6
R-D > R + Product
S
Scheme 4.

The rate equation derived from stationary-state assumption

applied to [R-S] and ER-D] is (3a). From the relation of

r=k5[R-s][D] + k6[R-D][s]
=K, (KK, + k6K4)[cat][S][D]/[A] (3a)
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[cat]o=[cat] + [R] + [r-s] + [r-D] + [R-S] =([A] + K + K1K2[S]
+ K1K4[D] + K1K2K3[SJ2)[caf]/[A], the rate equation can be re-

written as (3b). When the substrate S is unsaturated acid such

r=(kcK, + k6K4)[cat]o[s][D]/([A]/K1 + 1+ K,[8] + k,[p] +

2
K2K3[S] ) (3b)

as a-methylcrotonic acid, the linear relationship between 1/ri
and [S] requires [A]/K; + 1 + K, [D]<<k,[s] + K2K3[S]2 (i.e.,
[cat] + [R] + [R-D}<<[R-S] + [R-S2]), so that the rate equation
is (3c), where k'=(k5K

5t k6K4)/K2.

r:k'[cat]O[DJ/(l + K3[S]) ' (3c)

Where the substrate is an unsaturated ester such as l-phen-
ylethyl a—methylcrotohate, the linear relation between ry and
[s] requires [A]/Kl + 1>>K2[S] + K4[D] + K2K3[S]2 (Z.e., [cat]
+ [R]>>[rR-s] + [R-D] + [R-Sz]), so that the rate equation can be
expressed as (3d), where k"=k5K2 + k6K4. Both rate equations (3c

and 3d) reflect linear relations of r, vs. [cat]o and r, vs. [D].
r=k"[cat] [s](p]/([ad/k; + 1) (3d)

In order to discuss the effect of addition of (-)-diop on
the reaction rate, it is necessary to rewrite Scheme 4 as Scheme
5, where L=(-)-diop, A=Ru012((—)—diop)2, and B:RuClz((—)—diop)2
but with different structure from A.

The rate equation of Scheme 5 is given as (4). Since this
satisfies the linear relation between 1/r, and (L) in addition
to other linear relations mentioned above, the mechanism of the

present reaction can be expressed by Scheme 5.
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KL
-L
K., -A K., S K., S
cat 1 N R 2 N R-S ___EL_____k R-S
— ~ 2
K4
D kS D
N

. ,
R-D —2 3 R + Product
S

Scheme 5.

r=(kcK, + k6K4)['cat]O[s][D]/([A]/K1 + KL[L] + K2[s] +

k,[p] + K2K3[S]2) (4)

Isotope Effects.
In order to define the reaction mechanism more precisely,
Ru2Cl4((—)-diop)s—catalyzed transfer hydrogenation of a-methyl-

crotonic acid by a deuterated benzyl alcohol (PhCDZOD) was exam-

ined at 190°C. The reaction rate r;)is lower than that (riH) in

H

(2.4)

the same reaction with PhCH,OH, and the value of riD/ri

2
indicated the occurrence of rate-determining abstraction of the
hydrogen bound to a-carbon of the hydrogen donodr by the ruthe-

14) Such an

nium(II) complex catalyst, as suggested previously.
isotope effect was also observed in the transfer hydrogenation
of a-methylcrotonic and a-methylcinnamic acids and/or their
esters (Table 1). It is noteworthy that the deuterated hydrogen

donor PhCD_.OH resulted in a predominance of deuterium distribu-

2
tion in MeCDHCH(Me)COQR or PhCDHCH(Me)COZR (R=H or Et) rather

than in MeCH2CD(Me)CO2R or PhCHZCD(Me)COZR. This suggests the
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Table 1. Transfer Hydrogenation of Unsaturated Acids and Esters by Deuterated

- Benzyl Alcohols with Ru2014((—)—diop)3 at 190°Ca)

Unsaturated Alcoholb) Time Yield Deuterium distribution/mol%
species h % Methine (CD) Methylene (CDH)
MeCH:C(Me)COZH PhCHzoD 12 75 6 25

PhCD2OH 12 37 18 52
MeCH:C(Me)COZEt PhCH2OD 3 89 11 20

PhCDZOH 4 54 10 84
PhCH:C(Me)CO2H PhCHZOH 24 47 0 ' 0

PhCH20D 24 32 7 18

PhCDZOH 24 25 43 91

PhCDZOD 24 23 43 96
PhCH:C(Me)COzEt PhCH2OD 12 27 14 27

3

a) Ru2014((—)—diop)3, 5.0 mmol dm—3; unsaturated species, 2.5 mol dm ° in the

alcohol.
b) Deuterium contents of alcohols were PhCH, 0D (98%), PhCD,0H (81%), and
PhCDZOH (81% in CD2).



