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General Introduction

1. Background of the catalytic asymmetric hydrosilylation

Asymmetric synthesis. Asymmetric synthesis refers to a

process in which a prochiral unit in molecules is converted into
a chiral unit under certain chiral influences, which arise gener-
ally from chiral centers present in either a reagent or a sub-
strate, in such a way that the resulting pair of stereoisomers is
formed in unequal amounts.l Reaction of a chiral reagent with
one or the other of two enantiotopic groups or faces (prochiral
substrates) under kinetically controlled conditions leads to dif-
ferent diastereomeric transition states. This is the reason why
the reaction produces unequal amounts of the stereoisomeric prod-
ucts. The process, therefore, has attracted much interest in
realizing the formation of optically active substances from both
practical and theoretical points of view.

The asymmetric synthesis falls, at least formally, into two
classes, Z.e. a stoichiometric chemical reaction and a catalytic
one with either homogeneous or heterogeneous catalyst. Most of
the conventional asymmetric reactions have been carried out using
a stoichiometric amount of an optically active reagent,!® while
catalytic asymmetric reactions require ideally only one molecule
of a chiral catalyst in order to produce a large quantity of
optically active substances.l® Hence, the process would be the
most effective one as far as a high optical purity of the product

be guaranteed.

The particular terminology presented here in Ztalic is based
on the Mislow's review: K. Mislow and M. Raban, 'Stereoisomeric
Relationships of Groups in Molecules' in "Topics in Stereochemis-
try", Ed., N. L. Allinger and E. L, Eliel, Interscience (1967)
Vol. 1.
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Homogeneous catalysis, The mechanisms of homogeneously

catalyzed reactions have been of considerable interest for a num-
ber of reasons.? A large body of data accumulated is especially
for the homogeneous hydrogenation of unsaturated molecules, which
allows the formulation of empirical rules for the selection of a
catalyst, 2€

Izumi and his coworkers3® have been reporting their pioneer-
ing work on the related field using heterogeneous catalysts such
as palladium on silk or Raney nickel modified with naturally
occurring acids. However, the difficulty inherent in character-
izing the catalyst species renders the task of explaining the
existing data in terms of a mechanistic rationale very formidable,
Thus the studies on homogeneous catalysis may offer the attrac-
tive possibility of characterizing the exact nature of the cata-
lyst precursor,“ and the steric and electronic factors which
exist throughout the reaction path. Having this type of infor-
mation, it may be possible to design catalytic systems for asym-
metric syntheses.

Although a few studies had preceded to realize the homoge-
neously catalyzed asymmetric reaction, it was not until 1968
that a stereoselective reduction of prochiral olefins inducing
some extent of optical activity in the product was reported to
be catalyzed by a rhodium complex with chiral phosphine ligands?©»5
Since then, studies on homogeneous asymmetric hydrogenation of
olefins have appeared in full blast, some of them achieving re-
markable results,®

The attractive approach to this subject was made possible
mainly by the development of route to prepare optically active
phosphines.” Yet, one of the crucial problems in studies on the
catalytic asymmetric synthesis is how to develop a chiral ligand
which will enable the catalyst for a given reaction to be as
efficient in stereoselectivity as possible. At the present time

the choice of the chiral ligand for this purpose is quite



empirical.

Knowles et al.® and Kagan and coworkers? have found that the
catalytic hydrogenation of a-acylamidocinnamic acids affords the
corresponding amino acid derivatives with 80-90% enantiomeric
purity using rhodium complexed with (R)-o-anisylcyclohexylmethyl-
phosphine and (-)-2,3-0-isopropylidene-2,3-dihydroxy-1,4-bis-
(diphenylphosphino)butane (DIOP), respectively.

What has turned out to be an attractive approach to the
asymmetric synthesis is not restricted to the hydrogenation. In
fact, it has applied to date to most of cases where the catalyvtic
reaction uses an unsaturated substrate: they are hydroformyla-

11 cyclopropanation,i?

tion, !0 dimerization or oligomerization,
and hydrosilylation,1®:13 the last being the subject of the
present thesis.

Hydrosilylation. The addition of hydrosilanes to carbon-

carbon multiple bonds (known as hydrosilylation) is catalyzed by
a variety of Group VIII transition metal complexes, and is one of
the most important laboratory, and also industrial, methods for
the preparation of organosilicon compounds.1LP

A mechanism for the platinum(II) complex-catalyzed hydro-
silylation has been proposed by Chalk and Harrodl® in terms of
"coordination catalysis', which is now widely accepted for other
catalyst systems than the platinum.

In addition, a few points of interest with respect to a ster
eochemical course of the reaction have already been elucidated.
(1) Although the reaction is frequently accompanied by some iso-
merization of olefins employed, the addition product is thermally
stable under usual conditions. This is exemplified by the fact
that optically active 2-methylbutyltrichlorosilane does not suf-

fer any racemization, !

which means no re-elimination of a hydro-
silane from the addition product; (2) an oxidative addition of
(+)-a-naphthylphenylmethylsilane to platinum(II) complexes takes

place with almost complete retention of configuration.!” The



resuiting hydridometal moicty adds across the carbon-carbon
double bond of coordinated olefin in a cis fashion which is vcll
established; and (3) a reductive elimination step to form the
final addition product is most likely to proceed with retention
of configuration at both silicon and carbon atoms vig quasi-
cyclic mechanism (Syi-si).18

These facts seem to be indispensable for undertaking the

asymmetric hydrosilylation of certain of unsaturated compounds.

2. Survey of the present studies

The present thesis composed of nine chapters deals mainly
with asymmetric hydrosilylation of olefins and ketones catalyzed
by certain of platinum, nickel, and rhodium complexes with chiral
phosphines as ligands.

In Chapter 1, the author has described the hydrosilylation
of olefins using a few phosphine-platinum(0) complexes. Despite
ample instances to show a high efficiency of chloroplatinic acid
as a catalyst for hydrosilylation, little attention has as yet
been paid to the catalytic activity of platinum complexes con-
taining tertiary phosphines as ligands. It has been disclosed
that the phosphine-platinum(0) complexes do catalyze the hydro-
silylation of terminal olefins under mild conditions, and that
some silyl-platinum(II1) complexes can be isolated from the re-
sulting reaction mixture. This study has enabled us to lose no
time in undertaking an investigation on asymmetric hydrosilyla-
tion of olefins using chiral phosphine-platinum complexes.

Chapter 2 describes the chiral phosphine-platinum(II) com-
plexes as hydrosilylation catalysts. Asymmetric hydrosilylation
has been realized for the first time in the reaction of methyl-
dichlorosilane with 1,1-disubstituted olefins such as a-methyl-
styrene using a platinum complex of the type [L*PtCl,],, where
L* is (R)-benzylmethylphenylphosphine (BMPP) or (&)-methylpheny]-
n-propylphosphine (MPPP) (eq. 1), though the optical yields

v ] s
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[L*PtC1,], .
— "> RMeCHCH,SiMeCl, (1)

RMeC=CH, + HSiMeCl,

obtained are considerably low.

Chapters 3 and 4 are concerned with the asymmetric hydro-
silylation of prochiral olefins catalyzed by chiral phosphine-
nickel(II) and ~-rhodium(I) complexes, respectively. A nickel(II)
complex of BMPP was found to catalyze the hydrosilylation in
higher optical yield than the platinum(II} system. The stereo-
chemical course to differentiate one enantiotopie face in the
olefin from another is discussed in terms of mechanisms proposed
for transition metal-catalyzed hydrosilylation. Evidence is pre-
sented for a minor effect of the change in structure of hydro-
silanes on the stereoselectivity in the reaction by the use of
a rhodium catalyst.

In connection with these studies, the author took a growing
interest in asymmetric hydrosilylation of carbonyl compounds.

In contrast to a number of studies on the catalytic hydrogenation
and hydrosilylation of carbon-carbom multiple bonds, there had
been few papers to indicate definite evidence for activation of
ketone carbonyls by transition metal complexes, when he began to
investigate the catalytic hydrosilylation of ketones, which the
following three chapters concern.

In Chapter 5 is described a brief survey of catalysis in
the ketone hydrosilylation and the asymmetric hydrosilylation of
a variety of ketones catalyzed by chiral phosphine-platinum(II)
complexes. [(PhMe,P)PtCl,], has been found to be the most ef-
fective catalyst for the hydrosilylation of simple ketones so
far as methyldichlorosilane is used. Asymmetric hydrosilylation
of a series of alkyl phenyl ketones in the presence of

[L*PtCl,],, L* = BMPP or MPPP, gives the corresponding silyl



ethers of partially active 1-phenylalkanols, Since the silyl
ethers are readily converted into the alcohols, the hydrosilyla-
tion of carbonyl compounds may be considered as a synthetically

equivalent means to reduction (eq. 2).

+
chiral cat. & H30 Lo
RICOR? + HSiR, > RIR2CHOSiRy ——— RIRZ2CHOH  (2)

Rhodium complexes with BMPP or DIOP as ligands are found
later to be much more highly selective catalyst than the plati
num(I1) system, and, in addition, various kinds of trialkyl and
dialkylsilanes can successfully be used. These are presented
in great detail in Chapter 6. The extent of asymmetric induction
is dependent markedly on the structure of hydrosilanes as well
as that of ketones employed, and considerably high optical yields
(up to 61.8%) are attained by a match of steric needs for these
reactants. On the basis of accumulated data, a mechanism involv-
ing the formation of diastereomeric a-siloxyalkyl-thodium inter-
mediates is proposed for the asymmetric hydrosilylation of
ketones.

Chapter 7 deals with the preparation of several chiral
ferrocenylphosphines having a planar element of chirality, and
their novel properties as ligands of a rhodium catalyst for the
asymmetric hydrosilylation of ketones. Rhodium complexes with

(R)-a-[(8)-2-dimethylphosphinoferrocenyl]ethyldimethylamine (MPFA)

¥
A
¥ Pile 2

(R)~(S)-MPFA (S)~ (R)-BPPFA
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or (S)-a-[(R)-1',2~bis(diphenylphosphino)ferrocenyl]ethyldimethyl
amine (BPPFA) are proved to catalyze the reaction as efficiently
with respect to stereoselectivity as those with chiral phosphine
ligands mentioned above.

As a necessary extention Chapter 8 is concerned with the
asymmetric hydrosilylation of o,B-unsatureated ketones and alde-
hydes, the latter being found to be of no use for asymmetric
induction. The observed 1,4-addition provides a facile route

to the preparation of optically active silyl enol ethers (eq. 3).

H chiral Rh " R1
PhMeC=C_ + HSiR3 ————> PhMeCHCH=C__ (3)
COR! 0SiRj

The fact that an oxidative addition of {+)-c-naphthyliphenyl-
methylsilane to a suitable complex takes place with retention of
configuration (vide supra) allows one to expect a possibility to
induce asymmetry at a meso silicon atom of the type stiﬂle.
This is substantiated by means of asymmetric addition of prochir:
diorganosilanes to symmetrically substituted ketones. In Chapter
9, the author has applied the catalytic asymmetric hydrosilylatio
of Ketones catalyzed by chiral rhodium complexes to the prepara-
tion of some new optically active bifunctional organosilanes asso
ciated with an asymmetry at the silicon atom (eq. 4). The reac-
tion becomes a first example of asymmetric induction around the

silicon atom.

chiral Rh %
——» R,CHOSiHR!R? (4)

R,CO  + HySiR!R2
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Chapter 1

Interaction of Silanes with Bis(triphenylphosphine)ethylene-
platinum(0); Hydrosilylation of Olefins with This Complex!

SUMMARY

Bis(triphenylphosphine)ethyleneplatinum(0) (PtL,(C,H,)) and
two other triphenylphosphine-platinum(0) complexes (Ptlz and PtL,)
were found to be effective catalysts for hydrosilylation of ter-
minal olefins. Two types of silylplatinum(II) complexes depend-
ing on the hydrosilanes used were isolated from the reaction mix-
ture., PtL,(C,Hy) also catalyzes the addition of methyldichloro-
silane to butadiene and isoprene in a 1,2-fashion, quite unlike

the palladium or nickel complex-catalyzed 1,4-addition.

INTRODUCTION

The catalytic addition reaction of silicon hydrides to var-
ious kinds of olefins and acetylenes has become one of the most
important laboratory methods of forming a silicon-carbon bond
known as hydrosilylation.? Chloroplatinic acid is by far the
most commonly used cafalyst for the reaction.3’% Recently, it
has been shown that tertiary phosphine-metal complexes of palla-
dium,3’® nickel, 3’7’8 and rhodium®’!Y are also effective as cat-
alysts, exhibiting individual catalytic characteristics. However,
there have been few reports to indicate a definite catalytic ac-
tivity of platinum complexes with phosphine ligands for the hydro-

silylation.
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In this connection, it is of considerable interest that
trans-dichlorobis(triethylphosphine)platinum(11) and tributyl-
phosphine analogl! do catalyze the hydrosilylation of terminal
olefins.!2 1In addition, current interest in a facile oxidative
addition of simple molecules to PtL,(C,Hy)'3 (L = PPh;) prompted
us to investigate the reaction of this complex with hydrosilanes,
as well as its effectiveness as hydrosilylation catalyst.

In this chapter, we describe the scope of hydrosilylation
catalyzed by phosphine-platinum(0) complexes and the first exam-
ples of isolation of some silyl-platinum(II) complexes formed
in the course of hydrosilylation.

After our preliminary report! had been published, exactly
the same subject of research as ours was reported independently
by Fink et al..l*

RESULTS AND DISCUSSION

Bis (triphenylphosphine)ethyleneplatinum(0},13 PtL, (C,H,)
(L = PPh;), catalyzed the addition reaction of various hydro-
silanes to terminal olefins such as 1-hexene to afford terminal
adducts in almost quantitative yield (eq. 1). PtL3 and PtL, were

also found to be active catalysts.

{Pt(0)]
RCH=CHp + HSiR's ~——————s RCH,CH,SiR'; (1)
90

R = n-CyHg, n-CgHyg, Me,EtSi

HSiR'3 = HSiClj, HSiMeCl, HSiMe,Cl, HSiMes, HSiMe,Et,
HSiMe (OEt),, HSiPhCl,

[Pt(0)] = PtLy(CyHy), PtLy, PtL,

—_12



Table 1. Hydrosilylation of Olefi s Catalyzed by Plati.um(0)
Complexes.a

Olefin Silane Catalyst Product Yield (%)
n-CyHgCH=CH, HSiMeCl, PtLy n-CgHy 35iMeCl , b
n-CyHgCH=CH,  HSiMeCl, PtLg n-CgHy 3SiMeCl , b
#-CyHoCH=CH,  HSiMeCl, PtL;(CoH,) #-CgHy3SiMeCl, b
n-CyHoCH=CH,  HSiClj PtL,(CoHy) n-CgHy3SiCls b
n-CyHoCH=CH» HSiMe,C1 PtL,(CoHy) #n-CgHysSiMe,Cl b
n-CyHqCH=CH, HSiMe 4 PtL,(CpHy) m-CgHqpgSiMes b
n-CyHoCH=CH» HSiMeoEt PtLjy n-CgHi 2SiMeEt b
n-CyHeCH=CH» HSiMe (OEt), PtLjy n-CgHy38iMe (QEt), 95
n-CyHoCH=CH+ HSiPhC1 » PtL,(CoHy) n-CgHp3SiPhCl, 90
n-CgH;3CH=CH,;  HSiMeCl, PtLg n-CgHj 7SiMeCl 5 b
MeoEtSiCH=CH, HSiMeCl, PtLj Me,EtSiCHyCHy - b

SiMeCl,

n-C3H7CH=CHCH3 HSiMeCl, PtLy(CoHy) #-CgHp3SiMeCl, £8
n-C3H7CH=CHCH3 HSiMeCl, PtL,(CoHy) n-CgHj3SiMeCl, 60
n-C3H7CH=CHCH3 HSiMe,Et PtLj n-CgHy35iMesEt <5
Cyclohexene HSiMeCio PtL, (CpHy) — 0
1,5-Cyclo- HSiMeCl o PtLjg — 0
octadiene

= The reaction was carried out at 90° for 11 hr unless otherwise

noted. “ Quantitative yield. © Heated at 140°.

The platinum(0) complexes did not catalyze the reaction of
internal olefins such as 2-hexene and cycloolefins at 90°. At
elevated temperature (140°), the reaction of 2-hexene with methyl-
dichlorosilane could occur to give m-hexylmethyldichlorosilane in
a low yield. These results obtained are summarized in Table I.
There seems no appreciable difference in the catalytic character-

istics between platinum(0) complexes and conventional chloro-

— 13 —



platinic acid, thougi tne latter 1s assumsd (v oe active in a low
oxidation state as a result of initial reduction by the hydro-
silane."

Using a sufficient amount of PtlL,(C,H,), the isolation of a
platinum complex was undertaken. From a reaction mixture of
PtL,(C,Hy), 1-hexene, and methyldichlorosilane were obtained fine
white crystals (in 70% yield), which were characterized as cis-
hydridomethyldichlorosilylbis (triphenylphosphine)platinum(I1) (1),
ir(KBr): 2110 em~! (v(Pt-H)), 1240 cm™! (8(Si-CH3)), 790 and 750
cm=! (§(Pt-H)/6(Si-CH3)), and 450 cm™! (v(Pt-P), doublet). This
hydridosilylplatinum complex (1) was too insoluble for its config~
uration to be assigned beyond doubt by nmr. 1 has been also pre-
pared by Fink et al.l*P by treatment of PtL, with methyldichloro-
silane in hexane or l-hexene at 25-30°. A little later, Eaborn
and coworkers!® reported that in the absence of a solvent various
hydrosilanes including triarylsilanes are able to add to PtLjy(CyHy)
in the mode of an oxidative elimination to give the hydridosilyl-
platinum complexes.

Under our conditions but without 1-hexene, another silyl-
platinum complex was obtained and this was identified to be etis-
bis (methyldichlorosilyl)bis (triphenylphosphine)platinum(II) g%),
ir (KBr): 1240 cm™! (8(Si-CHj3)), 800 cm™} (8(Si-CHz), doublet),
and 450 cm~! (v(Pt-P)). Ag'was sparingly soluble in benzene and
gave poor nmr spectrum. It was very unstable in chloroform and
dichloromethane solution.

When trichlorosilane was used instead of methyldichlorosilane,
eis-bis(trichlorosilyl}bis(triphenylphosphine)platinum(II) Qé)
was the only product, whether 1-hexene was present or not. E}“b
and 2}5 have been obtained by treatment of PtL, with the corre-
sponding hydrosilanes. It seems most likely that trichlorosilane
is so reactive towards the hydridosilylplatinum(II) as well as
PtL; (C,H,) that it readily enters further into oxidative addition
followed by elimination of hydrogen from the resulting Pt(IV)



species to give the observed 3 (Scheme I).

Scheme I
HSiC1,R HSiCi,R
LoPt(CyH,) ————= L,PtH(S8iCljR) —————= L,Pt(SiCi;R),»
-CoHy -H,
1, R = Me 2, R = Me
A P
Eﬂ R = C1

In cases where trimethylsilane or dimethyichlorosilane was
used under the conditions for hydrosilylation of i-hexene,
PtL,(C,Hy) was immediately converted into red-brown crystals
which were very soluble in benzene. This complex did not contain
silyl groups,analyzed as [PtL(CgHg)]y {ﬂ). Although 4 could not
be fully characterized, a cluster structure may be suggested.
Gillard et al.l7 have briefly described the preparation of
"(PtL)y"and " (PtLj,)s", which were identified to be [PtPPh,-
(CgHy-PPhjy) | by reinvestigation.18 Tsuji and his coworkers 6P
have found that the reaction of tetrakis(triphenylphosphine)-
palladium(0) with trichlorosilane at room temperature gives
hydridotrichloresilylbis(triphenylphosphine)paliadium(II), which
readily decomposes on heating to yield yellow crystals, a cluster
compound of bis(triphenylphosphine)palladium.

In view of these observations, it may reasonably be con-
cluded that the order of stabilities of the silylplatinum com-
plexes (8iClg > SiMeCl, > SiMe,Cl ~ SiMeg) formed by treatment
of PtL,(C,Hy) with hydrosilanes is the same as that observed for
silylrhodium complexes prepared starting with RhClLj.?