preferential formation of [PhCDO—(Ru)—C(Me)-(CO2R)CDHR'] (R=Me
or Ph) as intermediate (e¢f. la in Scheme 1), which might be

15)

stabilized by m-conjugation of (Ru)-CO_.R bond. On the other

2

hand, deuterated products MeCDHCH(Me)CO_.R and PhCDHCH(Me)CO_.R

2 2
were also observed to the extent of 18-27%, even in the case
when PhCH2OD was used. This is attributable to irreversible
formation of PhCDHOH from PhCH,OD via Ru2014((—)—diop)B—catalyz—
ed intramolecular hydrogen-deuterium exchange in the deuterium
source. When PhCHZOD was heated at 190°C for 6 h in the pres-
ence of Ru2Cl4((-—)—diop)3 (5.7 mol dm_s), 29% of the deuterium
was exchanged, with the formation of benzaldehyde and dibenzyl
ether.

With regard to the enantio—différentiating process in the
present reaction, there are two possible steps, viz., (a) selec-
tion of one face or the other during the coordination of a pro-
chiral unsaturated substrate to the ruthenium(II) complex, and
(b) enantio-selective product development during the protonation
of a o-type Ru(II)-substrate qomplex (is in Scheme 1). If the
former process is acceptable, the bulky substituent of the
ester group in the substrate would hinder the approach of the
substrate to the Ru(II) complex so as to decrease the extent of
asymmetric induction. In the Ru2Cl4((—)—diop)g—catalyzed trans-

fer hydrogenation of MeCH=C(Me)CO,.R (R=H, Me, Et, Bu, PhCHZ, and

2
PhCH(Me)) by l-phenylethanol at 190°C, the enantiomeric excess
of the saturated product decreased in the order R=H>Me>Et=~Bu>
PhCH2>PhCH(Me) (Table 2 in Chapter 6). Therefore, selection of

enantio-face plays a predominant role in the asymmetric induc-

tion process of the present reaction.
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7-4 Summary

Kinetic investigation of Ru2Cl4((—)-diop)a—catalyzed trans-
fer hydrogenation of unsaturated acids and esters by alcohols
indicated that the catalytically active RuCl2((—)—diop complex
generated from the Ru2C14((—)—diop)3 — RuClg((—)—diop) +
RuCl2((—)—diop)2 reaction offered optically active hydrogenated
products via the reaction of hydrogen acceptor and RuClZ((—)—
diop) (hydrogen donor) complex, and hydrogen donor and RuCla((-)—

31

P NMR analysis of Ru

diop) (hydrogen acceptor) complex. Cl4—

2
((-—)—diop)3 in solution also suggested the possibility of RuCl,-
((-)-diop) formation. The enantio-differentiating process was
also discussed on the basis of isotopic effects observed in the

Ru2C14((—)—diop)3—catalyzed reaction between deuterated benzyl

alcohol and unsaturated species.
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CHAPTER 8 ASYMMETRIC HYDROGENATION OF KETONES BY HOMOGENEOUS
AND HETEROGENEOUS RHODIUM(I) CHIRAL PHOSPHINE

CATALYTIC SYSTEMS

8-1 Introduction

The most effective method for obtaining optically active
alcohols, instead of the kinetic resolution of racemic alcohols
as described in previous Chapters, is the asymmetric hydrogena-
tion of prochiral ketones with chiral catalyst. However, high
enantio-selection has not been attained in the asymmetric reac-

25-29) 30-34) rhodium chiral phos-

tion by cationic and neutral
phine complexes. Exceptionally, Mark634) has reported that the
addition of triethylamine to [RhCl(norbornadiene)]2~(+)—2,3—0—
isopropylidene-1,4-bis(diphenylphosphino)-2,3-butanediol (diop)
catalytic system has brought about the increment of the enantio-
meric excess (54-84%) of products. It has also been suggested
by Tan135’36) that diop-type chiral tetraalkyldiphosphines,
being strong electron donating ligand, are excellent chiral ones
in the rhodium complex catalyzed hydrogenation of ketones.

On the other hand, there are only limited reports 6n the
heterogeneous asymmetric hydrogenation of carbonyl compounds by
the use of modified-Raney nickel catalyst with chiral
compounds,37’38) and alkaloid—Pt/A1203 catalyst.39’4o)

On the practical viewpoint, the author has investigated the
homogeneous and heterogeneous asymmetric hydrogenation of ke-

tones by rhodium(I) chiral phosphine complexes, prepared in situ

from [RhCl(C2H4)2]2 and (-)-diop, or (+)-1,2-bis(diphenyl-
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phosphino)propane (prophos), and by polystyrene-supported rhodi-
um(I)-diop complex. It is discussed how to effect on catalytic
activity and enantio-selectivity for the mole ratio of rhodium
to chiral phosphine in the homogeneous system, and the pore size
and the structure of polystyrene carrier in the heterogeneous

system.

8-2 Experimental

Materials.

Prochiral ketones were distilled before use. Styrene-di-
vinylbenzene polymers to be used were Amberlite XAD-2 (ABL-1)
and Amberlite XAD-4 (ABL-2) of Orugano Co. Ltd.; pore sizes of
them were 90 K and 50 X, respectively.

Chiral phosphines, (-)-diop and (+)-prophos, were synthesi-

zed by Kagan'sS) and Fryzuk's41) methods, respectively. [RhCl—
(C2H4)2]2 was prepared by the method of the 1iterature.42)
Catalyst Preparation.

ABL-1-supported Rh(I)-(-)-diop (Rh-diop/ABL-1). Chiral

diphosphine ((-)-diop) moiety was introduced to ABL-1 according
to the procedure of Kagan,43) as shown in Scheme 1. Rh-diop/ABL-
1 was prepared by stirring of the phosphinated ABL-1 and [RhCl—
(C2H4)2]2 in benzene at room temperature for 24 h under nitrogen
atmosphere, and then separated by filtration, followed by wash-
ing with benzene thoroughly and drying in vacuo. The amount of
supported-rhodium was 0.47 mg-atom/g-resin, evaluated by the

difference in the quantity between the charged [RhCl(CZH4)2]2

and dissolved one in the filtrate, which were determined by
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Scheme 1.
a spectroscopic method at 500nm (g=4850).
ABL-2-supported Rh(I)-(-)-diop (Rh-diop/ABL-2). This

polymer complex was prepared by the same method as Rh-diop/ABL-1.
The amount of the supported rhodium was 0.38 mg-atom/g-resin.
Noncross-linked polystyrene-supported Rh(I)-(-)-diop (Rh-
diop/PST). A mixture of freshly distilled styrene (30 cm3),
azobis(isobutyronitrile) (0.55 g), and 1,1,2,2~-tetrachloroethane
(100 cm3) was vigorously stirred at 80°C for 2 h under nitrogen
stream. The solution poured into methanol to precipitate the

polystyrene. The resulting solid was filtered, washed with
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methanol, and dried in vacuo, Number average molecular weight

by wvapour pressure method was 3300. Introdution of chiral phos-
phine moiety to the polymer, and successive coordination to rhodi-
um complex were undergone by the same method as described above.

The amount of the supported rhodium was 0.54 mg-atom/g-resin.

Hydrogenation Procedure and Analyses.
In the case of atmospheric hydrogenation, [RhCl(CZH4)2]2
and the chiral phosphine were put into a two-neck flask (50 cm3)
in an o0il bath. The flask was purged with nitrogen thoroughly,
a mixture of the substrate (3 cma) and ethanol (2 cm3) was charg-
ed in it. The reaction was run under bubling of hydrogen pre-
saturated with ethanol. The reaction product was analyzed by
gas-chromatography, using a 1-m column packed with Tween 80 on
Uniport B. The optical purity of the product was determined
from the optical rotation measured with a high sensitive digital
polarimeter (Union PM-101).
Hydrogenation under applied hydrogen pressure was carried
3,

out in a pressure glass tube (50 cm or in an autoclave.

8-3 Results and discussion

Homogeneous Hydrogenation.

It has been known that the enantio-selection decreases with
elevating hydrogen pressure to be applied in asymmetric hydroge-
nation of prochiral olefins, such as (a-acylamino)cinnamic acid
derivatives, by rhodium chiral diphosphine complexes, in spite

44)

of accélerationof the hydrogenation rate. Thus, the asymmet-

ric hydrogenation of acetophenone was carried out under an
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Fig. 1. Effects of chiral diphosphine/rhodium mole ratio on
yield and optical purity of the product in the hydrogenation of
acetophenone by Rh(I)-(+)-prophos (Q) and Rh(I)—(—)—diop (@®)
complexes (0.09 mmol) at 50°C for 100 h in ethanol.

The optical purity was calculgted with respect to the rotation

of pure (S)-(-)-l-phenylethanol; [a]SS -52.5° (e 2.27, CH 012).45)

2
atmospheric hydrogen pressure at 50°C by in situ prepared Rh(I)-
(+)-prophos and Rh(I)-(-)-diop complexes from [RhCl(C2H4)2]2 and
the respective phosphine. Results are shown in Fig.1l.