Hydrosilylation of 1,3-dienes in the presence of PtL;(C,Hy)
was also examined. The reaction of butadiene with methyldichloro-
silane at 80° gave not only trans- and ete-l-methyldichlorosilyl-
2-butene gi) (in a ratio of 85:15) but 1,4-bis(methyldichloro-

- U5



silyl)butane (§) in a ratio of 4:3 (eq. 2). It should be men-
tioned that nickel” and palladium®’!® complex-catalyzed hydro-
silylations of butadiene with methyldichlorosilane or trichloro-
silane give exclusively § or its trichlorosilyl analog and that
the isomeric composition of 5 is very favorable to the cts isomer.
In the reaction with isoprene, 2-methyl-4-methyldichlorosilyl-
1-butene (7) and 2-methyl-1,4-bis (methyldichlorosilyl)butane (8)
(7:1) were obtained (eq. 3).

Psz(Czﬂqj
//\/ + HSiMeCl, >
/\/\SiMeCIQ + /T \/SiMeCl, + ClgNeSi \/\/\SiMeClz (2)

trans-gl cts—i,

PtLy (CoHy)
// // + HSiMeCl, >
NSiMeClz + Cl,MeSi SiMeCl, (3)

k4

6
-

8
As

It is noteworthy that in the case of isoprene the only mono-
adduct formed was the 1,2-addition product Z?U which arises from
addition to a less substituted double bond, and that even when
an excess of the diene was used the di-adduct 8 was always formed
in considerable amounts. 7 has never been formed from the nickel
or palladium catalyzed reaction.

Since PtL,(CyHy) cannot catalyze the addition of hydro-

silanes to internal olefins at least at 80°, and isomerization
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of l-hexene to 2-isomers does occur even slowly under the condi-
tions used, some features may be drawn from the results obtained
here: the fact that no 1,4-adduct of isoprene was obtained may
be ascribed to a less favorable reaction of isoprene as a 1,3-
diene with the platinum catalyst than as a terminal olefin. It
follows in the case of butadiene also that E,(trans/cis = 85/15)
may result from, at least partly. an isomerization of 4-methyl-
dichlorosilyl-1-butene formed initially, at the same time the
latter being ready to undergo further addition of methyldichloro-
silane to give the di-adduct 6.

In this context, it is feasible to conclude that 7 as a
major product in the present hydrosilylation of isoprene is hard-
ly isomerized for steric reasons. Nickel”’2! and palladium®’1®
complexes catalyze definitely a 1,4-addition of hydrosilanes to
isoprene, which fact suggests the intervention of w-allylic metal
intermediates. Such w-allylic platinum complexes are known to be

rather unusual.

EXPERIMENTAL

Hydrosilylation of olefins catalyzed by platinum(0) complexes

1. Simple olefins. An olefin (3.5 mmol), a hydrosilane

(4.0 mmol), and the catalyst (ZXIO'3 mmol)} disscolved in benzene
(1.0 ml) were sealed together in an ecvacuated glass tube and
heated at 90° or at 140° for a given time. Products were iso-
lated by distillation, and characterized by nmr spectral studies
and elemental analyses for new compounds. Reaction conditions,
products,and yields are summarized in Table I.

Analytical and 'H nmr spectral data for new compounds are

shown below.

n-CgHy 3SiMe,Et, Anal Caled for CqgHp,Si: C, 69.67; H, 14.03....

Found: C, 69.88; H, 14,23, Nmr(CCl,/CgHg): & -0.03 (s, SiCHj),

e PF s



0.4-1,7 (m, others).

n-CgHy3SiMe,Cl. Anal Caled for CgHyoClSi: C, 53.75; H,
10,71, Found: C, 54.82; H, 11.17. Nmr(CCl,/TMS): § 0.37 (s,
SiCH3), 0.5-1.7 (m, others).

7n-CgH) 3SiMe (OEt) 5. Anal Calcd for Cp1Hpg0,81i: C, 60.49;
H, 12.00. Found: C, 60.93; H, 12.29. Nmr(CCl,/TMS): § 0.03
(s, SiCH3), 1.18 (t, J = 6.8 Hz, OCH,CH3), 3.69 (q, OCHy). 0.4~
0.6 (m, others).

EtMe ,SiCH,CH,SiMeCly. Amal Caled for C7HpgClzSiz: C, 36.67;
H, 7.91. Found: C, 36.96; H, 8.16. Nmr(CCl,/CgHg): 6 0.02 (s,
Si(CH3),Et), 0.79 (s, Si(CH3)Cl,). 0.5-1.4 (m, others).

2. Butadiene. In a degassed glass tube, a mixture of 1.9

g (3.5 mmol) of butadiene and 4.0 g (3.5 mmol) of methyldichloro-
silane was heated at 80° for 20 hr in the presence of 1.5 mg
(2x1073 mmol) of bis(triphenylphosphine)ethyleneplatinum. The
products were isolated by fractional distillation to give 2.2 g
(38%) of l-methyldichlorosilyl-2-butene (é) and 2.9 g (29%) of
1,4-bis (methyldichlorosilyl)butane (6); 3, bp 70-75° (15 mm),
(1it.22 bp 143° (758 mm)). Glc analysis indicated that 5 con-
sists of trans- and cis-isomers in a ratio of 85:15. Nmr(CCl,/
T™MS) : trans-5; 8 0.76 (s, 3H, S8iCH3}, 1.70 (m, 3H, CCH3), 2.00
(m, 2H, CH,Si), and 5.45 (m, 2H, CH=). ecie-5; & 0.77 (s, 3H,
SiCHz), 1.66 (m, 3H, CCH3), 2.09 (m, 2H, CH,Si), and 5.60 (m, 2H,
CH=). Anal Caled for CgHygCloSi: C, 35.51; H, 5.96. Found: C,
35.35; H, 6.01. 6, bp 130-133° (2 mm), nmr(CCl,/TMS): & 0.80

(s, 6H, SiCH3) and 1.1-1.9 (m, 8H, CHp). Anal Caled for CgHyy-
C148i,: C, 25.36; H, 4.97. Found: C, 26.62; H, 5.05,

3. Isoprene. Similarly starting with isoprene (2.4 g;

3.5 mmol) and methyldichlorosilane (4.0 g; 3.5 mmol), there were
obtained, after fractional distillation, 4.5 g (70%) of 2-methyl-
4-methyldichlorosilyl-1-butene (Z) and 0.9 g (9%) of 2-methyl-
1,4-bis(methyldichlorosilyl)butane (8). 7, bp 83° (15 mm),
(1it.1%% bp 155° (727 mm)), nmr(CCl,/TMS): & 0.78 (s, SiCHj),



1.75 (s, CCH3), and 4.70 (broad s, =CH,), and othe. protons as
diffused multiplets. §, bp 130-135° (2 mm), (1lit.!*a bp 75°
(0.01 mm)), nmr(CCl,/TMS): 0.79 and 0.82 (a pair of s, SiCHj3)
and 1.07 (d, J = 6.5 Hz, CHCH3), and other protons as diffused
multiplets.

Preparation of silylplatinum(II) complexes

1. Hydridomethyldichlorosilylbis(triphenylphosphine)plati-

num(II) (1). In a glass tube were placed 0.28 g (3.5 mmol) of

i-hexene, 0.46 g (4.0 mmol) of methyldichlorosilane, and 100 mg
(0,13 mmol) of bis(triphenylphosphine)ethyleneplatinum dissolved
in 0.5 ml of dry benzene. The mixtﬁre was degassed by several
freeze-thawings in vacuo. The tube was sealed with evacuation
and heated at 90° for 18 hr. White crystals began to precipitate
from the reaction mixture in 30 min. After removal of benzene
and excess methyldichlorosilane, the crystals were filtered off
under nitrogen, washed with a small amount of benzene, and dried
in vacuo to give 67 mg (70%) of.iﬁ mp 210-215° (in a sealed tube),
(lit.“’b mp 186°). Anal Calcd for Cs7H3,Cl,P,SiPt: C, 53.24; H,
4.11; P, 7.42, Found: C, 53.21; H, 4.27; P, 6.80. Ir data are
shown in the text. IH nmr spectrum could not be obtained since

1 was sparingly soluble in benzene and chloroform.

2. Bis(methyldichlorosilyl)bis (triphenylphosphine)platinum-

(I1) (2). In a similar manner as above, a mixture of 8.0 g (7.0
mmol) of methyldichlorosilane and 300 mg (0.40 mmol) of bis(tri-
phenylphosphine)ethyleneplatinum dissolved in 1.5 ml of benzene
was heated at 90” for 4 days. Hydrogen was evolved and pale
yellow crystals precipitated. The crystals formed were washed
with benzene and dried in vacuo to give 190 mg (50%) of 2, mp
200-210° (in a sealed tube),(lit.l“b mp 179°). Anal Calcd for
CagH3sC1yP,SiPt: C, 48.16; H, 3.83; P, 6.64. Found: C, 48.03;
H, 3.95; P, 5.20. Ir data are shown in the text.

3. Bis(trichlorosilyl)bis (triphenylphosphine)platinum(II)




(3). Similarly, from a mixture of 0.14 g (1.0 mmol) of tri-
chlorosilane, 0.8 g (1.0 mmol) of 1l-hexene, and 200 mg (0.27
mmol) of bis (triphenylphosphine)ethyleneplatinum dissolved in
5.0 ml of benzene, 150 mg (55%) of 3 was obtained as white pow-
ders, mp 239-242°, (1it.l6 210-212°), ir(KBr): 553 cm™}
(v(Si-C1)) and 450 cm~! (v(Pt-P)). Anal Caled for C3gH3oClgSiz-
PoPt: C, 43.74; H, 3.06. Found: C, 43.25; H, 3.34.

4, Cluster platinum complex (4). In a degassed glass
tube, a mixture of 0.30 g (4.0 mmol) of trimethylsilane, 0.29 g
(3.5 mmol) of l-hexene, and 200 mg (0.27 mmol) of bis(triphenyl-

phosphine)ethyleneplatinum dissolved in 1.0 ml of benzene was

heated at 90° for 20 hr. The solution immediately turned dark
red. The resulting solution was condensed im vgeuo to a minimum
volume, Brown-red crystals formed were collected, washed with

a small amount of hexane, and dried im vacuo to give 120 mg of
4, mp > 280° (in a sealed tube). !H nmr and ir spectra showed
the absence of trimethylsilyl groups. i_has empirical formula
of [Pt(PPh3)CgHgly on the basis of elemental analysis. Anal
Caled for C,yH,PPt: C, 53.83; H, 3.95; P, 5,78, Found: C,
54.48; H, 3.99; P, 6.92.
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Chapter 2

Catalytic Asymmetric Hydrosilylation of Olefins.
I. Chiral Phosphine-Platinum(II) Complexes as Hydrosilylation
Catalystsl

SUMMARY

Several platinum(II) complexes containing chiral phosphines,
(R)-benzylmethylphenylphosphine (BMPP), (F)-methylphenyl-n-propyl-
phosphine (MPPP), and menthyldiphenylphosphine (MDPP}, were pre-
pared. Catalytic asymmetric hydrosilylation has been achieved
for the first time in the reaction of methyldichlorosilane with
1,1-disubstituted prochiral olefins, a-methylstyrene, 2,3-di-
methylh}—butene, and 2-methyl-1l-butene, using a platinum catalyst
precursor, [L*PtCl,], (L* = BMPP and MPPP), the resulting adduct
of the type RMeEHCHZSiMeClz (R = Ph, ©-Pr, and Et) being obtained,
respectively. When trichlorosilane was used, the asymmetric addi-
tion reaction was always accompanied by isomerization or dimeri-
zation of the olefins. The chiral platinum complex-catalyzed ad-
dition-cyclization of 4-pentenyldimethylsilane also gave rise to
an optically active 2-methyl-l-silacyclopentane derivative de-

spite a simple terminal olefin of the substrate.

INTRODUCTION

There has been a considerable interest in hydrosilylation
of olefins in the presence of various Group VIII metal complexes
as homogeneous catalysts.? A mechanism for the platinum(II)

complex-catalyzed hydrosilylation has been proposed on the basis
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of coordination catalysis of d8 metal complexes.>’% It is simi-
lar to the mechanism proposed for rhodium(l)-catalyzed hydrogena-
tion reactions mostly advanced by Wilkinsom and his coworkers.®
In the last few years, several asymmetric hydrogenation catalysts,
all of which are chiral phosphine complexes of rhodium, have been
described.®

In view of the formal resembrance in mechanisms between tran-
sition metal-catalyzed hydrogenation and hydrosilylation, it
seemed of particular interest to explore asymmetrically catalyzed
hydrosilylation of prochiral olefins using a8 metal complexes
with chiral ligands.

Few of the platinum complexes with phosphine ligands as ef-
fective catalysts for hydrosilylation had been recorded in the
literature until 1971, when Fink’? and we’P found independently
that some of them can catalyze the reaction, whereas there ap-
peared several papers in 1968-1970 which dealt with certain
phosphine complexes of palladium,® nickel,? and rhodium!® as the
catalysts.

The present study was undertaken to investigate the use of
chiral phosphine-platinum(II) complexes as asymmetric hydrosily-
lation catalysts with particular emphasis on the addition of
methyldichlorosilane to 1,1-disubstituted olefins. Some nickel
and rhodium complexes with chiral phosphines as catalysts will

be described in the succeeding chapters.

RESULTS AND DISCUSSION

Platinum(II) complexes with chiral phosphines as catalysts
eis-Dichloro(ethylene) [(S)-1-phenylethylamine]platinum(I1)!!

is known to undergo exchange of the coordinated ethylene with a

prochiral olefin (such as tert-butylethylene and trans-2-butene),

while giving rise to an asymmetric induction of the latter.
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Although this complex showed an efficient catalytic activity in
hydrosilylation of a-methylstyrene and some other olefins (in
essentially quantitative yield; see Experimental), the adducts
were always racemic,

On the other hand, eis-dichloro(ethylene)phosphineplati-
num(Il) and related complexes containing a chiral phosphine with
an asymmetric phosphorus atom have been found to act as effective
catalysts for the aimed reaction, so our interest centered on
these complexes.

The optically active platinum(II) complexes were prepared

by the following reaction sequences (Chart I).

Chart I
Z2L* + K;PtCly —————
aq EtOH
Lg, L* = (R)-(+)-(PhCH,)MePhP (BMPP)
13, L* = {R)-(-)-MePh-n-PrP (MPPP)
%3, L* = MenthylPh,P (MDPP)
PtCly, 140°
cte-L*oPtClsp e [L*PtCls] o
C1,CHCHC1 o
gé, L* = BMPP §3, L* = BMPP
EE, L* = MPPP é?, L* = MPPP
2c, L* = MDPP 3¢, L* = MDPP
A e
3a + 2C,Hy = 2ei8-{CsHy)L*PtCl,
-~
CeHe

4a, L* = BMPP



Dichloiubis{ (R)~benzylmethylphenylphosphine (BMPP)]di-u-
chlorodiplatinum(II) (32) and its (R)-methylphenyl-n-propylphos-
phine (MPPP) analog (29) were prepared according to a modified
procedure of Orchin et gZ.!? involving reaction of the mononucle-
ar complex, 2a or 2b, and platinum chloride in tetrachloroethane
solution, instead of melting them together as originally reported
by Chatt and Venanzi.!3® This was in order to avoid possible rac-
emization of the phosphine ligand, since the optically active
phosphine 1b is found!" to undergo considerable racemization with
a half-life of 5 hr at 130°. It was confirmed that no apprecia-
ble decrease in optical activity of 2a dissolved in tetrachloro-
ethane was heated even at 155° for 15 hr.

The chlorine-bridged complex of menthyldiphenylphosphine
(MDPP) (3¢) was also prepared in order to compare the effective-
ness of asymmetric induction in the hydrosilylation, since a
complex with ligands that are asymmetric remote from phosphorus
does fulfil the necessary conditions for asymmetric catalysis.®

One particular ethylene complex of the cis configuration
ig was prepared by direct interaction of ethylene with zg under
mild conditions.}®

Of these platinum complexes prepared here, %g-%g were found
to be ineffective as catalyst precursors (probably due to insolu-
bility). Complex 4a exhibited an efficient catalytic activity
for hydrosilylation of various prochiral olefins. 3a was as ef-
fective a chiral catalyst precursor as the ethylene complex 44,
as would be expected from its possible interaction with a sub-
strate olefin to form the same catalyst species.

Physical data of all complexes thus prepared are listed in
Table 1I.

Asymmetric hydrosilylation of 1,1-disubstituted olefins

In typical runs, a mixture of an olefin and an equivalent of

methyldichlorosilane was heated in the presence of a catalyst
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Table 1.

Complexes of Chiral Phosphines.

Melting Points and Optical Rotations of Platinum(II)

Complex Color Mp (°C)% [u]%S b
No. Abbreviation deg.
2a cig-(RaP),PtCl,° colorless 249-250 57,42
2; eis- (R4P) pPLC1,° colorless 171-172 -24.6
2¢ cis;(MenPth)gPtClgf pale yellow 243-244 -145
3a [RgEPtClg]gc yellow 125-127 =
3b  [RyPPCl,],° orange yellow 134-135 -15.0
3¢ [MenPhZPPtCI%]gf off-white 299-300 -27.09
4a cis—(C2HHJR3PPtCIZC pale yellow — -49.49

a .
Measured in a sealed tube.

c

-56.7° when R3P (79% optical purity) was used.

iy
(-)-MePh-n-PrP (93% optical purity) (ref. 25). Y MenPh,P =
Menthyldiphenylphosphine.

b In dichloromethane {¢ 1.00-1.60).

RgP = (R)-(+)-(PhCH,)MePhP (81% optical purity) (ref. 25).
*®
e

RIP = (R)-
(=}~

9 pnalytically not purified.

(10-3 mole per mole of olefin) at 40° over a period of 24 hr.

The hydrosilylation proceeded smoothly (eq. 1).18

RMeC=CH, + HSiMeCl,
S5a, R = Ph

“1”

5b, R = 1-Pr

5¢, R = Et

A

chiral Pt

£
> RMeCHCH,SiMeC1,

The addition

(1)
éa, R = Ph
gg, R = £-Pr
6¢c, R = Et
o

products were isolated by distillation in moderate yields and

characterized by ir and nmr spectral data and elemental analyses

for new compounds.

= T

Optical yields of the products were deter-



mined, after methylation to their trimethylsilyl derivatives, by
comparison of specific rotations of the latter with those of the
authentic substances, which were prepared by the unambiguous

route shown below (eq. 2). Actual conversions were carried out

1. Mg-THF

RMeCHCH, C1 > RMeCHCH,SiMe; )
2. C1SiMeg

72, R = Ph 8a, R = Ph

7b, R = i-Pr 8b, R = i-Pr

7c, R = Et 8¢, R = Et

I Yl Rt

with chlorides of lower activity and the maximum rotation of the
resulting trimethylsilyl derivatives 8a-8c was calculated on the
basis of optical purity of the starting chloride.

The data obtained for asymmetric hydrosilylation of 5a-5¢ ‘
and for the authentic substances 8a-8c are summarized in Tables
11 and III, respectively.

Although the extent of asymmetric induction in the hydro-
silylation was considerably low!® and a nickel complex of the
same chiral phosphine as one used here has been found to catalyze
the reaction with higher asymmetric biasl? than the present pla-
tinum(II) system, the fact that the platinum complexes used con-
tain one chiral phosphine molecule may allow one to discuss the
actual contribution of the chiral information of the catalyst to
the present asymmetric hydrosilylation. First, a system with
one asymmetric center as close to the platinum atom as possible
may be advantageous for the purpose of sustaining the asymmetric
bias, though this is not always necessary for asymmetric synthe-
sis in general.!® Morrisen and coworkers!?® have reported that
a chiral rhodium complex with the neomenthyldiphenylphosphine
(NMDPP) ligand, which is not asymmetric at phosphorus, is very

effective as an asymmetric homogeneous hydrogemation catalyst,



and calibrated for the optical purity of the chiral phosphines used.