In both reaction systems, the product was l-phenylethanol
only, enriched with (S)-(-)-enantiomer, and hydrogenation rates
decreased with increasing in the diphosphine/rhodium ratio,
whereas optical purity of the alcohol was also dependent on the

mole ratio. In Rh(I)-(-)-diop complex catalyzed reaction, the
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rhodium complex of (-)-diop/Rh=3/1 gave the alcohol with maximum
optical purity of 28%. 1In the Rh(I)-(+)-prophos complex catalyz-
ed reaction, the optical purity of the alcohol monotonously in-
creased with the (+)-prophos/Rh ratio to attain the highest

value of 44% with the mole ratio of 5/1. Although such an en-
hancement of the asymmetric induction due to added phosphine to
the reaction system has also been observed by Mark633) in the
asymmetric hydrogenation of acetophenone with in situ prepared
[RhCl(norbornadiene)]2—(S)—(-%bénzylmethylphenylphosphine complex,

the reason for this enhancement has been not clarified yet.

The chiral diphosphine of (+)-prophos, forming the rigid
five-membered chelate rhodium complex, is a more excellent ligand
than (+) or (-)-diop in terms of the énantio—selection in rhodi-
um(I) complex catalyzed asymmetric hydrogenation of prochiral

41,46,47) For this reason, the difference in the

enamide.
enantio-selection has been attributable to the difference in
conformational rigidity and in the P-Rh-P bond angle of the com-
plex formed, and in the steric interaction between the substrate
and the diphosphine.48’49) Furthermore, as for the catalytically
active species in the rhodium diphosphine complex catalyzed
hydrogenation, RhCl(diphosphine) has proposed in the system of
[RnC1(monoolefin), ], and diphosphine; %) [RhC1((+)-diop)] tc1™

51) In the present reaction,

from [RhCl(C2H4)2]2 and (+)-diop.
however, the difference in effects of added phosphine between

(~)-diop and (+)—prophos can not be related to structural dif-
ference in plausible catalytically active species, RhCl(diphos-

phine) or [Rh(diphosphine)]’Cl1™, between them. Presumably, this

difference is caused by chiral circumstance due to the presence
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Table 1. Asymmetric Hydrogenation of Ketones by Rh(I)-(-)-diop

and Rh(I)-(+)-prophos Complexes at 50°C under Atmospheric
)

Hydrogen Pressure?

Ketone Ligand Time Yield O.P.b)
h % %
C6HSCOCH3 (+)-prophos 100 6.7 24.3
(-)-diop 100 5.1 27.5
C6H5COC2H5 (+)-prophos 105 3.3
(~)-diop 104 3.4 9.5
C6H5COCH(CH3)2 (+)-prophos 153 n.d.
(-)-diop 153 n.d.
C6H1300CH3 (-)-diop 102 4.3 5.7

3 3

a) [RhCl(C2H4) 0.09 mmol; ketone, 3 cm”; ethanol, 2 cm™;

2]2’
diphosphine/Rh=3/1 (mol/mol).
b) Calculated with respect to the following values of optical

pure alcohol; [@]57_20

29)

+40.0° (¢ 5, C6H6) for (R)-(+)-1-

phenyl-1-propanol and [a]go +11.9° (¢ 6, CZHSOH) for

(S)—(—)—2—octanol.3o)

of excess chiral phosphine in the coordination sphere of the
active species.

The enantio-selectivity was also dependent on the structure
of ketone, and decreased with increasing in bulkiness of alkyl
group; phenyl isopropyl ketone was not hydrogenated in detect-
able extent (Table 1). However, ketones containing a phenyl
group brought about higher enantio-selectivity than the alkyl

ketone (2-octanone), suggesting that phenyl group plays

-109-



important role for the enantio-face differentiation of prochiral
ketone by the rhodium(I) complex. Probably, the steric interac-
tion involving electron-repulsion among phenyl groups of the

substrate and of the chiral phosphine is favorable for asymmet-
ric induction during the enantio-differentiating coordination to

the chiral rhodium complex.

Heterogeneous Hydrogenation.

Since the hydrogenation of acetophenone by polystyrene-
supported chiral rhodium complexes, Rh-diop/PST, Rh-diop/ABL-1,
and Rh-diop/ABL-2, scarcely proceeded under an atmospheric hydro-
gen pressure, the reaction was carried out at the pressure of 4
kg/cmz. Results are shown in Table 2.

Hydrogenation activities of these catalysts decreased in
the following order; Rh-diop/ABL-1>Rh-diop/PST>Rh-diop/ABL-2.
The order is not consisted with that of amount of rhodium
supported, but the catalytic activity is dependent on pore size
and frame work of the polystyrene. Markedly low activity of Rh-
diop/ABL-2 can be ascribed to limiting diffusion of the sub-
strate in small pore (average 50 ;) of the catalyst.

In this reaction system, polymer-supported complexes gave
l1-phenylethanol only, enriched with (S)-enantiomer, and enantio-
selectivities of the catalysts also varied with the structure of
the polymer, decreasing in the order of Rh-diop/PST>Rh-diop/ABL-
1>Rh-diop/ABL-2. Noncross-linked structure of the polystyrene
showed the effective asymmetric induction for the hydrogenation
of ketone.

At any rate, both catalytic activities and enantio-
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Table 2. Asymmetric Hydrogenation of Acetophenone by Poly-

styrene—supported Rh(I)-diop Complexesa)
Catalyst Solvent Temp Yield 0.P.
°C % %
Rh-diop/PST C6H6 25 11 7.7
Rh-diop/ABL-1 C6H6 25 50
(reusing) CGHG 25 34 2.2
Rh-diop/ABL-2 C6H6 25 3
C6H6 50 44 1.2
C2H50H 50 37
(CH, ) ,CHOH 50 35 2.2
3’2
(+0.5 (~)-diop) C2H50H 50 2 n.d.
(+3 (-)-diop) C6H6 50 9 i.8

a) Catalyst, 0.2 g; acetophenone, 3 cm3; solvent, 2 cm3;

initial H2 pressure, 4 kg/cm2; reaction time, 27 h.

selectivities of supported rhodium complexes were markedly lower
than those of im situ prepared Rh(I)-(-)-diop and Rh(I)-(+)-
prophos complexes. Such a decrease in catalytic activity and
selectivity due to the immobilization of rhodium chiral complex
on polymer has also observed in the asymmetric hydrogenation of

43)

a-methylstyrene and 2-ethyl-1l-hexene, and of the asymmetric

hydrofomylation of styrene.54) However, the use of copolymer of

2-hydroxyethyl methacrylate and styrene, or the polystyrene in-
corporated chiral secondary alcohol moiety has scarcely lowered
not oﬁly the catalytic activity, but the enantio-selectivity for

the asymmetric hydrogenation of prochiral enamides;55’56)
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Table 3. Asymmetric Hydrogenation of Ketones by Polystyrene-

supported Rh(I)-diop Complexesa)

Ketone Catalyst Yield O.P.b)

% %

C6HSCOCH3 Rh-diop/ABL-2 98 1.9

(42) (1.2)

C6H5COC2H5 73 2.5
CH3COC2H5 (0.4) (n.d.)

CH3COC3H7 48 5.2
(1.5) (n.d.)

CH3COC4H9 55 6.2
(3.92) (n.d.)

CHBCOC6H13 66 6.5

Rh-diop/ABL-1 56
c)

Rh-(-)-diop 47 9.1

a) Catalyst, 0.2 g; ketone, 3 cm3; ethanol, 2 cm3; initial H2

pressure, 60 kg/cmz; temperature, 50°C. Values in parentheses
are those obtained under initial pressure 4 kg/cm2

b) Calculated with respect to the following values of optically

pure alcohols; [a]SO +13.83° (neat) for (S)—(+)—2—butanol;8)

[a], +13.9° (neat) for (5)-(+)-2-pentanol;3>)

36)

[a]D +10.70
(neat) for (S)-(+)-2-hexanol.
¢) The homogeneous catalyst <mn situ prepared from [RhCl(C2H4)2]2

(0.5 mmol) and (-)-diop (1.0 mmol).
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details on these catalytic behaviors are unknown yet.

The reuse of Rh-diop/ABL-1, which was separated from the
reaction mixture by filtration, washed with benzene, and dried
in vacuo, resulted in the lowering of about 40% in the yield and
optical purity of the product (Table 2).

(-)-Diop addition of only one-half equivalent to the sup-
ported rhodium suppressed the hydrogenation of acetophenone con-
siderably (Table 2), as compared with those in the case of homo-
geneous reactions. Excess (—);diop close to the coordination
sphere of the supported-rhodium complex is seemed to prevent the
substrate from approaching to the complex.

In the hydrogenation of ketones by Rh-diop/ABL-2, the rate
decreased in the following order: C6QSCOCH >C_H_COC_H_>CH_COC _H__>

3 65 25 3 6 13

> : .