Haoatad at 170°% Ffar A0 hr

€ Heated at 90° for 40 hr.

Table II. Asymmetric Hydrosilylation of Olefins with HSiMeCl, Catalyzed by
Chiral Phosphine~Platinum(I1) Complexes at 40°.
Olefin Catalyst?  Yield [a]l®, deg [a]ES, deg Optical yield %)°
(%) of product methylatedb (Configuration)
PhMeC=CH, 3a 56 +1.65 +1.03 5.2 (R)
PhMeC=CH, 43 43 +1.93 +1.20 6.1 (R)
PhMeC=CH, 3b 64 +0.38 (R)
PhMeC=CH, ég 33d 0 —
1-PrMeC=CH,  3a 83 <17 -0 .27 1.4 (R)
1 -PrMeC=CH, dg 76 ~0.16 -0.24 kw2 (R)
7-PrMeC=CH, 3b 86 -0.19 1.5 (k)
i-PrMeC=CH, 3¢ 70° -0.14 0.9 (B)
EtMeC=CH, 3a 68 -0.13 -0.15 1.2 (7)
EtMeC=CH, 4a 69 -0.12 -0.14 1.1 (R)
EtMeC=CH, 3b 55 -0.08 0.6  (A)
EtMeC=CH., 3¢ 35° 0 s
% See Table 1 . “ Based on the maximum rotation of authentic samples



Table i1Il. Data o: Maximum Rotation of the Authentic Swauples.

a

Compound Bp (°C/mm) d;° né5 [u]BS, max
() -PhMeCHCH,SiMe 5 98/17 0.8681 1.4900 +24.3
(R)-2-PrMeCHCH,SiMeg 1482.5 0.7557 1.4232 -24.1
(S)-EtMeCHCHZSiMeC12b 77/37 1.0166 1.4408 +13.1
(&) -EtMeCHCH,SiMes 132.0 0.7420 1.4158 +16.0

® Neat and based on the optical purity of starting chlorides

used, & C13SiMe was used instead of C1SiMeg.

However, a platinum(II) complex with epimeric chiral phosphine
;; proved to be less useful for the asymmetric hydrosilylation
studied here. Second, in Table II it is seen that the extent of
asymmetric induction depends on the structure of both the phos-
phine ligand with an asymmetric phosphorus atom and the olefinic
substrate: la is positively a better chiral ligand than LP to
induce asymmetry in hydrosilylation of a-methylstyrene (EEJ,

In addition, a preferred configuration of these addition prod-
ucts, ﬁ?‘éﬁ! was consistently of the R isomer. Thus, in the
light of current views of the mechanisms of metal-catalyzed hy-
drosilylation,3’“ we may assume that, in all cases, a similar
stereochemical sequence of coordination of the olefin to plati-
num followed by addition of the silane occurs, viz. a similar
diastereomeric transition state 1s involved. Finally, as far

as chiral phosphines are concerned, the catalytic asymmetric
hydrogenation is, at present, restricted to the use of rhodium
complexes as catalysts. In this context, it is of interest to
note that, in contrast to the hydrogenation, the hydrosilylation
using various chiral phosphine complexes of nickel,!? paliadium,!®
as well as rhodium20 as catalyst precursors can always exhibit

some extent of asymmetric induction, which will be described in



the succeeding chapters.

Effects of silanes used on the asymmetric hydrosilylation

Methyldichlorosilane was by far the most reactive in the
hydrosilylation of 1,1-disubstituted olefins (§§~§g). Trialkyl-
silanes did not add at all to such olefins with the chiral plati-
num catalysts even at 120°, whereas the addition of trimethyl-
silane and diethylmethylsilane to l-hexene (but not to internal
olefins such as 2-hexene) proceeded smoothly at 40° in the pres-
ence of trans—dichloro(ethylene)pyridineplatinum(II)21 or bis-
(triphenylphosphine)ethyleneplatinum(0)’ as catalyst. Moreover,
in a case where trichlorosilane was used, hydrosilylation of Eg—
5c gave rather complicated results, involving some isomerization
or dimerization of elefins. Thus, in the addition of trichloro-
silane to 55 in the presence of §§ or 4a at 907, a 1:2 adduct (g)
was a major product, which was isolated optically inactive in 52%
yield (eq. 3).

CHpSiCl,
32 !
PhMeC=CH, + HSiClg ——— PhCHCH,CMe,Ph (3)
Sa 9
- -

When 5¢ was used, two products were obtained in comparable
amounts (54% combined yield), one being the expected 2-methyl-
butyltrichlorosilane (Lg) and the other, isoamyltrichlorosilane
Ql}). The latter obviously came from 3-methyl-1-butene, which

was formed by isomerization of 5¢ under the conditions used, and

pe
EtMeC=CHy + HSiCly —— EtMeCHCH,SiCls + Me,CHCH,CH,SiCls  (4)

-

5¢ 10 11
“ b

—_ 21 -



might be sterically less hindered with respect to the addition
Teaction of the silane (eq. 4)}. Finally, with 5b the hydrosilyla-
tion afforded a sole product, slightly active 2,3-dimethylbutyl-
trichlorosilane, in 70% yield. Although some isomerization would
also take place in this case, the isomerized olefin is identical
with the original one. After methylation of the adduct, the op-
tical yield was found to be 0.8% of the R isomer.

All results described here indicate a significant electronic
rather than steric effect of the substituents of silanes on the
platinum-catalyzed hydrosilylation. In Chapter l,7b it has been
claimed that the stability of the silylplatinum intermediates
formed upon treatment of Pt (PPh3}o(CoHy) with a series of silanes
is in the order SiCly > SiMeCl, > SiMes, which is the same as
that for the oxidative addition of these silanes to RhC1 (PPhg) .10
This appears to be the reason why some isomerization or dimeriza-
tion of a substrate olefin on the platinum catalyst precedes the
addition of trichlorosilane to the olefin, whereas with methyldi-
chlorosilane there is no appreciable isomerization under the con-

ditions used.

Asymmetric hydrosilylation of other olefins

The asymmetric hydrosilylation of prochiral olefins other
than 1,1-disubstituted ones was unsuccessful, since highly sub-
stituted olefins did not undergo addition of methyldichlorosilane
under the conditions used.

With a simple terminal olefin a terminal adduct is usually
the major product. Hydrosilylation of styrene with methyldichlo-
rosilane readily took place in the presence of 3a even at room
temperature to give Z-phenylethylmethyldichlorosilane (50% yield)
and l-phenylethylmethyldichlorosilane (20% yield),22 but the
latter was optically inactive.

We have observed the asymmetric induction in one particular



case, where a ring-closure occurs to give a 2-methyl-l-silacyclo-
pentane. Thus, the hydrosilylation of 4-pentenyldimethylsilane
in benzene solution using §§ as catalyst gave two products,
1,1,2-trimethyl-l1-silacyclopentane (;3),23 [a]%n +0,24° (neat),
and 1,l-dimethyl-1-silacyclohexane {l;},23 with the former in an
overwhelming quantity, The same two compounds were produced by
use of eis-dichloro(ethylene)[(S)~1-phenylethylaminejplatinum(1T)

as catalyst, but this chiral amine complex did not cause any asym

metric bias in 12.
-

(Pt*] .
CHp=CHCHCHpCHpS1Me H ——— SiMe; SiMe,

12

1 fl-f

The preferred formation of the silacyclopentane structure
may reasonably be explained by the key intermediate of a six-
membered ring invelving the platinum center, whereas a seven-
membered ring would be required for the formation of the sile-

cyclohexane, 2%

EXPERIMENTAL

General comments

All melting and boiling points are uncorrected. A Varian
Aerograph Model 90P, equipped with a 20 ft column packed with
Silicone DC-550 (30% on Celite), was used, if necessary, for iso-
lation and purification. Nmr spectra were recorded with a Varian
T-60 spectrometer, infrared spectra with a Hitachi EPI G-3 Grat-
ing spectrophotometer, and optical rotations were measured with

a Yanagimoto OR-50 automatic polarimeter (accuracy ¥0.003°).



Preparation of platinum(11) complexes with chiral ligands
1. (-)-cis-Dichloro(ethylene)[(S)-1-phenylethylamine]plati-

nun(IT).  According to a procedure by Panunzi and Paiaro,!! the

purified complex was obtained in 34% overall yield from a reac-
tion of 2,00 g (4.81 mmol) of KyPtCly, with 1.17 g (2.65 mmol) of
(8)-1-phenylethylamine, {a]§5 -40.2° (neat), followed by incor-
poration of ethylene; [Q]SB -52.0° (e 0.50, acetone) [lit.ll
{a]ﬁs -53.4° (e 1.02, acetone)].

2. Dichlorobis[(®)-benzylmethylphenylphosphine]di-u-chloro-
diplatinum(II) (3a). The eis-dichlorobis(phosphine)platinum(II)
(22) was prepared from 0.98 g (2.4 mmol) of K,PtCl, and 0.99 g
(4.8 mmol) of BMPP25 ([a]go +92.8° (e 0.50, toluene) with a 81%

optical purity2® in 30 ml of aqueous ethanol under an argon at-

mosphere. The precipitate formed was washed with four portions
of each 20 ml of ether and dried in vacuo to give 1.10 g (66%)
of the crude 2a. A pure sample was obtained as colorless needles
by recrystallization from CH,Cl,/EtOH (1/1): mp 249-250° (in a
sealed tube), [a]éS -57.4° (e 1.00, CHyCl,). Anal Caled for
CopH3gCl,PoPt: C, 48.42; H, 4.35; C1l, 10.21. Found: C, 48.71;

H, 4.62; C1, 10.50.

Repeated recrystallization of this complex should be avoided,
since a slight decrease in optical rotation was observed, e.g.
after the third recrystallization from dry ethanol, [3155 -52.0°
{c 0.30, CHyCi,). This is presumably due to some resolution from
possible diastereomers of 23 arising from the partially active
phosphine used (81% optical purity).

When 50 mg of 23 dissolved in 10 ml of tetrachloroethane,
{a]gs -52.4° (e 0.50), was heated in a degassed sealed glass tube
at 155° (boiling anisole bath) for 15 hr, the resulting slightly
colored solution showed an optical rotation of -54.0°.

According to a procedure by Orchin et al.,1? 0.58 g (0.84
mmol) of %5 and 0.28 g (1,05 mmol) of platinum(II) chloride sus-

P 7, -



pended in 24 ml of freshly distilled tetrachloroethane was heated
at reflux temperature with occasional shaking for 1.5 hr under
argon atmosphere. The resulting solution was separated by fil-
tration from the black residue, and the filtrate was condensed
in vacuo to a minimum volume. By disscolving the crude product
in dichloromethane (3 ml), adding 40 ml of n-hexane, 0.66 g (82%)
of pure 3a as a yellow powder was obtained, mp 125-127°. Anal
Calcd for CpgHggCluP,Pty: C, 35.02; H, 3.14; C1, 14.77. Found:
C, 35.98; H, 3.45; Cl1, 13.89.

3. cis-Dichloro(ethylene) [ (R)-benzylmethylphenylphosphine]-

platinum(II) (4a). The reported procedure by Chatt et al. 5

for preparing ethylene complexes was modified as follows. A so-
lution of 0.29 g (0.30 mmol) of 3a in 10 ml of purified benzene
was placed in a micro autoclave with a glass lining, and magnet-
ically stirred with ethylene at 40 kg/cm?. After three days,
0.25 g (82%) of crude 4a was collected. It was too soluble in
usual organic solvents to purify by further recrystallization.
Anal Calcd for CygH;9Cl,PPt: C, 38.37; H, 3.82; Cl, 14.16. Found:
C, 40.30; H, 4.33; C1, 13.05.

4. Dichlorobis[(R)-methylphenyl-n-propylphosphinejdi-u-

chlorodiplatinum(II) (3b). In a similar manner to that described

for 2a, cis-dichlorobis[(R)-methylphenyl-n-propylphosphine]plati-
num(I1) (2b) was prepared from 1.00 g (2.4 mmol) of K,PtCl, and
0.80 g (4.8 mmol) of MPPP (93% optical purity?®) in 70% yield.
Anal Calcd for C,gH39Cl,P,Pt: C, 40.14; H, 5.05; C1, 11.85,
Found: C, 40.,20; H, 5.22; Cl, 12,13,

Complex ay {(0.60 g, 1.00 mmeol) was then reacted with 0.33 g
(1.23 mmol) of PtCl, in 25 ml of freshly distilled C1,CHCHC1, to
give 0.61 g (70%) of crude 3b. It was dissolved in a hot mixture
of CH,Cl, (10 ml) and n-hexane (15 ml) and subsequently part of
CH,Cl, was removed by distillation until clouding began. Keeping

the mixture in a refrigerator gave pure ;9 as orange yellow

= %E =



prisms. Anal Calcd fur C,ygHgoCLlyPyPty: C, 27.79; H, 3.50; C1,
16.41. Found: C, 27.74; H, 3.35; Cl, 16.58. Melting points and
optical rotations of 2b and 3b are listed in Table I.

5. Dichlorobis[(-)-menthyldiphenylphosphine]di-u-chloro-
diplatinum(II) (3c). Similarly, from 0.50 g (1.2 mmol) of
KoPtCly and 1.85 g (2.6 mmol) of MDPP ([a}éﬂ -95.7° (e 1.07,
CHyC15)),18 was obtained 0.45 g (41%) of cis-dichlorobis[(-)-
menthyldiphenylphosphine]platinum(11) (%9) as yellow crystals,
Anal Calcd for CyyHggCl,P,Pt: C, 57.77; H, 6.39; Cl, 7.75. Found:
C, 57.68; H, 6.38; Cl, 7.70.

2¢ (0.31 g, 0.34 mmol) was then allowed to react with 0.11 g
(0.41 mmol) of PtCly to give 0.31 g of crude 3¢, which was re-
crystallized twice from EtOH/CH,Cl, (2/1) to afford 3¢ as off-
white prisms in 56% yield. Angl Calcd for C, HggClyPyPty: C,
44.75; H, 4.69; Cl, 12.01. Found: C, 41.38; H, 4.17; C1, 13.67.

Asymmetric hydrosilylation of 1,1-disubstituted olefins

1. a-Methylstyrene (52). (a) With methyldichlorosilane.

The following procedure for an asymmetric hydrosilylation of 59
is typical. In a sealed degassed glass tube, a mixture of 3.60
g (30 mmol)} of gg, 3.50 g (30 mmol) of methyldichlorosilane and
10 mg (ea. 2x107% mmol) of 4a was heated at 40° over a period
of 24 hr, The product was isolated by distillation through a
short Vigreux column to give 3.0 g (43%) of 2-phenylpropyldichlo-
romethylsilane (6a), bp 55° (2 mm), né5 1.5151, d4}° 1.1110,
(1it.2%8 bp 148-149° (42 mm), n55 1.5082, dZ° 1.100), [a]BS +1.93°
(neat), nmr(CCly/TMS): & 0.34 (s, 3H, SiCHj3), 1.37 (d, J = 7.4
Hz, 3H, CCH3), 1.52 (d, J = 7.4 Hz, 2H, CH,), 3.11 (ill resolved
sextet, 1H, CH), and 7.19 (s, SH, CgHg}.

The adduct thus obtained was treated with a large excess of
methylmagnesium bromide in ether solution to give 2.4 g (98%) of

2-phenylpropyltrimethylsilane (8a), bp 98° (17 mn), ny® 1.4900,



di5 0.8681 (1it.28 bp 217° (750 mm), nSS 1.4841, 425 0.8619),
[a]ﬁ5 +1.20° (neat), nmr(CCl,/TMS): & 0.03 (s, 9H, SiCHj3), 1.09
and 1.11 (a pair of d, J = 7.6 Hz, 2H, CH;), 1.45 (d, J = 6.8 Hz,
3H, CCH3), 3.00 (sextet, 1H, CH), and 7.24 (s, 5H, CgHs).

The results of asymmetric hydrosilylation of 58 using ig,
EP, and ;g as catalyst are listed in Table IT,

(b) With trichlorosilane. A mixture of 3.6 g (30 mmol) of

53, 4.1 g (30 mmol) of trichlorosilane, and 10 mg of 4a was
heated at 90° for 24 hr. The reaction mixture was distilled to
give 0.2 g (3%) of the expected 2—phenylpropyltrichlorosilane,29
nmr (CC1,/TMS): & 1.42 (4, § = 6.6 Hz, 3H, CCH3), 1.78 (d, J =
6.8 Hz, 2H, CH;), 3.19 (ill-resolved sextet, 1H, CH), and 7.29
(s, S5H, CgHs); and 3.0 g (52%) of 2,4-diphenyl-4-methylpentyl-
trichlorosilane (9) as a major product, bp 125-130° (1.3 mm).
The latter was converted by methylation into the trimethylsilyl
derivative, bp 121-122° (2 mm), ngﬂ 1.5280, aé” nil (neat),
nmr (CC1,/CgHy5): & -0.40 (s, SH, SiCH3), 1.05 and 1.21 (a pair
of s, 6H, CCH3), 2.01 (d, J = 6.4 Hz, 2H, CCH,C), and 6.79-7.34
(diffused m, 10H, Cg¢Hs). Anal Calcd for C,oyH3pSi: C, 81.22; H,
9.74. Found: C, 80.96; H, 9.82

2. 2,3-Dimethyl-l-butene (5b), (a) With methyldichloro-

silane, From a mixture of 2.5 g (30 mmol) of 5b, 3.5 g (30
mmol) of methyldichlorosilane, and 10 mg (2x10°2 mmol) of 4a was
obtained 4.5 g (76%) of 2,3-dimethylbutylmethyldichlorosilane
(6b), bp 69° (16 mm), néS 1.4466, dts 1.0111, [a]éS -0.16° (neat),
nmr (CC1,/TMS): & 0.79 (s, SiCH3) and diffused multiplets of all
other protons. Anal Caled for CsH,45C1,8i: C, 42.21; H, 8.10.
Found: C, 42.49; H, 8.29.

The adduct was methylated to give quantitatively 2,3-di-
methylbutyltrimethylsilane (8b), bp 149.5°, n65 1.4232, d&s
6. 7557, [a]$5 -0.24° (neat), mmr(CC1,/CgHg): & 0.00 (s, SiCHj3)
and diffused multiplets. Angl Calcd for CqH,pSi: C, 68.26; H,
14.00. Found: C, 68.09; H, 13.78.



Other results using 3a-3¢ as catalysts are given in Table 11,
(b) With trichlorosilane. Similarly but with 4.1 g (30

mmol) of trichlorosilane, 2,3-dimethylbutyltrichlorosilane (4.6

g, 70%). bp 75° (22 mm), aéS -0.012° (0.1 dm, neat), was obtained.
Caled for CgHy4Cl3Si: C, 32.82; H, 5.97. Found: C, 33.10;

H, 6.15. Upon methylation the optical rotation of the trimethyl-

silyl derivative was [a]é5 -0.15° (neat).

3. 2-Methyl-l-butene (5¢). (a) With methyldichlorosilane.
From a mixture of 2.1 g (30 mmol) of 29, 3.5 g (30 mmol) of
methyldichlorosilane, and 10 mg of %3, was obtained 3.8 g (69%)
of 2-methylbutylmethyldichlorosilane (6¢), bp 62° (22 mm), nés
1.4408, d15 1.0166 (1it.3% bp 1677, n%S 1.4357, diS 1.007),
[a]éS -0.12° (neat), nmr(CCl,/TMS): & 0.78 (s, SiCH3). Treat-
ment of 6¢c with excess methylmagnesium bromide in ether gave 2-
methylbutyltrimethylsilane (8c), bp 132.0°, néS 1.4158, di5
0.7420 (1it.30 bp 134°, n§5 1.4095, d25 0.7343), [a]éS -0.14°
(neat), nmr(CCl,/TMS): & -0.03 (s, SiCH3).

Other results using catalyst precursors %9—59 are given in
Table II. ;

(b) With trichlorosilane. 2-Methylbutyltrichlorosilane

(Lg} and isoamyltrichlorosilane (L}) were obtained in 54% com-
bined yield., The glc area ratio of isomeric products was 2:1.
The products were methylated to give (by preparative glc) 8¢,

n20 1.4124 (1it.3! nSG 1.4120) and isoamyltrimethylsilane, n20

D D
1.4089 (1it,32 ngo 1.4064).

Asymmetric hydrosilylation of other olefins

1. Styrene. A mixture of 12.5 g (0.12 mol) of freshly

distilled styrene, 13.8 g (0.12 mol) of methyldichlorosilane,
and 23 mg (2.4x1072 mmol) of 3a (with phosphine of 79% optical
purity) was allowed to stand at room temperature for 12 hr,

The reaction mixture was distilled, bp 140-143° (37 mm), to give
20.1 g (76% combined yield) of l-phenylethyl- and 2-phenylethyl-
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il

methyldichlorosilane.28 The glc area ratio of the isomers was
1:3.2 (ref. 22). The products were methylated and the resultant
1-phenylethyltrimethylsilane was isolated pure by preparative
glc. It was optically inactive.

2, 4-Pentenyldimethylsilane. Methyldichlorosilane was

treated with 4-pentenylmagnesium bromide to give 64% yield of
4-pentenylchloromethylsilane, bp 143°, nmr(CCly/TMS): & 0.48

(d, J = 3.0 Hz, 3H, SiCH3), 0.6-2.3 (diffused m, 6H, (CH;)3).
4.77 (d, J = 3.0 Hz, 1H, Si#), and 5.4-6.1 (m, 3H, vinylic
protons), ir(neat): 2160 (v(Si-H)) and 1685 em™(v(C=C)). Anal
Calcd for CgHy3C1Si: C, 48.45; H, 8.81. Found: C, 50.20; H,

9.15. Methylation of this compound gave known 4-pentenyldimethyl-
silane, bp 118.5-122.5%. 4nal Calcd for C;H;4Si: C, 65.54; H,
12.57. Found: C, 65.40; H, 12.80. (1lit.23 prepared by other
ways, bp 120-121°, néo 1.4219, d2° 0.7436).

A mixture of 2.56 g (20 mmol) of 4-pentenyldimethylsilane
and 6 mg (10~2 mmol) of 3a dissolved in 5 ml of dry benzene was
heated at 90° for 40 hr. At this point the addition-cyclization
was complete. The glc area ratio of isomeric products was 28:1.
1,1,2—trimethyl»l-silacyclopenfane (ng 4s a major component was
isolated by preparative glc, n20 1.4402, d2° 0.7968 (1it.23 bp

D
125°, n20 1.4380, dﬁﬂ 0.7954), [a]so +0.24° (neat), mnmr(CCly/

TMS) : GDO.OS and 0.10 (two s, Si(CHj3),), and 1.00 (broad s, CCH3),
and diffused multiplets assignable to ring protons. The known
1,1-dimethyl-1-silacyclohexane (13} was also obtained in a trace
amount .

The same reaction using cis-(CyHy)[(S)-PhMeCHNH,]PtCl, as
catalyst took place readily to give the isomeric products in a
ratio of 24:1, but the isolated l-silacyclopentane derivative

was racemic.

Preparation of chiral authentic substances

1. (R)-2-Phenylpropyltrimethylsilane (8a). (R)-2-Phenyl-



l-propanol ([a]so +16.6° (neat), 95.4% optical purity33) was con-
verted by treatment with thionyl chloride and pyridine into (&)-
2-phenyl-1l-chloropropane (7a) [[a]%G +13.4° (neat)), which was
contaminated with ca. 7% of 1-pheny1—2—chloropropane.3“ The
latter was not readily removed but was not objectiomable for the
desired Grignard reaction.

To a tetrahydrofuran solution of (R)-2-phenylpropylmagnesium
chloride, prepared from 4.8 g (31 mmol) of the chloride and 0.9
g (37 mg-atom) of magnesium turnings, was added 6.4 g (59 mmol)
of trimethylchlorosilane over a period of 0.5 hr. The mixture
was heated at reflux for 7 hr, and then hydrolyzed with dilute
hydrochloric acid. After working up in the usual manner, frac-
tional distillation gave 1.1 g (20%) of pure (R)-2-phenylpropyl-
trimethylsilane, bp 98° (17 mm), [a]ss +23.3% (neat). Assuming
that an optical purity of the product is exactly the same as
that of the starting (R)-alcohol, the maximum rotation of 8a is
[u]és +24.,3° (neat).

2. (R)-2,3-Dimethylbutyltrimethylsilane (8b). According

to a procedure by Pino et al.,3 partially resolved (R)-2,3-di-
methyl-1-butanol ([a]éo -2.39° (neat), 43.0% optical purity)
was converted into (R)-2,3-dimethyl-l-chlorobutane (ZQ} in 62%
yield; bp 120-124°, dZ0 0.8890, {u]éo -4.22° (meat) (the maxi-
mum rotation, 33 {a}%5 -9.91°).

In a similar manner to the preparation of 8a, a reaction of
(R)-2,3-dimethylbutylmagnesium chloride, prepared from 5.3 g (44
mmol) of 7b (42.6% optical purity), with 17.0 g (65 mmol) of tri-
methylchlorosilane gave 3.1 g (44%) of crude EB which was puri-
fied by preparative glc, bp 149.5°, [a]é5 -10.3° (neat).

3. (8)-2-Methylbutylmethyldichlorosilane (6c) and -tri-

methylsilane (8c). According to a procedure by Mosher et al.,3®

(S)-2-methyl-1-butanol of 98% optical purity was converted into
(5)-2-methylbutyl chloride (7¢) in 75% yield, bp 99.0°, [a]}S
+1.68° (neat).



To a solution of 22.5 g (0.15 mol) of freshly distilled
trichloromethylsilane disselved in 130 ml of dry ether-benzene
(2:3) was added under gentle refluxing (S)-2-methylbutylmagnesium
chloride prepared from 16.0 g (0.15 mol) of the chloride in ether.
The ether was distilled off through a 30-cm Vigreux column and
the residual mass was filtered. The filtrate was distilled under
reduced pressure to give 15.5 g (56%) of crude 6¢, bp 76.5-77.0°
(37 mm), n[1}5 1.4408, d}5 1.0166, [a]és +12.8° (neat).

The product (9.2 g) was converted into 8¢ in 83% yield, bp
1327, n%)S 1.4158, dl% 0.7420, [u]é5 +15.8° (neat).

The calculated maximum rotations of these authentic sub-

stances are given in Table IIT,
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Chapter 3

Catalytic Asymmetric Hydrosilylation of Olefins.
II. Chiral Phosphine-Nickel (I1} Complex-catalyzed Reaction!

SUMMARY

Dichlorobis | (R)-benzylmethylphenylphosphine]nickel (I1) was
found to be a good catalyst precursor for the asymmetric hydro-
silylation of 1,l-disubstituted prochiral olefins such as a-
methylstyrene. The addition products were obtained in much
higher optical yields than those using chiral platinum(II) com-
plexes. Asymmetric induction was also observed in the hydro-
silylation of 1,4-cyclohexadiene, which has a meso configuration
upon coordination to the metal center. The stereochemical course
of the asymmetric hydrosilylation of olefins is discussed in
terms of mechanisms proposed for homogeneous catalytic hydro-

silylation.

INTRODUCTION

In Chapter 22 intense studies on the catalytic asymmetric
hyvdrosilylation of certain prochiral olefins have concentrated
on seeking effective chiral platinum catalysts. It has been
shown that dichlorobis(phosphine)di-u-chlorodiplatinum(II) con-
taining optically active tertiary phosphines as ligands is gen-
erally useful for a chiral catalyst precursor in asymmetric ad-
dition of methyldichloresilane to 1,1-disubstituted clefins,
though the extent of asymmetric induction is considerably low.

Since the potential catalytic activity of various phosphine-
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complexes of nickel (11,3 palladium(ll),ga,“ vhodium (1}, as wall
as platinum(II)2 is now well documented in the literature, it
seemed likely that asymmetric addition of a silicon hydride to
certain olefins might be better achieved by use of one of these
d8 metal complexes having chiral phosphine ligands.

In the present chapter we describe that dichlorobis[(R)-
benzylmethylphenylphosphine]nickel (II) (1) catalyzes the reaction

with higher asymmetric bias than the platinum(ll) system.

RESULTS AND DISCUSSION

Asymmetric hydrosilylation of 1,1-disubstituted olefins

Addition of methyldichlorosilane to a-methylstyrene (%3) was
carried out in the presence of 1 in a degassed sealed glass tube
at 90° for 60 hr, to give two types of addition products in 39%
combined yield; one was the expected 2-phenylpropylmethyldichloro-
silane (§§J as a major product and the other anomalous 2-phenyl-
propylmethylchlorosilane (i&], an addition product of methylchloro-
silane, the latter arising from a nickel-catalyzed redistribution
of methyldichlorosilane during the course of hydrosilylation
(eq. 1). This SiH/SiCl interchange has extensively been examined
by Kumada and coworkers3¢ with a variety of phosphine-nickel(II)

complexes as hydrosilylation catalysts.

*
Ni—PR3 * *
RMeC=CHp + HSiMeClp ~———= RMeCHCH,SiMeCl, + RMeCHCH,SiMeClH (1)

2a, R = Ph Ja-3c¢ da-dc
A - - 1 A
2b, R = ¢2-Pr

A

2e, R = Et

-

*
PR3 = (R)-(+)-(PhCHy)MePhP (BMPP) (81 or 67% optical purity)



By fractional distillation, 32 and 4a were obtained pure in
optically active forms, having the almost identical degree of
rotation (see Table I). 34 was converted into 2-phenylpropyl-
trimethylsilane (5), [a}BS +4.10° (neat), which was in 16.9%
enantiomeric excess of the R-isomer, on the basis of a maximum
rotation of (R)-(+)-5, [a}és +24.3° (neat).2 Taking account of
an optical purity of the chiral phosphine used, the present asym-
metric hydrosilylation proceeded with a 20.9% optical yield.

We have been unable to compare directly the catalytic activ-
ity of the phosphine complexes of nickel triad (Ni, Pd, and Pt),
because neither platinum(II)? nor palladium(I1) analog® of‘L_has
been found to be effective as a catalyst precurser for the addi-
tion of methyldichlorosilane to %ﬁ.

However, the use of 1 with the same chiral phosphine as one
used in the case of platinum(IT) complexes resulted in giving
much improved optical yields of the addition products. Although
the exact structure of the catalytically active nickel species
is uncertain, it is likely that the presence of two chiral phos-
phines per metal atom in the nickel complex is advantageous for
asymmetric induction (20.9% optical yield) compared with the
dichlorobis (phosphine)di-p~chlorodiplatinum(II) (5.2% optical
yield).?2

It is also noteworthy that the two addition products obtain-
ed, 3a and 4a, have almost the same degree of optical rotation,
despite the different addends, MeCl,SiH and MeClSiH,. Although
the latter would give rise to an asymmetric silicon atom in the
resulting adduct iﬁ, the fact that an optically active dialkyl-
chlorosilane readily racemizes’ may apply to the extensive
epimerization of 4a under the reaction conditions used. We did
not pursue futher this point of view.

Asymmetric hydrosilylation of 2-methyl-l-butene (ESJ and
2,3-dimethyl-1-butene (%9) was also carried out under the same

conditions as described above. In every case, it was observed
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Table 1. Asymmetric Hydrosilylation of Olefins with HSiMeCl, Catalyzed by
*
Ni (PR3)5C1,7(1) at 90°.
-

_8‘7 scsn

Olefin Product Yield [u]$5, deg [a]l®, deg Optical yield [%)b
(%) of product methylated (Configuration)

PhMeC=CH, PhMeCHCH,SiMeC1 , 31 +6.50 +4,10 20.9 (R)
PhMeCHCHy81MeClH & +6.43 =

{-PrMeC=CH, i-PrMeCHCH,SiMeCl, 21° -0.79 -1.00 6.2 (R)
7-PrMeCHCH,S51MeC1H 266 -0.90 -

EtMeC=CH, EtMeCHCHpSiMeCl 5 17 - -0.27 2.5 @&
EtMeCHCH»51MeClH 19% =022

*
“ PR3 = (F)-(+)-{(PhCHz)MePhP (67% or 81% optical purity). b Based on the maximum
rotation of authentic samples and calibrated for the optical purity of the chiral

phosphine used. ® Based on glc analysis.



that the expected addition product {3b ox 5¢) was accompanied by
comparable amount of another anomalous adduct (ip or QSJ which
came from SiH/SiCl interchange of methyldichlorosilane (eq. 1).

All data obtained for asymmetric hydrosilylation of these
1,1-disubstituted olefins are summarized in Table I.

Although the nickel complex-catalyzed hydrosilylation of
2a-2¢ required higher temperature to give rather low reaction
vield of addition products than the platinum system, as far as
the asymmetric induction is concerned, the former always effected
larger asymmetric bias onto the R configuration of the adducts
than the latter, In addition, the extent of asymmetric induction
was consistently in the order %5 > %9 > %5 in both cases.

The fact that (R)-benzylmethylphenylphosphine (BMPP)} coordi-
nated to the metal center can induce asymmetric addition of
methyldichlorosilane across the carbon-carbon double bond of
prochiral olefins may be explained in terms of the current views
of mechanisms on metal-catalyzed hydrosilylation® where the fol-
lowing processes may be involved: (a) insertion of the metal
center into the silicon-hydrogen bond; (b) addition of the re-
sulting hydridometal moiety to the coordinated olefin preferen-
tially from its re face (in a e7Zs manner) to convert it into an
alkyl-metal species; and (c) transfer of the silicon from the
metal center to the alkylcarbon to afford the product. Since
the process (b) most likely involves diastereomeric transition
states or intermediates, the overall asymmetric bias onto the R
configuration at the chiral carbon would have already been deter-
mined prior to the process (c). A schematic view of such a pro-
cess is shown in the Scheme. On this basis it follows that dif-
ferent kinds of hydrosilanes may not significantly affect the
optical yield of the addition reaction as mentioned above. In
fact, this is also envisaged in rhodium(I) complex-catalyzed

hydrosilylation, which will be described in Chapter 4.
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Asymmetric hydrosilylation of other olefins

Two additional olefins, styrene and 1,4-cyclohexadiene,
were also examined as to asymmetric hydrosilylation in the pres-
ence of 1 since a different mode of asymmetric induction from
that discussed above seems to be operative for these olefins.

Addition of methyldichlorosilane to styrene catalyzed by_i,
at 120° for 12 hr gave l-phenylethylmethyldichlorosilane QQ)B
and isomeric 2-phenylethylmethyl derivative Qz)g in 24% combined
yleld, and some polymeric substances. The glc area ratio of the
two products was 46:54, No SiH/SiCl interchange as described

above was observed in this case (eq. 2). The optical yield of

1 *
PhCH=CH, + HSiMeCl, ———> PhMeCHSiMeCl, + PhCH,CH,SiMeCl,  (2)

6 7
A A

the product 6 was estimated to be 0.9% of the R isomer, on the
basis of an empirical value of molecular rotations of 1-phenyl-
ethyl systems reported by Davis and Jensen. !0

0f significance is the fact that hydrosilylation of 1,4-
cyclohexadiene under the influence of 1 gave rise to some extent

of asymmetric induction in one of three addition products.



: i
U + HSiMeCl, —
SiMeCl, SiMeCl,
ﬂ::::]!’ = Eiij:]ff + [::::}—(SiMeCIz)z (3)
8 9 10

-t § Pl A

Thus, addition of methyldichlorosilane to 1,4-cyclohexadiene was
carried out in the presence of 1 at 90° for 40 hr, to give

4~ (methyldichlorosilyl)cyclohexene (8) and 3-(methyldichloro-
silyl)cyclohexene {g), in a ratio of 2.7:1, and bis(methyldi-
chlorosilyl)cyclohexane (LQ} (eq. 3). The isomeric mixture of
8 and 9 was treated with methylmagnesium bromide and then by
trifluorcacetic acid to give pure 4-trimethylsilylcyclohexene
(11}, [u]éo +3.69° (neat). On the basis of an empirical rule of
conformational asymmetry of endocyclic olefinic compounds,?? i}
was estimated to be at least of 4% enantiomeric purity with
respect to the K isomer. It should be mentioned that the for-
mation of 9 is attributed to an isomerization of gﬂ(uide infra)
and that this isomerization inevitably results in some racemiza-

tion of optically active 8 by a process shown in eq. 4.

.- SiMeCl, Ni cat. _-51MeCl, SiMeCl,
it + @)

(R)-8 5)-8 9

Hydrosilylation of 1,3-cyclohexadiene under the same con-

ditions did not appreciably occur, while at elevated temperature

(120°) giving 8 and 9 in a ratio of 1:2.7. Therefore, the nickel



Table II, Hydrosilylation of 1,4- and 1,3-Cyclohexadiene Catalyzed by Chiral
Phosphine Complexes of Nickel Triad.

Catalyst Silane Temp. Time Yield” Product ratiob Optical
(=] . A
(*E) (hr) (%) 8 ji activity

1,4-Cyclohexadiene

Ni€ HSiMeCl o 90 40 37 73 27 yes

pa? HSiCl3 135 66 80 109 90° yes

ptS HSiMeCl , 90 43 90 14 86 no

pt? HSiMeCl, 50 28 83 nil 100 no
1,3-Cyclohexadiene

Ni€ HSiMeCl, 120 40 38 27 73 yes

pa? HSiCl, 120 63 64 10 90 ves

2 Combined yield of ﬁ_and_g. 5 By glc analysis. ¢ Ni(;R3)2C12: ;Rg = (H)-
(PhCH,)MePhP, d Pd(PhCN),Cl, plus 2 MDPP: MDPP = {-)-Menthyldiphenylphosphine
(see ref. 6). ¢ Trichlorosilyl analog of g and 8, respectively. f etlg-
(C,H,)AMPtCl,: Am = (S)-PhMeCHNH,. 9 @is-(C,H,)RsPPtCl,: PRy = (R)-(PhCH,)-
MePhP,



complex-catalyzed isomerization of 1,4-cyclohexadiene to the 1,3-
isomer would be solw (and viece versa) under the present condi-
tions, The isomeric mixture of g,and‘g, after methylation, had

a slight optical activity (aﬁo -0.023° (0.1 dm, neat)). All
results as well as those obtained with platinum catalysts for
comparison are summarized in Table II.

In contrast to the use of a nickel catalyst, hydrosilylation
of 1,4-cyclohexadiene catalyzed by eig-dichloro(ethylene)}[(5)-1-
phenylethylamine]platinum(II) or its chiral phosphine analog
readily took place to give §,and’2,in 90% or 83% combined yield,
respectively. but 9 was always predominant and optically inac-
tive. Evidently. an extensive isomerization of the starting
1,4-diene to the 1,3-diene may precede the addition of methyl-
dichlorosilane in this case.

Finally. when a @is olefin of CZV symmetry is coordinated
to the metal center, the two asymmetric carbon atoms formed have
opposite configurations, yielding a meso compound.l? Hence, the
asymmetric induction for hydrosilylation of },4-cyclohexadiene
should take place during and/or after formation of the diastereo-
meric alkyl-metal intermediates which arise from a stereoselective
eis addition of hydridometal moiety to the coordinated meso
diene. It may be, therefore, concluded that the asymmetric in-
duction in the step of coordination of an olefin to the chiral
complex catalyst is not necessarily an essential factor in order

to sustain the asymmetric hydrosilylation in general,l?3

EXPERIMENTAL

Preparation of dichlorobis[(R)-benzylmethylphenylphosphine]-

nickel (I1) (1)

To a solution of 1.00 g (4.2 mmol) of nickel chloride hy-

drate in 15 ml of dry ethanol under an argon atmosphere was added
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2.0 ml (8.8 nuol) of (R)-benzylmctiylphenylphosphine (BMPP)!~
(67% optical purity) in one portion and the mixture was magneti-
cally stirred overnight. The precipitates formed were taken up
with methylene chloride. After removal of the solvent, the res-
idue was recrystallized from CH,Cl,-petr. ether (1:5) to give
1.45 g (58%) of pure 1 as deep purple plates, mp 132-133° (in an
evacuated tube). The optical rotation of this complex in meth-
ylene chloride could hardly be measured due to deeply red-colored
solution. Anal Caled for C,gH3oCl1,NiPp: C, 60.26; H, 5.42; Cl,
12,70. Found: C, 60.49; H, 5.64; C1, 13.11.