CH30004H9 CHSCOCBH7>CH3C002H5. The order is the same as that in

the homogeneous reaction; ketones possessing a phenyl group or

a long alkyl group is easily reduced. The ordering in the magni-
io- i i > > > _

tude of enantio-selection is CH3COC6H13 CH3COC4H9 CHBCOCBH7 CGHS

COC2H5>C6H5COCH3, which is in the reverse one in the homogeneous
reaction. These results suggests that the manner of the interac-
tion between the substrate and the rhodium metal center in the
supported-complex differs from that in the homogeneous system,
even though alcohols produced enriched with (S)-enantiomer in
both systems. The rate in the hydrogenation of 2-octanone with
Rh-diop/ABL-1 under higher hydrogen pressure (60 kg/cmz) was com-
parable to that with Rh-diop/ABL-2, indicating that the hydroge-
nation rate was independent on the pore size of the polymer.

This implies that the hydrogen pressure changes the magnitude or

the manner of the interaction between the substrate and
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the catalyst in the heterogeneous reaction.

8-4 Summary

Asymmetric hydrogenation of prochiral ketones was carried
out by the use of homogeneous rhodium chiral diphosphine complex-
es (in situ prepared from [RhCl(c2H4)2]2 and (-)-diop, and (+)-
prophos) and heterogeneous polystyrene-supported rhodium-(-)-
diop complex. The homogeneous catalytic system containing
excess chiral phosphine showedyhigh enantio-selectivity, and the
maximum optical purity of 44% was observed in the hydrogenation
of acetophenone by the rhodium-(+)-prophos system ((+)-prophos/
Rh=5/1). The activity and the selectivity of the heterogeneous
catalyst, which were appreciably affected by the pore size and
the framework of polymer support, were lower than those of homo-
geneous catalyst. The contribution of catalytically active spe- .
cies to the present hydrogenation was found to be different in
the homogeneous and heterogeneous catalytic system, probably
because of the difference inlthe asymmetric circumstances

between two catalytic systems.
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CHAPTER 9 ASYMMETRIC HYDROGENATION OF UNSATURATED ESTERS
BY COBALT(II) AND NICKEL(II) CHIRAL DIPHOSPHINE

COMPLEXES

9-1 Introduction

Successful development in asymmetric homogeneous hydrogena-
tion of olefins catalyzed by chiral rhodium(I) complexes has
made possible to give excellent enantio-selectivity. Neverthe-
less, chiral first-row transition metal complexes, which have
been the object of only limited investigation in the asymmetric

59,60) are also required in a viewpoit of practi-

hydrogenation,
cal asymmetric synthesis of optically active compounds.
In this chapter, the author describes the catalytic fea-

tures of cobalt(II) and nickel(II) chiral diphosphine complexes

for the asymmetric hydrogenation of prochiral unsaturated esters.

9-2 Experimental

Materials.

Prochiral esters were distilled before use. The chiral
diphoshine of (-)-2,3-0-isopropylidene-1,4-bis(diphenylphosphino)-
2,3-butanediol (diop) was synthesized by Kagan's method.s) The
isolable cobalt complex, CoClZ((—)—diop), was prepared by reflux-

ing the ethanolic solution (30 cm3) of CoCl, (2 g) and (-)-diop

2
(1.5 g) for 2 h in a nitrogen atmosphere; the blue crystal sepa-

rated on cooling at 0°C: mp 207-213°C; IR (CsI): 308 and 345 em™ 1
(CoCl)). Found: C, 59.05; H, 5.14%; M+,627. Calcd for 031H32C12
02P200: C, 59.25; H, 5.14%; M, 627. The nickel complex,
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NiClZ((—)—diop), was prepared in a similar manner, noncrystalliz-
ing from the solution on cooling, the ethanol solution was evapo-
rated to dryness. The resulting solid was washed with ether,

and dissolved in benzene. The solution was filtered, and evapo-
rated to give pale yellow crystals: mp 165-173°C (decomp); IR
(CsI): 308 cm—l(broad, NiCl). Found: C, 57.63; H, 5.66%; a
molecular ion was undetectable in mass-spectroscopy. Calcd for

031H32C1202P2N1; C, 59.27; H, 5.15%; M, 626.

Reaction Procedure and Analyses.

The hydrogenation of prochiral esters (2 cm3) by cobalt(II)-
(-)-diop or nickel(II)-(-)-diop complex (0.16 mmol) was carried
out in an autoclave under initial hydrogen pressure of 50 kg/cmz.
The reaction mixture was hydrolyzed by refluxing in 10% NaOH-
methanol solution to obtain the saturated acid, which was suppli-
ed to the optical rotation measurement. The product was identi-

ly NMR (100 MHz, JEOL MH-100) and by gas-

fied and determined by
chromatography (using a 3-m column packed with NPGS + HBPO4 on

Uniport B).