The same complex but with the phosphine of 81% optical pu-

rity was also prepared.

Asymmetric hydrosilylation of 1,1-disubstituted olefins

The following procedure is typical: In a degassed sealed
glass tube a mixture of an appropriate olefin (90 mmol), methyl-
dichlorosilane (90 mmol) and the catalyst 1 (3.6x1072 mmol) was
heated at 90° for 60 hr. The reaction mixture was fractionally
distilled to give two types of addition products. In some cases
the product ratio was determined by glc analysis prior to distil-
lation. The normal adduct (with no SiCl/Sill exchange) was then
treated with excess methylmagnesium bromide to convert it into
the trimethylsilyl derivative, with which the optical yield was
determined on the basis of the maximum rotation of authentic
samples.? All optical data are given in Table I,

1. o-Methylstyrene (2a). Using 1 with BMPP of 81% optical

purity, two addition products, 2-phenylpropylmethyldichlorosilane
(§&)2 and Z-phenylpropylmethylchlorosilane (ﬁg), were obtained by
fractional distillation of the reaction mixture; 4a: bp 51-52°
(0.8 mm), 1.4 g (8%) (95+% pure), nBS 1.5138, d}% 1,0119, nnr
(CC1,/TMS): & 0.25 (d, J = 2.8 Hz, 3H, SiCH3), 1.31 (d, J = 6.8
Hz, 2H, CH), 1.35 (d, J = 6.8 Hz, 3H, CCH3), 3.04 (ill resolved
m, 1H, CH), 4.67 (sextet, apparent J = 2.8 Hz, 1H, SiH), and 7.16

1



(s, 5H, CgHs). 4Anal Caled for CypH;5CISi: C, 60.42; H, 7.61; Cl,
17.83. Found: C, 61.19; H, 7.59; C1, 17.30. égz bp 66.0-66.5°
(0.6 mm), 6.6 g (31%), né5 1.5151, d;% 1.1110, (1it.® bp 148-
149° (42 mm), “55 1.5082, d2° 1.100). 3a was methylated to give
2-phenylpropyltrimethylsilane (5)2, bp 100-100.5° (19 mm), n®
1.4900, dl5 0.8681.

From another run of the same reaction but in 45 mmol-scale
was obtained 4.4 g (42%) of the adducts, which gave, on direct
methylation followed by preparative glc, pure 5; [3]55 +3.89°
(neat). Taking account of an optical purity of the phosphine
(81%), the optical yield of the addition product is 19.8%.

2. 2,3-Dimethyl-1l-butene (2b). %‘with BMPP of 67% optical

purity was used as catalyst. Simple distillation of the reaction
mixture gave 8.2 g (47% combined yield) of two addition products,
and the glc area ratio of the products was 56:44. The distillate
was then fractionally redistilled to isolate each adduct in the
pure state. (i) Z-PrMeCHCH,SiMeClH (i@], bp 64-66° (18 mm), 3.5
g, nﬁo 1.4354, d20 0.8818, nmr(CCl,/TMS): 6 0.47 (d, J = 3.2 Hz,
SiCH3), 4.83 (m, S5iH), and other protons as diffused multiplets.
Ir(liguid film): 2167 em™ ! (v(Si-H)). 4nal Calcd for C+Hy-C18i:
C, 51.03; H, 10.40; C1, 21.52. Found: C, 50.44; H, 10.53; C1,
20.01. (ii) £-PrMeCHCH,SiMeCl,2 (3b), bp 74-76° (18 mm), 3.3 g,
(97+% pure). Methylation of the adducts gave 7-PrMeCHCH,SiMe,H,
bp 70° (73 mm), ngo 1.4211, nmr(CCl,/TMS): & 0.13 {d, J = 3.4
Hz, SiCH3), 3.97 (m, SiH), ir: 2124 em™! (v{Si-H)). Anal Caled
for CgHypSi: C, 66.57; H, 13.97. Found: C, 66.75; H, 14.00., and
1-PrMeCHCH,SiMe3?, bp 96.5° (137 mm).

3. 2-Methyl-l-butene (2c). Similarly, simple distillation

of the reaction mixture gave 7.5 g of addition products, which
boiled over a range of 59-78° (32 mm) and consisted of four compo-
nents. The glc area ratio of the products was 42:37:16:5. The
major two were separated and identified as follows, while the

other two could not be obtained pure.

s B =



The major adducts were: (i) EtMeCHCHpSiMeClH (4c), bp 43°
(20 mm), n%o 1.4274, 420 0,8813, nmr(CCl,/TMS): 6 0,52 (d, J =
3.6 Hz, SiCH3), 4.83 (m, Si¥H), and other protons as diffused mul-
tiplets, ir: 2172 cm™! (v(Si-H)). 4nal Calcd for CgHpsClSi: C,
47.81; H, 10.03; C1, 22.54. Found: C, 47.38; H, 10.36; Cl, 23.02.
Methylation followed by preparative glc gave 2-methylbutyldimeth-
ylsilane, n%ﬂ 1.4151, nmr(CCl,/TMS): & 0.12(d, J = 3.9 Hz, SiCHj3)
and 3.96 (m, SiH). A4nal Calcd for CyH;gSi: C, 64.52; H, 13.92.
Found: C, 64.06; H, 14.06. (ii) EtMeCHCH,SiMeCl,% (3g), which
was directly converted into trimethylsilyl derivative and puri-
fied by preparative glc. The optical rotations were as indicated

in Table I,

~Asymmetric hydrosilylation of styrene

A mixture of 18.8 g (0.18 mol) of freshly distilled styrene,
20.8 g (0.18 moi) of methyldichlorosilane and 40 mg (7%1072 mmol)
of 1 (with BMPP of 67% optical purity) was heated at 120° over a
period of 12 hr. The reaction mixture was distilled to give 9.6
g (24% combined yield) of l-phenylethyl- (g) and 2-phenylethyl-
methyldichlorosilane Qz].a The glc area ratio of isomeric prod-
ucts was 46:54. The mixture was methylated. 1-Phenylethyltri-
methylsilane was obtained by preparative glc in optically active
form, {a]go +0.62° (neat); [M]IZJ0 +1.11°, 0.9% optical yield of
the k isomer, which was estimated on the basis of the optical
purity of the chiral phosphine used and of an empirical value of
molecular rotation of (§)-(-)-l-phenylethyltrimethylsilane, [M]%0
-184° (+ 5%).°

In another run of the same reaction catalyzed by 1 with BMPP
of 81% optical purity, the optical rotation of 1-phenylethyltri-
methylsilane was [u]%o +0.79° (e 6.09, benzene). With trichloro-
silane the reaction did not take place under the conditions em-
ployed (e¢f. ref. 3b).

., =i =



Asymmetric hydrosilylation of 1,4- and 1,3-cyclohexadiene

A mixture of 4.1 ml of 1,4-cyclohexadiene (containing
20% of benzene), 3.5 g (30 mmol) of methyldichlorosilane and 10
mg of i’(Bl% optical pure BMPP) was heated at 90° for 40 hr.
Fractional distillation of the reaction mixture gave two frac-
tions: (i) bp 86-88° (16 mm), 2.1 ml, a mixture of 3- (8) and
2-cyclohexenylmethyldichlorosilane (9), aée +0.691° (0.1 dm,
neat); and (ii) bp 108-109° (3 mm), 0.9 ml, bis(methyldichloro-
silyl)cyclohexane {ig}. Upon methylation of the first fraction
was obtained trimethylsilyl derivatives of 8 and 3 in a ratio of
73:27, bp 62-63° (20 mm), 1.0 ml, 20 +0.492° (0.1 dm, neat).

A similar mixture (2.2 ml) of 4- and 3-trimethylsilylcyclo-
hexene from another run was treated with trifluoroacetic acid
(1.8 ml), and the mixture was distilled to give pure 4-trimethyl-
silylcyclohexene, 3¢ bp 58-60° (17 mm), 0.9 ml, n%“ 1.4580, d2°
0.8428, [a][ZJG +3.69° (neat); [M’][Z)O +5.68°, nmr: & -0.05 (s,
SiCHj3) and 5.64 (broad s, CH=CH). Anal Calcd for CgH;gSi: C,
70.05; H, 11.76. Found: €, 70.19; H, 11.62.

Similarly. from a mxture of 2.8 g (35 mmol) of 1,3-cyclo-
hexadiene and 3.5 g (30 mmol) of methyldichlorosilane was obtain-
ed ﬁ’(lo%), 9 (28%), and 10 (10%). An isomeric mixture of 8 and
23 upon methylation, showed a slight negative rotation, a%o
-0.023° (0.1 dm, neat). Furthermore, the similar reaction of
1,4-cyclohexadiene catalyzed by chiral platinum complexes (see
Table I1) yielded 8 and 2 in high yield, and there was no di-
silylated product. Neither of two isomeric products showed op-

tical activity.
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Chapter 4

Catalytic Asymmetric Hydrosilylation of Olefins.

11I. Chiral Phosphine-Rhodium Complex-catalyzed Reaction

SUMMARY

In contrast to the platinum or nickel complex-catalyzed
hydrosilylation of a-methylstyrene using methyldichlorosilane,
the latter was of no use for the rhodium complexes as catalysts,
Trimethylsilane and phenyldimethylsilane were found to add read-
ily to a-methylstyrene in the presence of chiral rhodium com-
plexes with (R)-benzylmethylphenylphosphine, or (-)-2,3-0-
isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)}butane to
give optically active Z-phenylpropylsilane derivatives. The
optical yields were not significantly affected by changes in
structure of the hydrosilanes.

Hydrosilylation of styrene with trialkylsilanes catalyzed
by the rhodium complex proceeded with high regioselectivity to

form B-adduct,

INTRODUCTION

Among a variety of rhodium(I) complex-catalyzed reactions,
hydrosilylation of olefins has attracted a little attention.
Wilkinson et aZ.,l and Haszeldine et al..?2 have independently
reported the catalytic activity of chlorotris(triphenylphosphine)-
rhodium(1) for the addition of various hydrosilanes to l-hexene,
while investigating the oxidative addition of silanes to this

complex. More recently, several examples of the hydrosilylation



of terminal olefins and of acrylonitrile have also been reported,

In the two preceding chapters, we have described that cata-
lytic asymmetric hydrosilylation of prochiral olefins is real-
ized by using chiral phosphine-platinum(II)* and -nickel(IT)?
complexes as catalysts. For instance, asymmetrically catalyzed
addition of methyldichlorosilane to a-methylstyrene afforded (A)-
2-phenylpropylmethyldichlorosilane in 5.2 and 20.9% optical yield,
respectively.

We now extend these studies to include chiral rhodium com-
plexes as catalysts for asymmetric hydrosilylation. In this work,
we have found that changes in structure of hydrosilanes used do

not significantly affect the extent of asymmetric induction.

RESULTS AND DISCUSSION

Asymmetric hydrosilylation of o-methylstyrene catalyzed by
chiral rhodium complexes was carried out essentially as described
in the preceding chapters. [Rh{CH)—{PhCHQ}MePhP}2H282]+C104h
(L)s (S = solvent) and ((-)-DICP}Rh{S)Cl {%),7 where DIOP stands
for 2,3-0-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)-
butane,’ were used as catalysts for the present reactions. These
complexes have been effectively used for asymmetric hydrogenation
of olefins’ and hydrosilylation of ketones,®’8

It should be mentioned that in the hydrosilylation of a-
methylstyrene catalyzed by Lor 2, methyldichlorosilane, which
adds readily to several prochiral clefins in the presence of
platinum(II)% and nickel (I11)3 complexes, scarcely reacted even
under forced conditions. However, trialkylsilanes such as tri-
methylsilane and phenyldimethylsilane were found to be moderate-

ly reactive.
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Table I. Asymmetric Hydrosilylation of o{-Methylstyrene Catalyzed
by Chiral Rhodium Complexes at 120° for 40 hr.

Silane Catalysta Yield [a]20, degb Optical yield (%)

(%) of product (Configuration)
HSiMe s 1 63 +1.19 7.0 (®)°
HSiMe,Ph 1 25 +1.07 5.2 (B)°
HSiMes 2 63 -2.54 10.4  (5)
HSiMe,Ph 2 19 ~1.97 6.7 (5)

¢ Catalyst = 0.05 mol%. g Neat. © Calibrated for the optical
purity of the chiral phosphine used (70%).

1 or 2 i
PhMeC=CH, + HSiMej,R e PhMeCHCH,SiMe R 1)
120°
3, R = Me
A
4, R = Ph
e

i,was converted into known compound g_by way of a dimethyl-
chlorosilyl derivative (5) in order to determine the enantiomeric
-+

excess (eq. 2).

. HC1-AlClg B MeMgBr .
PhMeCHCH,SiMe ,Ph ——————>3 PhMeCHCH,SiMe 5C1 ————= PhMeCHCH,SiMe
CHC14
- 5 3@

The results obtained are summarized in Table I. It is of
interest that changes in structure of hydrosilanes used do not
significantly affect the extent of asymmetric induction in the

rhodium complex-catalyzed hydrosilylation of a-methylstyrene.
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It follows that the stevic effect of a trialkylsilyl group bou
to the rhocium catalyst on a stereochemical outcome for hydro-
silylation of prochiral olefins should be a minor one compared
to the steric control by the chiral phosphine-rhodium moiety which
operates throughout the processes.® These arguments, in accord
with the current views of mechanism of hydrosilylation, insist
that the extent of asymmetric induction is already fixed in the
process of forming diastereomeric alkyl-rhodium intermediates by
way of the insertion of an olefin into a hydrido-rhodium moiety,
rather than during the reductive elimination process where alkyl
and trialkylsilyl groups both bound to the rhodium leave to form
the final product (see Chapter 3).°

In addition, with respect to the effect of hydrosilanes upon
the stereoselectivity, asymmetric hydrosilylation of olefins
makes striking contrast with that of ketones where the optical
yield varies dramatically with changes in structure of hydrosi-
lanes employed, which will be described in Chapter 6,6

The addition reaction of trimethylsilane or phenyldimethyl-
silane to styrene in the presence of 1 resulted in giving exclu-
sively the B-phenylethylsilyl derivatives, and the expected a-

isomer was found only in a trace amount (eq. 3).

1
PhCH=CH, + HSiMe,R ——"“—= PhCH,CH,SiMe,R (3)
i10®
6, R = Me
A
7, R = Ph

In contrast, with platinum(II)%*9 or nickel (I1)°”10 the addi-
tion proceeds in two directions to afford both the a- and B-adduct
in comparable amounts regardless of the use of various hydro-
silanes, and only the a-adduct is formed in a trichlorosilane-

palladium(II) system,!l
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EXPERIMENTAL

Asymmetric hydrosilylation of oc-methylstyrene

The chiral cationic complex 1 was prepared in situ from
[Rh{ (R) - (PhCH,)MePhP}, (NBD) ] C10,” (NBD = 2,5-norbornadiene)
according to the reported procedure,!? and the details are de-
scribed in Chapter 6. A mixture of di-u-chlorobis{l,5~hexadiene)-
dirhodium and an equivalent of (-)-DIOP for the rhodium was used
as catalyst 2;

1. With trimethylsilane. In 2.0 ml of degassed dry benzene
and 0.4 ml of dichloromethane, 14 mg (2x10°2 mmol) of [Rh{(R®)-
(PhCHZ)MePhP}Z(NBD)]+C10q_ (with the phosphine of 70% optical

purity) was dissolved, and molecular hydrogen was bubbled through
the solution for 10 min. Then 4.7 g (40 mmol) of o-methylstyrene
and 3.7 g (50 mmol) of trimethylsilane were added successively.
The mixture was heated at 120° for 40 hr in a degassed sealed
glass tube. Isolation of the product by preparative glc (Silicone
DC550) after distillation (57° (4 mm)) gave 4.8 g (63%) of 2-
phenylpropyltrimethylsilane (i),” {a}éo +1.19° (neat). Since the
specific rotation of optically pure (R)—E'is [a]g0 +24.3° (neat),"
the enantiomeric excess of the product is 7.0% (R).

2. With phenyldimethylsilane. Similarly, a mixture of 7.1

g (60 mmol) of cw-methylstyrene, 10.0 g (75 mmol) of phenyldi-
methylsilane was heated in the presence of"]‘;_(leD“2 mmol) at
120° for 40 hr to give 3.8 g (25%) of 2-phenylpropylphenyldi-
methylsilane (4), bp 132-134° (4 nm), n%ﬂ 1.5455, a2% 0.9630,
[G}SO +1.07° (neat), mnmr{CCl,/TMS): & 0.05 and 0.09 (a pair of
s, Si(CH3),), 1.16 (d, J = 6.6 Hz, CHp), 1.22(d, J = 6.4 Hz,
CHCH3), 2.81 (sextet, CH), 7.11 (s, CCgHg), and 7.29 (broad s,
SiCgHs)}. Amal Calcd for CygHp,Si: C, 80.25; H, 8.71. Found:
C, 79.61; H, 8.80.

4 was treated with dry hydrogen chloride in 15 ml of chloro-

form in the presence of a catalytic amount of aluminum chloride



to give 2.5 g (70%) of 2-phenyipropyldimethylchlorosilane (E),
bp 73-75° (4 mm), ngﬂ 1.5033, d20 0.9899, iu]§0 +1.47° (neat),
nmr (CC1,/TMS): & 0.15 and 0.19 (a pair of s, Si(CH3)»), 1.12 (d,
J = 7.2 Hz, CHp), 1.30 (d, J = 7.2 Hz, CHCH3), 3.01 (sextet, CH),
and 7.19 (s, CgHg). 4Anal Calcd for CyyHy4ClSi: C, 62.09; H, 8.05;
Cl, 16.66. Found: C, 62.27; H, 8.20; C1, 16.01.

5 was methylated with excess methylmagnesium bromide in
ether solution to obtain 3, [u]é0 +0.88° (neat).

The results of asymmetric hydrosilylation of a-methylstyrene

using‘g,as catalyst are listed in Table I.

Hydrosilylation of styrene

1. With phenyldimethylsilane, A mixture of 5.2 g (50 mmol)

of freshly distilled styrene, 7.5 g (55 mmol) of phenyldimethyl-
silane, and 2.5x1072 mmol of 1 was heated at 110° for 7 days.
The reaction mixture was distilled (bp 117-120° (2 mm)) to give
8.4 g (70%) of B-phenylethylphenyldimethylsilane D> n%“ 1.5502.
Glc analysis indicated that only a trace amount of a-isomer is
present. Nmr(CCly/TMS): 6 0.25 (s, 6H, SiCH3), 0.96-1,32 (m, 2H,
CHpS1), 2.45-2.81 (m, 2H, CgHsCHp), 7.09 (s, 5H, CCgHs), 7.0-7.6
(broad s, 5H, SiCgHs5). Anal Caled for CygH,pSi: C, 79,93; H,
8.38., Found: C, 79.63; H, 8.33.

2. With trimethylsilane. From a mixture of 3.1 g (30 mmol)

of styrene, 3.0 g (40 mmol) of trimethylsilane and 1.5x10~2 mmol
Of.if was obtained 3.4 g (63%) of B-phenylethyltrimethylsilane
(6), bp 100-102° (20 mm), n§01.4880, (1it.® bp 117° (40 mm), n55
1.4840), nmr(CCly/TMS): 6 0.11 (s, SiCHz), 0.81-1.03 (m, CH,S5i),
2.53-2.85 (m, CgHsCH,), 7.15 (s, CgHs).
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Chapter 5

Catalytic Asymmetric Hydrosilylation of Ketones.
I. Chiral Phosphine-Platinum(1I) Complex-catalyzed Hydrosilylation!

SUMMARY

Dichlorobis(dimethylphenylphosphine)di~p-chlorodiplatinum(II)
was found to be an effective catalyst for the hydrosilylation of
alkyl phenyl ketones with methyldichlorosilane to give the corre-
sponding silyl ethers of l-phenylalkanols. In the case of dialkyl
ketones, the reaction was accompanied considerably with the for-
mation of silyl enol ethers.

Asymmetric hydrosilylation of a series of alkyl phenyl ke-
tones catalyzed by chiral phosphine-platinum(II) complexes was
undertaken. The products are readily converted into partially

active l-phenylalkanols.

INTRODUCTION

Although the homogeneous hydrogenation catalyzed by various
transition metal complexes has been extensively studied? so far,
it has been confined mostly to that of carbon-carbon multiple
bonds. In regard to the hydrogenation of carbon-oxygen double
bonds, there had been only a few papers3 before Schrock and
Osborn reportedl+ in 1970 that cationic rhodium complexes with
relatively basic phosphines as ligands catalyze the redﬁction
of ketones under mild conditions. On the basis of these findings,
a catalytic asymmetric hydrogenation of ketones has been achieved
with a low optical yield.?>

As for the hydrosilylation of carbonyl compounds, zinc



chloride® and chloreplatinic acid? weve found to catalyze the
reaction, even though of their iimited applicability. Recenti,,
Ojima and coworkers have reportedB that chlorotris (triphenylphos-
phine)rhodium(I) is very effective for the hydrosilylation of
carbonyl compounds, Corriu and Moreau have also studied?® the
addition of diarylsilanes to ketones in the presence of dichloro-
tris(triphenylphosphine)ruthenium(II) as well as the rhedium com-
plex. The transition metal-catalyzed hydrosilylation of carbonyl
compounds may be considered as a synthetically equivalent means
to reduction.

In the preceding chapters, it has been shown that platinum-
(11), 10 nickel(11),1! and rhodium(1)!2 complexes with chiral
phosphines as ligands catalyze the enantioselective addition of
hydrosilanes to prochiral olefins. With the aim at an asymmetric
hydrosilylation of ketones, we have independently examined the
behavior of several ketones toward addition of hydrosilanes in
the presence of a variety of transition metal complexes with phos-
phine ligands. In this chapter, it is reported that thé hydro-
silylation of ketones with methyldichlorosilane proceeds under
mild conditions by the use of [(PhMe,P)PtCl,],, and that one of
its chiral phosphine analogs is useful for the asymmetric hydro-
silylation of a series of alkyl phenyl ketones. Some chiral phos-
phine-rhodium complexes have also been found!® to catalyze the
reaction, with higher enantioselectivity than the platinum(II)

system, which will be described in succeeding chapters.

RESULTS AND DISCUSSION

Hydrosilylation of ketones catalyzed by platinum(II) complexes

All experiments were carried out in degassed sealed glass
tubes. In typical runs the catalyst concentration was about 10~3

mole per mole of a ketone and 1.3 equivalents of a hydrosilane
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were used for each equivalent of a ketone. The mixture was al-
lowed to stand at room temperature or heated, if necessary, for
a given period of time. The addition products were isolated by
distillation, and characterized by ir and nmr spectra and ele-
mental analyses.

To begin with, various Group VIII transition metal complexes
were examined in their catalytic activities for the addition

reaction of methyldichlorosilane to acetophenone (eq. 1).

Catalyst
PhCOMe +  HSiMeCl, ———————> PhMeCHOSiMeCl, (1)

Dichlorobis (phosphine)palladium(IT) and -nickel (IT} complexes
exhibited no appreciable effect on the reaction even under forced
conditions. Tris(triphenylphosphine)chlororhodium(I) also did
not catalyze the hydrosilylation of acetophenone with methyldi-
chlorosilane at all, though trialkylsilanes and dialkylsilanes
were later found to enter into the reaction under mild condi-
tions®>9 (see Chapter 6). Platinum complexes seemed to be the
only satisfactory catalysts for the reaction of methyldichloro-
silane with acetophenone, so that several phosphine-platinum
complexes as catalysts were examined in some detail. The yield
of the silyl ether of l-phenylethanol varied markedly depending
on the nature of the catalyst used. As shown in Table I, it is
noted that dichlorobis(dimethylphenylphosphine)di-p-chlorodi-
platinum(II) Qi) was the most effective catalyst, whereas its
triphenylphosphine analog had little catalytic activity. In
accord with the nature of cationic rhodium complexes with more
basic phosphines, these facts may suggest that a relatively
electron-donating phosphine ligand plays an important role in
facilitating the coordination of a carbonyl moiety to the coor-

dinatively unsaturated platinum complex and, as a result, giving
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T: ‘e 1. Hydrosil-lation of Acetophenone with Methyldichlosw

silane Catalyzed by Transition Metal Complexes.

Catalyst Condition Yield”

Temp (°C) Time (hr) (%)
HoPtClg r.t. 250 33
¢is- (CoHy) Am*PECl 7 r.t. 40 51
eig- (R3P*) ,PtCl,° r.t. 90 3
[ (PhMe 5P) PtC1 5] 5 r.t. 40 80
[ (Ph3P)PtCl,] 5 r.t. 60 4
(PhMe 5P) ,PdC1 5 120 40 0
[ (PhMe,P)PdCI 5] , 120 40 0
trans- (R3P*) ,NiCl1,° 90 20 0
(Ph3P) 5RhC1 50 40 0

' ? Yields were determined by glc based on acetophenone used.
2 Am*: (S)-PhMeCHNH,. g RgP*: (K)-(PhCH,)MePhP.

rise to the addition of methyldichlorosilane to the ketone.
Dichlorobis (phosphine)platinum(I1) was of no use as a catalyst
precursor for the hydrosilylation of ketones, nor for that of
prochiral olefins, 10

The addition of other hydrosilanes such as dialkyl- and
trialkylsilanes to acetophenone catalyzed by 1 was carried out
(eq. 2). The ease with which the addition reaction occurred was
dependent strongly on the nature of silanes employed: methyl-

phenylsilane added readily to the ketone at room temperature to

PhCOMe +  HSiRj = > PhMeCHOSiR 5 (2)
r.t. 40 hr
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give the corresponding silyl ether in 80% yield. Phenylsilane
also added, the major product being not a 1:1 adduct of phenyl-
silane but 1:2 adduct. On the other hand, trimethylsilane, di-
methylphenylsilane, diethoxymethylsilane, and dichlorophenyl-
silane did not react at all so far as the platinum(II) catalyst
1 was used.
~

The hydrosilylation of a few dialky! ketones with methyl-
dichlorosilane gave rather complicated results, always being

14

accompanied by the formation of silyl enol ethers”' as indicated

in the following equations.

1
EtCOMe + HSiMeCl, s
r.t.
Me\ ll}de Me\ josmemz
EtMeCHOSiMeCl , + fczc\ * ;‘C:C\ (3)
H 0SiMeCl, H Me
(31%) (3%) (2%)
,.1_, iT-BL{
t-BuCOMe + HSiMe(Cl ; ———= t-BuMeCHOSiMeCl, + F=CH2 (4
2t MeCl ,Si0
(8%) (4%)
1
PhCH,COMe + HSiMeClp ——""—sm
Tt
P'r{ !Me Ph\ ,()SiMe(Ilz
PhCH,MeCHOSiMeCl, + /c=c\ + fc=c\ (5)
H 0SiMeCl, H Me
(29%) (8%) (3%)



Since the formationm of silyl emol cchers Shiuld tike [
with concomitant evolution of hydrogen, it is conceivably possi-
ble to argue that the silyl ethers of alkanols might arise from
some catalytic hydrogenation of silyl enol ethers initially formed.
However, attempted hydrogenation of a-trimethylsilexystyrene gave
no appreciable amount of the silyl ether of 1-phenylethanol under
the same conditions as mentioned above, so that the possibility
vig silyl enol ethers may be ruled out. The formation of silyl
enol ethers in the presence of platinum complex 1 and the cata-
lytiec hydrosilylation of ketones are most likely competing pro-
cesses, As to the mechanism for the formation of silyl enol
ethers, there exist at least two possibilities on the basis of
known homogeneous catalyses; (a) a pathway involving dehydroge-
native condensationl!® between hydrosilane and enol present in
equilibrium with ketone, and (b) one involving the well-recog-
nized f-elimination of platinum-hydride from an a-siloxyalkyl-
platinum intermediate, which, if not isolated, would be formed
viq migration of the silyl ligand from metal to coordinated car-
bonyl oxygen atom. Although, at present, these two alternatives
can not be differentiated, the authors are inclined to helieve
that the latter pathway may be of significance when more substi-

tuted silyl enol ethers are exclusively formed.

Asymmetric hydrosilylation of ketonmes catalyzed by chiral phos-

phine-platinum complexes

Dichlorobis (dimethylphenylphosphine)di-u-chlorodiplatinum(II)
gl) is found to be a specifically effective catalyst for hydro-
silylation of alkyl phenyl ketones as mentioned above. Accord-
ingly. dichlorobis[(&)-benzylmethylphenylphosphine]di-u-chloro-
diplatinum(II) Lz)lo or its (R)-methylphenyl-n-propylphosphine
analog (3)'0 would be suitable for the asymmetric hydrosilylation
of the prochiral ketones. Indeed, the addition of methyldichloro-
silane to a series of alkyl phenyl ketones catalyzed by these
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¢chiral phosphine-platinum{II) complexes gave partially active
silyl ethers of l-phenylalkanols, and the silyl ethers were read-
ily converted into the corresponding l-phenylalkanols by treat-
ing with methyllithium as in eq. 6.

[L*Pt(.'.lg_] )

*
PRCOR + HSiMeCl, > PhRCHOSiMeCl,
1) Meli "
—  PhRCHOH (6)
2) Hs0

(R = Me, Et, n-Pr, Z-Pr, ©-Bu, #-Bu; L* = chiral phosphine)

The results for a series of alkyl phenyl ketones examined
are summarized in Table IT. It is noteworthy that the platinum(Il)
complexJ% catalyzes the asymmetric addition of methyldichlorosilane
to the ketones leading predominantly to (S)-1-phenylalkanols,
whereas 3 to the (#)-enantiomers except for pivalophenone.

The results clearly indicate that, in the two phosphines
employed, it is the only chiral nature at the phosphorus atom to
be transmitted in the diastereomeric transition states that is
opposite. This is not the case for the asymmetric hydrosilylation
of, for example, a-methylstyrene with methyldichlorosilane.l0
Furthermore, the latter reaction catalyzed by E’gives rise to the
(R)-adduct predominantly, while (S)-1-phenylethancl is the pre-
ferred enantiomer in the case of asymmetric addition of methyl-
dichlorosilane to acetophenone as given in Table II. These facts
may well imply that the stereoselectivity for the addition of a
hydrosilane to the enantiotopic faces of a ketone is different
from that of an olefin which is undoubtedly in w-coordination to

the chiral catalyst (see eq. 7 and 8).



Teule II. Asymastric uydrosilylation of RCOPh witir HSiMeCly

a
Catalyzed by [L*PtCl,], at Room Temperature.
: . b ; b i ; Gy e
R Yield S§ilyl ether Carbinol Optical yield (%)
(%) [@]50 (neat) [o:][%0 (Configuration)
L*: (R)-(+)-(PhCH;)MePhP (79% optical purity)
Me 81 -4.,60 -2.61 7.6 (S)
Et 81 -6.11 -2.21 10.0 (8)
n-Pr 77 -5.21 —S.Od 8.4 (8)
i-Pr 55°¢ - a7 4.5 (9)
i-Bu 65 —-— -4.749 18.6  (3)
£-By” 33 -6.74 -3.8" 18.6  (S)
L*: (A)-(~)-MePh-n-PrP (93% optical purity)
Me 71 +3,81 +2.24 5.5 (R)
Et 83 +5.13 +1.94 7.4  (R)
n-Pr 74 +3.82 +2.0d 4,7 (B)
i-Pr 57° — Rt 2.5 (R
-Bu 54 e +0.037 0.1 (&
bRyt 24 -2.62 -1.5% 6.2 (8)

“ [L¥PtCl,]), = 6.7x10" Zmol%. b Specific rotation was measured
neat unless otherwise noted. °© Optical yields are calculated
from the specific rotation of the pure enantiomers which are re-
ported in the literature (lit. 16],‘and calibrated for the optical
purity of chiral phosphines used. d Specific rotation in benzene;
maximum rotation [a]§7 -45.9° (¢ 6, benzene) (lit. 17).

€ Contaminated with ea. 10% of Ph(MeC1,Si0)C=CMe . F Specific
rotation in ether. g_Specific rotation in n-heptane. - Heated

at 90° for 10 days. © Specific rotation in benzene.
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Ph Ph H

/
C=CH, + HSiMeCl, —— = >q (7)
Mé (re face) " “Cu,simect,
(5.2% o.y., R)
Ph Ph  0SiMeCl,
N . \ /
//C=O + HSiMe(Cl, -————— G (8)
Mé e faeel wd W

(7.6% o.y., S)

An asymmetric induction was alsc observed in hydrosilylation
of 2-butanone, but the optical yield was only 3.6% of the S con-

figuration as shown in equation 9.

2 *
EtCOMe + HSiMeClz-J:;ﬁb EtMeCHOSiMeCl, + Silyl Enol Ethers

l

*
EtMeCHOH (9)

[u][%0 +0.40° (neat)

The addition of methylphenylsilane to acetophenone and to
pivalophenone in the presence of 2 was also carried out, and the
results are shown in Table I1I. The optical purity of the re-
sulting alcohol was much lower in both cases than that with
methyldichlorosilane. The marked dependence of the extent of
asymmetric induction on the structure of hydrosilanes employed,
which seems to be notable in chiral phosphine-rhodium system,
will be fully discussed in Chapter 6.132

Instead of chiral tertiary phosphine-platinum complexes,
using eie-dichloro (ethylene)[(S)-1-phenylethylamine]platinum(11)!8

as a catalyst, the adduct was obtained in very low optical purity;
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Tabie 111. Asgyuaretric 'lvdrosilytation of HUOF: with HpSikc
Catalyzed by [{(&)-(PhCH,)MePhP}Ptlis], cgj at i uon

o
Temperature.

R Yield Silyl etherb Carbinol Optical yield (%)
(%) aén (0.1 dm, neat) [a]é0 (neat) (Configuration)
Me 90 -0.204 1,32 3.8 ()
£-Bu 59 +0.020 +0.15° 0.7  (R)

a‘% = 6.7x10"2 mol%. b A mixture of two diastereomeric isomers.

e e ; ;
Specific rotation in benzene.

for example, the silyl ether from acetophenone and methyldichloro-
silane had [a]SU +0.34°,

Although optical yields obtained are rather low in the pres-
ent platinum(II) catalyst system compared with a cationic rhodium
complex132 of the same chiral phosphine as one used here, the fact
that the platinum complexes contain only one chiral phosphine mol-
ecule allows one to discuss a simple correlation of given chiral
information with the stereoselective addition to enantiotopic

faces of the substrate,.

EXPERIMENTAL

General comments

All boiling points described here are uncorrected. The !H
nmr spectra were obtained on a Varian T-60 or HA-100 spectrometer
in carbon tetrachloride solution containing TMS as an internal
standard. Infrared spectra were measured on a Hitachi ERI-G3
grating spectrometer. A Varian Aerograph Model 90P, equipped
with a 20 ft. column packed with Apiezon-L (30% on Celite) or



gilicone DC550 (30% on Celite), was used, if necessary, for 1so-
lation and purification of products. The optical rotations were
measured with a Yanagimoto OR-50 polarimeter.

The preparation of metal complexes with chiral ligands was
described in preceding chapters, and other phosphine complexes
were prepared by the literature methods: [(PhMe,P)PtCl,],,19
[(Ph3P)PtCl,],,%% and [(PhMe,P)PdCl,],.%%

Hydrosilylation of acetophenone with methyldichlorosilane cata-

lyzed by some transition metal complexes

All reactions were carried out by the following procedures.
In a degassed sealed glass tube a mixture of acetophenone (1 part),
methyldichlorosilane (1.3 parts), and a catalyst (0.7x10"3 part)
was heated for a given period of time. 1-Phenylethyl methyldi-
chlorosilyl ether (ﬁ) was isolated by fractional distillation.
The 'H nmr, physical constants, and analytical data of 4, were
listed in Tables 1V and V. The yield in each case was generally
determined by glc, and the results obtained for hydrosilylation
of acetophenone with methyldichlorosilane are summarized in Table
I.

The reaction with other hydrosilanes was carried out in the

same way as in the case with methyldichiorosilane.

Hydrosilylation of dialkyl ketones with methyldichlorosilane

1. 2-Butanone. A mixture of 4.3 g (60 mmol) of 2-butanone,

9.2 g (80 mmol) of methyldichlorosilane, and 16 mg (4%1072 mmo1l)
of dichlorobis(dimethylphenylphosphine}di-p-chlorodiplatinum (1)
was allowed to stand at voom temperature over a period of 40 hr

to give by distillation (60-64° (50 mm)) 4.0 g (36% combined
yield) of the mixture of three products, which were hardly iso-
lated. However, on the basis of nmr analysis, this consisted of
sec-butyl methyldichlorosilyl ether Qﬁ) and (2)- and (E)-2-methyl-
dichlorosiloxybut-2-ene (E) in a ratio of 31:3:2. Nmr: 5; §
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0.77 (s, SiCH3), 0.93 (t, J = 6.6 Hz, CH,CH3), 1.27 (d, J = 6.0
Hz, CHCH3), 1.50 (q, J = 6.4 Hz, CH,CH3), and 4.20 (sextet, QOCH).
(Z)-6; & 0.82 (s, SiCH3), 1.58 (double q, J = 1.0 and 7.2 Hz,
=CHCH3), 1.82 (overlapping q, OCCH3), and 4.98 (q of q, J = 1.0
and 6.8 Hz, =CH}. (E)-6; § 1.52 (double g, ill resolved, CHCHj),
1.89 (broad s, OCCH3), and 4,62 (diffused q, =CH).

2. 3,3-Dimethyl-2-butanone. From a mixture of 6.0 g (60
mmol) of 3,3-dimethyl-2-butancne, 9.2 g (80 mmol) of methyldi-
chlorosilane, and 16 mg (4x10°2 mmol) of 1 was obtained 1.7 g

{13% combined yield)of the mixture of 2Z-methyldichlorosiloxy-3,3-
dimethylbutane QZ) and 2-methyldichlorosiloxy-3,3-dimethylbut-1
ene Eﬁ): bp 73-77° (44 mm), nmr: 7; 6 0.76 (s, SiCH3), 0.91 (s,
C(CH3)3), 1.21 (d, J = 6.2 Hz, CHCH3), and 3.94 (q, OCH). 8; 6
0.86 (s, SiCH3), 1.11 (s, C(CH3)3), and 4,37 (AB, J = 2.0 Hz,
Av = 3.6 Hz, =CH,).

3. 1-Phenyl-2-propanone. Similarly, by fractional distil-

lation over a range of 79-86° (4 mm) of the reaction mixture,
1-phenyl-2-methyldichlorosiloxypropane (9) and (Z2)- and (B)-1-
phenyl-2-methyidichlorosiloxypropene [19) were obtained in 40%
combined yield. Nmr:'gg § 0.64 (s, SiCH3), 1.27 (d, J = 6.0 Hz,
CHCH3), 2.71-2.88(double d, CH,), 4.43 (sextet, J = 6.2 Hz, OCH),
and 7.19 (S, CgHs). (2)-10; 6 0.97 (s, SiCH3), 2.05 (s, =CCHz),
6.09-6.17 (broad s, =CH), and 7.15 (broad s, Cgls) . (£}-10; ¢
0.80 (s, SiCH3), 2.14 (s, =CCH3), 5.52-5.60 (broad s, =CH), and
7.15 (broad s, CgHs).

The ratio of these compounds thus obtained is shown in the

text.

Asymmetric hydrosilylation of ketones with methyldichlorosilane

1. Alkyl phenyl ketones. The reaction conditions, yields,

and optical data of the products are summarized in Table IT,
Some physical constants, analytical data, and 'H nmr spectra for

the silyl ethers are listed in Tables IV and V. The following
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procedure for an asymmetric hydrosilylation of acetophenone is
typical. Under a nitrogen atmosphere 9.2 g (80 mmol) of methyl-
dichlorosilane was added to 7.2 g (60 mmol) of acetophenone in
the presence of 20 mg (4x1072 mmol) of 2 (with phosphine of 79%
optical purity). The reaction mixture was stirred at room tem-
perature over a period of 40 hr. The product was isolated by
distillation through a short Vigreux column to give 11.4 g (81%
yield) of 1-phenylethyl methyldichlorosilyl ether gﬁ), bp 109°
(18 mm), [a]éo ~-4.60° (neat).