9-3 Results and Discussion

The cobalt(II)-(-)-diop and nickel(II)-(-)-diop complexes
isolated or prepared imn situ were able to catalyze the hydrogena-
tion of unsaturated esters such as methyl or ethyl a-methylcroto-
nate at 80-100°C slowly, but did not exhibit catalytic ability
for the reduction of bulky unsaturated acids and esters such as

a-(acethylamino)cinnamic acid derivatives.
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In Table 1, results in the hydrogenation of ethyl g-methyl-
crotonate by Co(II)-(-)-diop and Ni(II)-(-)-diop complexes with
or without amine at 80-100°C are summarized. Although the rates
were extremely low in both catalytic reactions, addition of tri-
ethylamine to the reaction systems resulted in enhancement of
the hydrogenation rate and the optical purity (0.P.) of the prod-
uct. The maximum O.P. was obtained in the reaction by the cata-
lytic system of in situ prepared Co(II)-(-)-diop complex and
Et3N (Co/Et3N=1/2). It has been reported that the addition of a
small amount of triéthylamine to the reaction system has increas-
ed the enantio-selectivity in the asymmetric hydrogenation of
olefinic acids such as a-(acylamino)cinnamic acid by rhodium(I)

63) This ‘enhancement has been pro-

chiral phosphine complexes.
posed to be attributable to favorable alternation in the predom-
inant reaction pathway for the effective asymmetric induction
due to the generation of the carboxylate anion from the sub-
strate by the added amine. However, no effects of added amine
for the ester of methyl a—(acgtylamino)cinnamate have been ob-
sepved,63) Therefore, the observed effects of added triethyl-
amine on the rate and the selectivity in the present reaction
may be due to improvement of the stereochemistry requirement in
the coordination sphere of the chiral complex. Presumably, the

addition of triethylamine induces the formation of catalytically

active species, expressed as HMCl((—)-diop)(EtaN) (M=Co or Ni);

MClZ((—)—diop) + Et_N + H2-—9IHMH((—)—diop) + Et,NHC1

3
N ——> HMCl((—)—diop)(EtsN)

3

HMC1((-)~-diop) + Et3

where M indicates Co(II) or Ni(II). The putative complex of
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Table 1. Asymmetric Hydrogenation of Ethyl a-Methylcrotonate

by Transition Metal-(-)-diop Complexes with or without Aminea)

Catalytic system Temp Time Yield 0. P.b)
°C h % %
COCl2/(—)—diop 100 96 20 3.6(R)
CoC12/(—)—diop 80 22 trace n.d.
COC12/(—)—diop + Et3N 80 22 5 7.4(R)
COC12/(-)—diop + 2 Et3N 80 22 17 11.7(R)
COClZ/(—)—diop + 4 Et3N 80 22 9 0.8(R)
COC12/(—)—diOp + 2 (+)- 80 22 6 9.3(S)
PhCH(Me)NH2
CoCl,((-)-diop) + 2 Et N 80 22 6 11.5(R)
NiClz/(—)—diop 80 22 trace n.d.
NiCle/(—)—diop + 2 Et3N 80 22 12 8.4(R)
NiClz((—)—diop) + 2 EtSN 80 22 7 10.0(R)
[RhCl(C2H4)2]2/(—)—diop 25 72 38 1.7(R)
Ru2C14((—)—diop)3 50 32 20 2.7(R)
Ru2Cl4((—)—diop)3 + Et3N 50 22 39 2.6(R)
Ru2C14((—)—diop)3 + 2 EtSN 50 22 29 7.5(R)

a) The catalytic system expressed as MClz/(—)—diop + n Et3N (M=
Co or Ni) involves a mixture of in situ prepared Co(II) or.
Ni(II)-(~)-diop complex (MC12=(—)—diop=O.16 mmol) and Et3N
(n x 0.16 mmol).

b) Calculated with regard to a-methylcrotonic acid; [a]S4

+12.17° (¢ 5.12, C2H50H) for the (S)—acid;62) configuration of
the product in parentheses.
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HMCl((—)—diop)(EtaN) probably exhibits the enantio-face selec-
tion of the prochiral substrate more efficiently than MClz((—)—
diop) per se during nw-complex formation from HMCl((—)—diop)(EtsN)
and the substrate. In this regard, the use of a bulky chiral
amine, (+)—C6H5CH(CH3)NH2, instead of triethylamine decreased

the rate and the selectivity, but resulted in the change of:the
prevailing configuration of the product from (R)-enantiomer to
the antipode, indicating that the chirality of the adduct affect-
ed the asymmetric induction of the catalyst. However, the ex-
cess of triethylamine (Et3N/MClZ>2) decreased the rate and the
selectivity considerably.