To the adduct thus obtained was added dropwise excess
methyllithium in ether solution under stirring at 0°. After 2
hr reflux, the reaction mixture was hydrolyzed with dilute hydro-
chloric acid. The organic products were extracted with ether and
this ether extract was dried over sodium sulfate. After evapo-
ration of ether, distillation under reduced pressure gave almost
quantitatively 1-phenylethanol, [a}go _2.61° (neat), (lit.l®
maximum rotation [a]él -43.5 (neat)). Considering an optical
purity of the phosphine (79%), the optical yield of the addition
product is 7.6%. The alcohol was identified by comparison of
the glc retention time and the nmr spectra with those of an au-
thentic sample,.

The reaction of isobutyrophenone with methyldichlorosilane
catalyzed by 2 or 3 was accompanied by the formation of ca. 10%
of 2-methyl-1-methyldichlorosiloxy-1-phenylpropene, nmr: § 0.63
(s, SiCH3), 1.74 and 1.86 (a pair of s, C(CH3);), and 7.32 (s,
CeHs) .

2. 2-Butanone. From a mixture of 8.8 g (120 mmol) of 2-

butanone, 18.4 g (160 mmol) of methyldichlorosilane, and 39 mg
(8x107% mmol) of 2 was obtained 7.5 g (39% combined yield) of
the mixture of sec-butyl methyldichlorosilyl ether and silyl enol
ethers in the same proportion as described above, 20 +0,055°

D
(0.1 dm, neat). The adducts were treated with excess methyllith-
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Table IV. Phvsical Constants and Analytical Data for Hydrosilyl-

ation Products.

Compound Bp nj? agh C% H% Cl%

(°C/mm) Found Found Found
(Calcd) (Calcd) (Calced)

RPRCHOSiMeCl ,
R = Me 97/17  1.4920  1.1464  46.43 5,12 29,89
(45.96) (5.14) (30.15)
R = Et 124/22  1.4910  1.1251  48.40  5.80  28.38
(48.20) (5.66) (28.45)
R = m-Pr 79/3 1.4888  1.1022  50.45  6.39 26,66
(50.19) (6.13) (26.49)
R = ¢-Bu 77/2 1.4904  1.0831  53.02  6.76  25.43
(51.98) (6.54) (25.57)
RPhCHOSiHMePh?
R = Me 107- i == 73.98  7.62
11/3 (74.32)  (7.48)
R = t-Bu  120- e - 75.75  8.80
37/3

(76.00) (8.50)

a . . .
A mixture of diastereoisomers.

ium in ether solution and then hydrolyzed to give after prepara-
tive glc 2-butanol, [a]ﬁ“ +0.40° (neat), (lit.2! maximum rotation,
[a]gB +13.83° (neat)).

Asymmetric hydrosilylation of acetophenone and pivalophenone with

methylphenylsilane

The procedure for the reaction with methyldichlorosilane was
followed except that 9.0 g (75 mmol) of methylphenylsilane was
used. Yields and optical data are summarized in Table III.
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Table V. 'H Nmr Data for RPhCHOSiMeCl,.

R Chemical shifts (8)%
SiCHg OCH Othersb
Me 0.76(s) 5.25(q, ¢ = 6.4 Hz) 1.56(d, J = 6.4 Hz, CH3)
Et 0.71(s) 4.98(t, J = 6.3 Hz) 0.89(t, J = 7.0 Hz, CHj)
1.61-2.11(m, CH,)

n-Pr 0.71(s) 5.05(t, J = 6.3 Hz) 0.92(t, J = 7.2 Hz, CHj)
0.9-2.4(m, CH,CH,)

-Pr 0.69(s) 4.73(d, J = 6.2 Hz) 0.81 and 0.26(a pair of
d, J = 6.4 Hz, 2CH3)
1.95(sep, J = 6.4 Hz, Ci)

i-Bu 0.68(s) 5.12(t, J = 6.2 Hz) 0.95(d, J = 6.0 Hz, 2CH3)
0.8-2.6(m, CH,CH)

t-Bu 0.68(s) 4.71(s) 0.94(s, C(CH3)3)

% Carbon tetrachloride solution with tetramethylsilane as an
internal standard; s singlet, d doublet, t triplet, g quartet,
sep septet, m multiplet, b The chemical shift for phenyl pro-
tons is 7.23-7.29 ppm (s).

The silyl ether was obtained as a mixture of two diastereo-
isomers. Glc and nmr analyses indicated that the diastereoiso-
mers were formed in nearly equal amounts in both cases. Boiling
points and analytical data of silyl ethers are shown in Table IV.
1y nmr (CC1,/TMS) : PhMeCHOSiHMePh; & 0.34 and 0.37 (d, J = 2.9 Hz,
SiCH3), 1.40 and 1.43 (d, 7 = 6.3 Hz, CHCH3), 4.81 (q, OCH), 4.93
and 5.02 (q, SiH), 7.12 and 7.20 (s, CCgHs), and 7.06-7.57 (m,
SiCgHs). t-BuPhCHOSiHMePh; 6 0.23 and 0.3l (d, J =2.9 Hz, SiCHj3),
0.85 and 0.86 (s, CCH3), 4.26 (s, OCH), 4.86 and 4.92 (q, SiH},
7.14 and 7.18 (s, CCgHs), and 7.06-7.54 (m, SiCgHs).
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Chapter 6

Catalytic Asymmetric Hydrosilylation of Ketones,
1I. Chiral Phosphine-Rhodium Complex-catalyzed Hydrosilylation!

SUMMARY

A cationic rhodium complex with (A)-benzylmethylphenylphos-
phine as ligand was found to be effective for asymmetric hydro-
silylation of a variety of prochiral ketones. The optical yield
markedly depends on the structure of hydrosilanes as well as
that of ketones employed. Optical yields up to 61.8% have been
achieved. A mechanism involving the formation of diastereomeric
a-siloxyalkyl-rhodium intermediates is proposed for the asymmet-
ric hydrosilylation of ketones.

The asymmetric hydrosilylation was also found to be cata-
lyzed by ((-)-DIOP)Rh(S)C1, where DIOP stands for 2,3-0O-isopro-
pylidene-2,3-dihydroxy-1,4-bis (diphenylphosphino)butane.

INTRODUCTION

Asymmetric reduction of prochiral carbonyl compounds con-
tinues to be of interest from both practical and theoretical
points of view. Enormous reports? of studies have appeared on
the asymmetric Meerwein-Ponndorf-Verley reduction, asymmetric
Grignard reduction, and reductions by chiral metal hydride com-
plexes. Izumi and coworkers have extensively studieé3 hetero-
geneous asymmetric hydrogenation of carbonyl compounds, espe-
cially acetoacetic acid esters, with a modified Raney nickel

catalyst. When we undertook an investigation for the first time



ot the gatalyrtic asommmetyle aydrosud PITAL : vl
veing chirel transitiun melal cowleies af catalysts, definit.
evidence for an activation of ketone carbonyl by transition metal
complexes, had been little known except for the rather special
case of hexaflporoacetone.l+

In Capter 5 we have described® that the catalytic hydrosilyl-
ation of ketones with methyldichlorosilane proceeds under mild
conditions by the use of dichlorobis(dimethylphenylphosphine)-di-
u-chlorodiplatinum(II), and that its chiral phosphine analogs do
catalyze the asymmetric hydrosilylation of a series of alkyl
phenyl ketones to give, after hydrolysis, partially active 1-
phenylalkanols. Although the optical yields obtained there were
considerably low, we are convinced that with a proper choice of
catalysis higher ability of an asymmetry-inducing catalyst may
be disclosed.

In 1970, Schrock and Osborn have reported® that a cationic
rhodium complex of the type [RhL2H282]+, where L is a relatively
basic phosphine and S is a solvent, catalyzes the hydrogenation
of not only olefinic compounds but also simple ketones under mild
conditions. The findings that the cationic complex does activate
ketone carbonyls under conditions of hydrogenation greatly influ-
enced our choice of complex. Accordingly, we have prepared a
cationic rhodium complex with (R)-benzylmethylphenylphosphine
(BMPP) as ligand, and catalytic asymmetric hydrosilylation of
prochiral ketones has been carried out in the presence of the
chiral cationic rhodium complex, the reaction proceeding with
much higher enantioselectivity than in the platinum(II) system.
In this chapter, we describe in detail the catalytic asymmetric
hydrosilylation of ketones, focusing our attention on a depend-
ence of optical yields on the structure of hydrosilane used.
After this investigation had been completed, a similar rhodium
complex-catalyzed asymmetric hydrosilylation of ketones was re-

ported indepen'ently by itlrer rescarch rroups, /282 ¢



RESULTS AND DISCUSSION

Cationic rhodium complex, [Rh{ (R)-(PhCH,)MePhP},(NBD}] C10,"
(1) (NBD = 2,5-norbornadiene), was prepared according to the pro-
é;éure reported by Schrock and Osborn,10 from the reaction of di-
p-chlorobis(2,5-norbornadiene}dirhodium with (#)-benzylmethyl-
phenylphosphine in the presence of sodium perchlorate. 1 was
then treated with molecular hydrogen in benzene-dichloromethane
(5:1) solution to give in situ [Rh{ (R)- (PhCH,)MePhP},H,S,]7C10,"
Q? (S = solvent), which was used as a catalyst precursor for

the present hydrosilylation (eq. 1 and 2).

1 NaCth 5 N
S[Rh(NBD)C1], + 2L* —————> [RAL*,(NBD}] CI0, (1)
i
{a}gﬂ +29° (e 0.3, CH,Cly)
+ - HZ + -
[RhL*, (NBD)] C104 > [RhL*,HeS5] Cl0O, @)
CgHg/CH,C1 5
1 2
- -

L* = (R)-(PhCH,)MePhP (70 or 79% optical purity)

Attempts to prepare cationic rhodium complex [Rh{(-}-DIOP}-
(NBD)]7C10,”, where DIOP stands for 2,3-O-isopropylidene-2,3-
dihydroxy-1,4-bis (diphenylphosphino)butane,!! were unsuccessful,
and known ((-)—DIOP)Rh(S)Clll was used. Recently, Kagan and co-
workers have reported6 that ((+)-DIOP)Rh(S)Cl is an effective

catalyst for asymmetric hydrosilylation of ketones.

Asymmetric hydrosilylation of ketones catalyzed by [Rh{ (R)- (PhCH,) -
MePhP},H,S,] €10~ (2)
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All experiments were carried out in degassed sealed glass
tubes. In typical runs the catalyst concentration was 5x107h
mole per mole of a ketone and an equivalent of a hydrosilane for
the ketone was used. The mixture was heated at a given temper-
ature for 40 hr. The hydrosilylation proceeded almost quantita-
tively. The hydrosilylation product, a silyl ether of a see-
alcohol, was isolated by distillation and characterized by ir
and nmr spectra and elemental analyses. The silyl ether was then
converted into the corresponding sec-alcohol by treatment with
potassium hydroxide in aqueous methanol or with excess methyllith-

ium followed by acid hydrolysis (eq. 3). Absolute configuration

2 "
RICOR2 + HSiR3 ———s RIR2CHOSiR3 ——— RIR2CHOH (3)

and optical purity of the sec-alcohol thus obtained were deter-
mined on the basis of the known maximum rotation of the pure
enantiomer. All results obtained are summarized in Tables I, II
and III,

L

In the first set of experiments (Table I), the asymmetric
addition of trialkylsilanes to a series of alkyl phenyl ketones
in the presence of 2 was found to give predominantly (S5)-1-phenyl-
alkanols with one exception. Fairly good optical yields were
obtained from the reaction of alkyl phenyl ketones, except for
2-phenylacetophenone, with phenyldimethylsilane. The optical
yields of 31.6, 43.1, 56.3, and 61.8% for acetophenone, propio-
phenone, iscbutyrophenone, and pivalophenone, respectively, are
much higher than those observed in asymmetric hydrosilylation of
the corresponding ketones catalyzed by platinum(II)> with the
same chiral phosphine as used here, These values may well be
compared with those reported in stoichiometric reductions of

ketones using chiral Grignard reagents or chiral metal hydride
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Table I. Asymmetric Hydrosilylation of Alkyl Phenyi Ketones with
HSiR3 Catalyzed by [Rh{(®)-(PhCH,)MePhP},H,S,] c10, *
at 50° for 40 hr.

Ketone Yield Silyl ether Alcoholb Optical yield®(%)
(%) [u][z)D (neat) [a]D?0 (neat) (Configuration)

HSiRg = HSiMe,Ph

MeCOPh 97 “19.21 -9.61 31.6  (S)

EtCOPh 04 _24.54 -8.47 43.1 (8
£-PrCOPh 62 -28.48 -18.819 56.3 (&)
£-BuCOPh 84 -24.92 11207 61.8 ()

PhCH,COPh 44 -0.30 of —

HSiR3 = HSiMej

MeCOPh 100 -2,28 -1.55 5.1 (9)
EtCOPh 92 -3.2% -1.26 6.4 (5)
i-PrCOPh . 98 -1.78 21,237 3.7 (8)
£-BuCOPh 81 +10.50 +5,10% 28.1 (&)
PhCH,COPh 70 -0.37 of -
HSiRy = HSiMePh,
EtCOPh 659 -9.67 -4.00 20.3 (5}

HSiR3 = HSiMeEt;

EtCOPh 42"t 0,55 -0.28 1.3 (5)

? The phosphine of 70% optical purity was used unless otherwise
noted. b The specific rotations of pure enantiomers reported
are: (S5)-l-phenylethanol; [u]é“ -43.5% (neat),16 (8)-1-phenyl-
propanol; [q]s2 -28.1° (neat),l®é (S)-2-methyl-1-phenylpropanol;
[G}SU -47.7° (ether),® (#)-2,2-dimethyl-1-phenylpropanol; [a]sz
+25.9° (benzene),!® (8)-1,2-diphenylethanol; {a]gﬂ +56.1° (eth-

anol).!7 The enantiomeric purities of these 1-phenylalkanols
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Table 1. (coni.miiza)

were also detcswined directly by nmr measurement with the aid of
a chiral shift reagent, tris[3-(trifluoromethylhydroxymethylene)-
d-camphorato]europium(111),18 ® Corrected for the optical purity
of the chiral phosphine used. 4 Specific rotation in ether. ¢
In benzene. f In ethanol. ¢ Heated at 80° for 120 hr, ‘ Heated

at 70° for 50 hr. © The phosphine of 79% optical purity was used.

complexes such as LiAle(OR*)H.11‘12

It should be noted that the extent of asymmetric hydrosilyl-
ation depends strongly upon the structure of hydrosilanes em-
ployed: with phenyldimethylsilane optical yields are generally
more than several times as high as with trimethylsilane. Most
remarkable is the fact that the addition of phenyldimethylsilane
to pivalophenone gave the silyl ether of (5)}-2,2-dimethyl-1-
phenylpropanol, while trimethylsilane led to the F enantiomer,
The marked effect of silane structure on a stereochemical outcome
may be best rationalized as proceeding in the sequence depicted

by Scheme I,

Scheme 1
SiR3 1 0SiR3 0SiRj
Th*-o:&\ e Th* (%Rl —— Th* + H—C*-R}
2 [
H R H R? R2
A

The proposed mechanism involves the following steps. (a)
Oxidative addition of the hydrosilane to the cationic rhodium
complex which is coordinated with ketones like solvent. (b) The
resulting silicon-rhodium moiety undergoes insertion of the ke-

tone carbonyl, which is activated by its coordination with the



rhodium complex, to form diastereomeric a-siloxyalkyl-rhodium
intermediates é. Finally, (c¢) the product, an optically activ:
silyl ether of a sec-alcohol, is certainly formed from reductive
elimination of the diastereomeric intermediates. Of these steps,
step (b) must play the most important role in inducing asymmetry
at the carbonyl carbon because of the formation of a pair of
diastereomeric a-siloxyalkyl-rhodium intermediates, in which a
predominant configuration and the extent of enantiomeric excess
of the product would have already been determined. It is, there-
fore, reasonable that the steric demands of not only the chiral
phosphine ligand but also the substituents on the silicon bound
to the rhodium catalyst exhibit a remarkable effect on the selec-
tion of enantiotopic faces of a prochiral ketone.

Such marked effects of the structure of hydrosilanes as
mentioned above on the stereoselectivity have not been observed
in the asymmetric hydrosilylation of prochiral olefins.!? Since
the key step in the hydrosilylation of olefins is the formation
of alkylmetal intermediates which arise from the insertion of a
coordinated olefin to a hydridometal moiety, the silyl group,
which is still bound to the metal throughout the course of forma-
tion of the alkylmetal intermediates, may not exert any signifi-
cant steric effect on the stereoselectivity.

It is conceivably possible to argue that the hydrosilylation
of ketones proceeds, by analogy to that of olefins, via alkoxy-
rhodium intermediates which arise from the insertion of ketone
carbonyl into the hydriderhodium moiety. In fact, the interven-
tion of an alkoxyrhodium has been proposed by Schrock and Osborn
for the hydrogenation of ketones catalyzed by cationic rhodium
complexes.® However, such a mechanism involving alkoxyrhodium
intermediates would not give rise to the observed changes in
optical yields on changing the silane structure. In addition,
the fact that the asymmetric hydrogenation of acetophenone cata-

lyzed by the same chiral rhodium complex 2 has been found to



Table II. Asymmetric Hydrosilylation of Dialkyl Ketones with
- &
HSiRj3 Catalyzed by [Rh{ (#)-(PhCH,)MePhP},H,585] C10,
at 50° for 40 hr.

-

: g b
Ketone Yield S$ilyl ether  Alcohol” Optical yield (%)
(%) [u]gD (neat) Ia]gﬂ (neat) (Configuration)

HSiRs = HSiMe,Ph
PhCH,COMe 69 +3.74 +3.02 15.3 ()
£-BuCOMe 46 0 ~0.10 1.8 (&)
n-BuCOMe 64 -0.23 -0.44 5.4 (R)
HSiR3 = HSiMes
PhCH»COMe 76 +3.68 +1.96 10.0  (8)
£-BuCOMe 75 -0.15 -0.09 1.6 (B)
n-BuCOMe 82 -0.32 -0.36 4.4 &)
EtCOMe 79 +0.03 0 -

% The specific rotations of pure enantiomers are: (R)-1-phenyl-
propan-2-ol; [a]%5 -28.1° (neat),!® (5)-3,3-dimethylbutan-2-o0l;
[u]ﬁo +7.84° (neat), 2% (5)-hexan-2-o0l; [a]llj8 +11.68° (neat),?l
(5)-butan-2-ol; [G]SU +13.83° (neat).!l? 2 orrerted Tor the
optical purity of the phosphine used (70%).

give (R)-1-phenylethanol in a low optical yield!" may reinforce
the argument on the difference in the key steps between hydro-
genation and hydrosilylation of ketones.

Ojima and coworkers have previously reported!® steric ef-
fects of hydrosilanes similar to those mentioned above in the
stereoselective hydrosilylation of terpene ketones such as
menthone or camphor.

Hydrosilylation of several dialkyl ketones with phenyldi-

methylsilane and trimethylsilane in the presence of 2 was also

s G2 o=



carried out (Table II). ‘“he results show that no signiiicant
asymmetric induction was observed in the hydrosilylation of 3,3-
dimethyl-Z-butanone, 2-hexanone, and 2-butanone. On the other
hand, the reaction of l-phenyl-2-propanone with either hydro-
silane gave the respective silyl ethers of (§)-1-phenyl-2-pro-
panol in higher than 10% optical yield. Therefore, it may be
said that the presence of a phenyl group in the ketone substrate,
such as l-phenyl-2-propanone and alkyl phenyl ketones, necessa-
rily favors the asymmetric induction in the present reaction
systems.