It is also noteworthy that enantio-selectivites of Co(II)-
(-)-diop and Ni(II)-(-)-diop complexés are higher than those of
Rh(I)-(-)-diop complex prepared in sttu and Ru2C14((—)—diop)3
with or without triethylamine, in spite of low hydrogenation
activities.

From Table 2, it is obvious that the enantio-selectivity of
in situ prepared Co(II)-(-)-diop complex is affected by the
bulkiness of the ester moiety in the substrate. The bulky
substituent decreased the hydrogenation rate, but the order of
the selectivity was not in accordance with that of the bulkiness
of the ester moiety. The small methyl substituent brought about
the change of the predominant enantiomer in the product from
(R)-isomer to (S)-one, and l-menthyl substituent clearly exhibit-
ed its chirality effect for the asymmetric induction of the

Co(II)-(-)-diop-Et.N system, even in uneasy complexation between

3
the éatalytic system and the bulky substrate.
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Table 2. Asymmetric Hydrogenation of g-Methylcrotonates by

in situ Prepared Co(II)-(-)-diop Complex at 80°C in the
a)

Presence of Triethylamine

MeCH:C(Me)COzR Time Yield O.P.b)
R h % %
Me 22 21 4.5(S)
Et 22 17 11.7(R)
Bu 22 6 6.3(R)
l-Menthyl 36 _ 5 11.4(R)

a) CoCl2=(—)—diop=O.16 mmol and Et3N=O.32 mmol.

b) Configuration of the products in parentheses.

9-4 Summary

Catalytic efficiency of chiral cobalt(II) and nickel(II)
complexes containing (-)-diop for asymmetric hydrogenation of
unsaturated esters was studied. Addition of amine to the reac-
tion system resulted in the enhancement of hydrogenation rate
and enantio-selectivity, which were also affected by bulkiness
of ester moiety. The maximum optical purity was 11.7% in the
hydrogenation of ethyl a-methylcrotonate by the catalytic system

of CoCl2—(—)—diop—Et3N (Co/amine=1/2).
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CONCLUSION

The purposes of this research are to study effective kinet-
ic resolution with chiral catalyst to obtain optically active
alcohols, and to develop practical procedures and effective
chiral catalysts in asymmetric hydrogenation.

In Part 1 the kinetic resolution of racemic secondary alco-
hols with chiral ruthenium and rhodium complexes is described.
Ruthenium(II) and rhodium(I) chiral phosphine complexes catalyz-
ed the enantiomer-differentiating dehydrogenation of secondary
alcohols, and their enantio-selectivities were dependent on
concentration and structure of the phosphines and unsaturated hy-
drogen acceptors. The complexes also exhibited catalytic ability
for the enantiomer-differentiating intramolecular hydrogen trans-
fer of racemic 1-buten-3-0l1 to 2-butanone. Furthermore, the
system of RhCl3 and a chiral phosphine was able to catalyze the
enantiomer-differentiating dehydration of racemic 1,3-butanediol
to 2-butanone. Enantio-selectivities in the reactions were
relatively low. Probably, moderately high reaction temperature
(70-200°C) results in low selectivity, and therefore kinetic
resolution of a racemate with low-temperature catalytic process
is expected to become a more effective procedure.

In Part 2 catalytic asymmetric hydrogenation is described.
Ruthenium(II) chiral phosphine complexes efficiently catalyzed
asymmetric transfer hydrogenation of olefinic acids and esters
by alcohols; the maximum enantiomeric excess was found to be 26%.
Kinetic study on the reaction showed that the asymmetry was

induced by enantio-face selection during the coordination of
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the olefin to the chiral ruthenium complex. Optically active
alcohols (maximum enantiomeric excess of 44%) was obtained in
the asymmetric hydrogenation of ketones by homogeneous or hetero-
geneous (polystyrene-supported) rhodium(I) chiral diphosphine
complexes. Furthermore, cobalt(II) and nickel(II) chiral
phosphine complexes catalyzed the asymmetric hydrogenation of
olefinic esters; the maximum enantiomeric excess of 12% was
obtained. The author hopes further study to bring forth more
efficient catalysts in the asymmetric hydrogenation, especially
by using first-row transition metal complexes, for practical
application.

The author expects that the results obtained in this thesis
would develop further works for practical production of optical-

ly active compounds utilizing chiral catalysts.
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