The addition of dialkylsilanes to ketones in the presence
of 2 proceeded readily at 20° to give optically active silyl
ethers, the results obtained being shown in Table 1II. Several
features may be drawn from Table III. With dialkylsilanes occa-
sional formation of silyl enol ethers accompanying the asymmetric
addition reaction was observed (see footnote b in Table IIT).

Of interest is that with any of the dialkylsilanes propiophenone
always gave a s$ilyl ether of (R)-1l-phenylpropancl in contrast to
the reaction with trialkylsilanes, TFurthermore, it is noteworthy
that an optical yield in the hydrosilylation of 3,3-dimethyl-2-
butanone was much improved by the use of dialkylsilanes, while
the reaction with trialkylsilanes gave no appreciable asymmetric
induction.

In conclusion, all results described here clearly indicate
that an exquisite match of ketone and hydrosilane with a given
chiral catalyst does attain a high optical yield, though the

choice of the catalyst is only empirical at the present time.

Asymmetric hydrosilylation of ketones catalyzed by ((-)-DIOP)-
Rh(S)Cl (3)

The ability of 3 as an catalyst for the asymmetric hydro-

silylation of ketones was also examined. The addition of di-

alkylsilanes to alkyl phenyl ketones in the presence of g,took
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Table T1II. Asymmetric Hydrosilylation of Ketones with HySiR;
+ -
Catalyzed by [Rh{(R)-(PhCH,}MePhP},H,S,] C10y [2)
at 20° for 40 hr.

L

\ c & o
Ketone Yield Silyl ether Alcohol Optical yield (%)
(%) [a]so (neat) [a}SO (neat) (Configuration)

HzSiRQ = HzSiEtz
EtCOPh 012 +0.87 «0.45 2.0 @
£-BuCOPh 78 +1.06° +0.59% 3.3 (B)
£-BuCOMe 90 ~3.23 1,42 23,0 (R)
HzSiRz = HzSith
MeCOPh 84 +7.83 +6.34 14.6 (RB)
EtCOPh 83 2.1 +0.96 4.4  (R)
-BuCOMe 84 -2.16 -1.39 22.5 (R)
HzSiRQ = stiM@Ph
EtCOPh 84° - +2.59 11.7 (&)

@ Optical yield is calculated on the basis of specific rotation
of pure enantiomer (see the footnotes in Tables I and II), and
corrected for the optical purity of the phosphine used (79%).

b Including 17% of Ph(HSiEt,0)C=CHCH;. ¢ The chiral phosphine
of 70% optical purity was used. 4 In benzene. ¢ A mixture of
diastereoisomers associated with asymmetric silicon atom (ea. 1:1

by nmr anaiysis).

place well at 50° to give (R)-adduct predominantly except for the
silyl ether of (§)-2,2-dimethyl-1-phenylpropanol from the reaction
between pivalophenone and diphenylsilane. Hydrosilylation of
alkyl phenyl ketones with trialkylsilanes, on the other hand,

required higher reaction temperature, and the optical yields were
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Table IV. Asymmetric Hydrosilylation of Alkyl Phenyl Ketones
Catalyzed by {(-)—DIOP)Rh(S)Clﬁz (%) at 50° for 40 hr,

Ketone Yield 8ilyl ether Alcohol Optical yield (%)
(%) [u]%o {neat) [Q]EU {neat) (Configuration)

Silane = H5SiEt,

MeCOPh 90 +14.13 +11.59 26.6 (B
EtCOPh 83 +26.97 +12.89 45.9 (B)
+-PrCOPh 89 +5.37 24,697 9.8 (B)
¢-BuCOPh 83 ~12.02 -6.56° 25.3  (S)
Silane = HQSiPhp_
MeCOPh 81 +16.43 +13.29 30.6  (R)
EtCOPh 81 +17.40 +7.92 28.2 (&)
1-PrCOPh 72 +16.63 413.077 27.4  (R)
£-BuCOPh 75 +20.47 +10.63° 41.0 (R)
Silane = HSiMej,Ph
MeCOPH? 35 +2.46 - 2.8% ®
EtCoPh? 54 +3.94 o 4.8° ®
£-BuCOPhY 41 +9.51 o 16.5° (&)
Silane = HSiMej
E£COPHY B3 +3.21 - 4.4% (B
4-Bucophy 83 +7.57 . 14.2% (R)

& Catalyst = 0.1 mol%. 2 Specific rotation in ether. ¢ In
benzene. d Heated at 70°. © Optical yield was calculated on
the basis of specific rotation of the optically pure silyln
ethers which was estimated by data indicated in Table I. J

Heated at 90°.
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generally much lower than with dialkylsilanes. The data obtained
for asymmetric hydrosilylation catalyzed by 3 were summarized in
Table IV. The marked dependence of the optical yields on the
structure of hydrosilanes was also observed in this catalyst
system.

Very recently, Kagan and coworkers have reported8 similar
results by the use of ((+)-DIOP)Rh(S)Cl or a polymer-supported
rhodium complex related to it. a-Naphthylphenylsilane is found

to be most useful.

EXPERIMENTAL

General comments

A Varian Aerograph Model 90P, equipped with a 20 ft. column
packed with Silicone DC550 (30% on Celite) or PEG 20M (30% on
Celite), was used for isolation and purification of the products.
Nmr spectra were obtained on a Varian EM-360 spectrometer, ir
spectra with a Hitachi EPI-G3 Grating spectrophotometer, and
optical rotations were measured with a Yanagimoto OR-50 automatic
polarimeter.

(R)-benzylmethylphenylphosphine (BMPP)22 and (-)-2,3~0-
isopropylidene-2, 3-dihydroxy-1,4-bis (diphenylphosphino)butane
(DIOP)1) were prepared by the reported methods.

Preparation of [Rh{(R)~(PhCHZ)MePhP}z(NBD)]+C10u- (1)

The procedure reported by Schrock and Osbornl® for preparing
the complexes of the type [Rth(NBD)]+C10u_ (P = tertiary phos-
phine) was modified as follows: Under an argon atmosphere 0.40
g (0.87 mmol) of di-p-chlorobis(2,5-norbornadiene)dirhodium and
0.25 g (2.02 mmol) of sodium perchlorate were placed in a 30 ml
flask, and 1.7 ml of degassed tetrahydrofuran was added. To the
suspension, 0.77 g (3.62 mmol) of (R)-BMPP (79% optical purity)



was added dropwise with stirring. The mixture was stirred for 16
min, and then 15 ml of anhydrous ether was added dropwise to :he
red cloudy solution. The orange precipitates formed were filter-
ed, and the filtered cake was then dissolved with dichloromethanc,
leaving sodium chloride behind. The dichloromethane solution wus
reduced to 1 ml Zn vacuo and 12 ml of anhydrous ether was added.
The orange powder was filtered off, washed two portions of each
5 ml of ether, and dried in vacuo to give 1.20 g (95%) of 1
[3]50 +29° (e 0.275, dichloromethane). Anagl Calcd for CgsHsg0y-
ClP,Rh: C, 58.15; H, 5.30; C1, 4.90. Found: C, 56.54; H, 5.83;
Cl, 5.19. The samg complex but with the phosphine of 70% optical
purity was also prepared.

}_was treated with molecular hydrogen in benzene/dichloro-
methane (5:1) solution to generate [Rh{(R}—(PhCHz)MePhP}2H252]+~
C10y EE) with the elimination of norbornane. The solvated di-

hydrido species was used as a catalyst for the present reaction.

Asymmetric hydrosilylation of ketones

All reactions were carried out in glass ampoules. A ketone
(40 mmol), a hydrosilane {40 mmol)}, and a chiral catalyst (2 or
4x1072 mmol) were placed in a glass ampoule, and the mixture was
degassed by several freeze-thawings under reduced pressure. The
ampoule was then sealed <n vacuo and heated over a period of 40
hr. The product was isolated by fractional distillation or by
preparative glc after flash distillationm to give an optically
active silyl ether. The silyl ether was characterized by ir and
nmr spectra and elemental analyses. These data were listed in
Tables V and VI. The silyl ether was converted into the corre-
sponding alcohol by hydrolysis with potassium hydroxide in aque-
ous methanol where possible, or by methylation with excess
methyllithium followed by acid hydrolysis. The optical yield
was determined by comparison of specific rotation of the obtained

alcohol with that of the pure enantiomer which was reported in
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Table V. Physical Constants and Analytical Data for Hydrosilylation Products.

Compound bp nso 420 C% H%
(°C/mm) Found (Calecd.)  Found(Caled.)
MePhCHOS iMe, Ph 118/3 1.5314 0.9955 74.90(74.95)  7.81(7.86)
EtPhCHOSiMe ,Ph 123/3 1.5272 0.9863 75.74(75.50)  8.41(8.20)
% -PrPhCHOSiMe ,Ph 124/2.5 1.5233 0.9771 76.10(76.00)  8.57(8.50)
¢-BuPhCHOSiMe,Ph 118/2.5 1.5218 0.9726 76.20(76.45)  8,93(8.78)
PhCH,PhCHOSiMe ,Ph 145- 1.5622 1.0372 79.26(79.47)  7.13(7.28)
49/0.02
PhCH,MeCHOSiMe ,Ph 137/5 1.5267 0.9850 75.80(75.50)  8.40(8.20)
#-BuMeCHOSiMe ,Ph 96/3 1.4783 0.9051 71.36(71.12)  10.42(10.23)
7-BuMeCHOSiMe ,Ph 97/4 1.4761 0.9018 71.24(71.12)  10.52(10.23)
MePhCHOS iMe 3° 49.5/3 1.4704 0.9026 68.27(67.98)  9.60(9.33)
EtPhCHOSiMe 4 62/3.5 1.4697 0.8974 69.13(69.17)  9.87(9.67)
1-PrPhCHOSiMe 5 61/2.5 1.4697 0.8929 70.13(70.21)  10.21(9.97)
£-BuPhCHOSiMe 4 63/3 1.4711 0.8971 71.36(71.12)  10.27(10.23)
PhCH,PhCHOSiMe 4 120.5/3.5 1.5230 0.9766 75.52(75.50)  8.41(8.20)
PhCH,MeCHOS iMo ;7 59/5 1.4691 - - -
#-BuMeCHOSiMe 5 58/41 1.4030 0.7861 62.29(62.00)  12.71(12.72)
n-BuMeCHOSiMe ;° 70/44 1.4026 — - —
EtMeCHOS iMe 5~ 58/110 1.3895 — = —
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Table V. (continued)

EtPhCHOSiMePh, 150/0.03 1.5684 1.0422 79.60(79.47) 7.23(7.28)
EtPhCHOSiMeEt , 84/3 1.4778 0.9062 71.24(71.12)  10.25(10.23)
MePhCHOSiHEt 5 41/2 1.4820 0.9147 69.18(69.17) 9.56(9.68)
EtPhCHOSiHEt o 55/3 1.4872 0.9114 70.04(70.21)  10.04(9.97)
£-PrPhCHOSiHEt 5 86.5/3 1.4967 0.9062 71.37(71.12)  10.25(10.23)
£-BuPhCHOSiHET 87/3 1.4796 0.9029 71.63(71.93) 10.58(10.46)
£-BuMeCHOSiHEt 5 100- 1.4189 0.8086 63.54(63.76) 12.62(12.84)
. 2/70
MePhCHOSiHPh , 139/0.03 1.5802 1.0625 78.61(78.90) 6.46(6.62)
EtPhCHOSiHPh , 145/0.09 1.5741 1.0521 79.39(79.20) 7.15(6.96}
i -PrPhCHOSiHPh , 165/0.2 1.5671 1.0394 79.32(79.47) 7.32(7.26)
t-BuPhCHOSiHPh , 170- 1.5655 1.0326 79.86(79.72) 7.47(7.56)
3/0.03
¢-BuMeCHOS1HPh» 124/3 1.5303 0.9798 76.24(76.00) 8.68(8.50)
Et PhCHOSiHMePh 115- s —_— 74.68(74.95} 7.95(7.86)
25/3
% 1it.23, bp 91° (14 mm), HSU 1.4702, dﬁﬂ 0.9059. 2 1it.23, bp 102° (18 mm), néO 1.4690,
dﬁﬂ 0.8974, © 1it.2% bp 154-155° (741 mm), ngo 1.4020, dﬁo 0.7856. ¢ 1it.23, bp 112.3°,

20 20
np 1.3898, dq 0.772.
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Table VI.

'H nmr Data for Hydrosilylation Products.

a) RIRZCHOSiMe,Ph

RI  R2 S1(CH3) % ocH SiCgHs Others
Me  Ph 0.24 4.75(q, = 6.0 Hz) 7.03-7.55(m)  1.38(d, 4 = 6.0 Hz, CCHj)
0.31 7.16(s, CgHs)
Et  Ph 0.19 4.45(t, J = 6.6 Hz) 7.04-7.54(m)  0.79(t, J = 6.6 Hz, CH,CHj)
0.25 1.66(5, i1l resolved, CH,CHs)
7.15(s, CgHs)
i-Pr Ph 0.17 4.23(4, = 6.2 Hz) 6.90-7.50(m) 0.73 and 0.90(a pair of d,
0.21 J = 6.2 Hz, C(CH3),)
1.79(7, J = 6.2 Hz, CH)
7.12(s, CgHs)
t-Bu  Ph 0.17 4.19(s) 6.85-7.64(m)  0.86(s, C(CH3)3) ‘
. 7.14(s, Cgls)
PhCH, Ph 0.03 4.73(t, J = 6.4 Hz) 6.9-7.4 (m) 2.838(d, J = 6.4 Hz, CH,)
0.09 7.23(s, 2CeHs)
PhCH» Me 0.15 3.93(6, = 6.4 Hz) 7.30(broad s) 1.10(d, J = 6.4 Hz, CCHy)
0.19 2.66(d, J = 6.4 Hz, CHp)
7.17(s, Cgls)
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Table VI.

(continued)

) RIRZCHOSiHEth

Rl Rr2? sit’ ocH Gthers®
Me Ph 4.32(5) 4.57(q, J = 6.4 Hz) 1.42(d, J = 6.4 Hz, CH3), 7.26(s, CgHs)
Et Ph 4.41(5) 4.55(t, J = 6.2 Hz) 0.89(t, J = 6.8 Hz, CH3), 1.70(5, CHjy)
7.25(s, CgHs)
i-Pr Ph 4.32(5) 4.26(d, J = 6.4 Hz) 0.7-2.0(m, C(CH3)»), 1.80(7, J = 6.4 Hz,
CH), 7.18(s, CgHs)
t-Bu Ph 4.34(5) 4.28(s) 0.83(s, C(CH3)3), 7.23(s, CgHs)
t-Bu Me 4.36(5) 3.40(q, J = 6.4 Hz) 0.85(s, C(CH3)3), 1.40(d, J = 6.4 Hz, CHj3)
d) RIR2CHOSiHPh,®
Rt R2 SiH ocH Others’
Me Ph 5.39(s) 4.91(q, J = 6.2 Hz) 1.46(d, J = 6.2 Hz, CH3), 7.20(s, CgHs)
Et Ph 5.35(s) 4.60(t, J = 6.2 Hz) 0.84(t, g = 7.2 Hz, CH3), 1.78(5, CHp)
7.12(5, Cglls)
2-Pr Ph 5.27(s) 4.37(d, J = 6.2 Hz) 0.77 and 0.92(a pair of d, J = 7,2 Hz,
C(CH3) o), 1.92(7, CE), 7.14(s, CsHs)
t-Bu Ph 5.24(s) 4.34(s) 0.97(s, C(CH3)3), 7.14(s, Ce¥s)
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Table VI. (continued)

t-Bu Me 5.41(s) 3.57(q, J = 6.2 Hz) 0.92(s, C(CH3)3), 1.10(d, J = 6.2 Hz, CH3)
@} Others
Compound

EtPhCHOSiMePh, 0.44(s, SiCH3), 0.81(t, J = 6.8 Hz, CH,CH3), 1.74(5, CH,CHy), 4.59(t,
J = 6.0 Hz, OCH), 7.21(s, CCg¢Hs5), 7.00-7.66(m, SiCgzHs)

EtPhCHOSiMeEt, -0.03(s, SiCH3}, 0.20-1.22(m, SiCH,CH3), 0.86(t, J = 7.0 Hz, CH,CH3),
1.67(5, CH,CH3), 4.52(t, J = 6.0 Hz, OCH), 7.21(s, CgHs)

EtPhCHOSiHMePh? 0.30 and 0.34(d, J = 2.8 Hz, SiCH3), 0.80 and 0.82(t, J = 6.8 Hz, CH,;CHj3)},

1.72(5, CH,CH3), 4.52(t, J = 6.0 Hz, OCH), 4.91 and 4.99(q, J = 2.8 Hz,
SiH), 7.14 and 7.17(s, CCgHs), 6.89-7.56(m, $iCyHx)

% Diastereotopic methyls (a pair of s). b vw(Si-H): 2100-2110 em™?, ¢ J = 2.2 Hz: ASi-CH»,
4 SiCH,CH3: ¢ 0.3-1.0 (diffused multiplet). % v(Si-H): 2120-2125 cm~l. I SiCgHg: & 7.2~

fod : . G S
7.6 {(m). ¥ A mixture of two diastereomeric isomers,



the literature (see footnotes in Tables I and I1j.

All the results obtained for asymmetric hydrosilylation of
ketones are collected in Tables I, II, III, and IV. Two examples
of the typical procedure are given below.

1. Reaction of pivalophenone with phenyldimethylsilane cata-

lyzed by 2. Through a solution of 14 mg (2x10"2 mmol) of‘i’(?ﬂ%
optical purity) in 3.0 ml of degassed benzene/dichloromethane
{5:1) molecular hydrogen was bubbled for 10 min, and to the cata-
lyst solution 6.5 g (40 mmol) of povalophenone and 5.5 g (40 mnol)
of phenyldimethylsilane were added successively. The mixture was
heated at 50° over a period of 40 hr in a sealed degassed glass
ampoule. The product was isolated by distillation through a short
Vigreux column to give 10.0 g (84%) of 2,2-dimethyl-1-phenylpropyl
phenyldimethylsilyl ether, bp 118° (2.5 mm), ngo 1.5218, dﬁﬁ
0.9726, [a]éo -24.92° (neat). The nmr and analytical data are
shown in Tables V and VI. To a tetrahydrofuran solution of the
silyl ether, a slightly excess amount of methyllithium in ether
solution was added. The mixture was heated at refiux for 3 hr, and
then hydrolyzed with dilute hydrochloric acid. After working up
in a usual manner, fractional distillation gave quantitatively
2,2-dimethyl-1-phenylpropancl, [a}so -11.20° (¢ 4, benzene).
Absolute configuration and optical purity were determined on the
basis of the known values of [a]g2 +25.9° (benzene) for (R)-2,2-
dimethyl-1-phenylpropanol.!® Taking account of an optical purity
of the phosphine (70%)., the optical yield is 61.8%.

2. Reaction of propiophenone with diphenylsilane catalyzed

by 3. In a degassed glass ampoule a mixture of 5.4 g (40 mmol)

of propiophenone and 7.4 g (40 mmol) of diphenylsilane was heated
at 50° for 40 hr in the presence of 9 mg (2x10°2 mmol) of di-y-
chlorobis(1,5-hexadiene)dirhodium and 20 mg (4x1072 mmol) of (-)-
DIOP. Distillation gave 10.3 g (81%) of 1-phenylpropyl diphenyl-
silyl ether, bp 143-5° (0.09 mm), ngo 1.5741, 429 1.0521, [a]§°
+17.04% (meat). To a solution of the silyl ether thus obtained
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in 20 ml of methanol was added with stirring 15 mi of 2 ¥ KOH at
room temperature. The hydrolysis was completed within 10 min,
After work-up, distillation gave l-phenylpropanol in quantitative
yield, [u}go +7.29° (neat), which was of 28.2% enantiomeric
excess of the R isomer, on the basis of the known value of [u]%2
-28.1° (neat) for (8§)-1-phenylpropanol.l®

In the reaction of propiophenone with diethylsilane cata-
lyzed by 2; the asymmetric addition reaction was accompanied by
the formation of 17% of l-diethylsiloxy-1-phenylpropene. The
silyl enol ether was isolated by preparative glec, nmr(CCIl,/TMS):
§ 0.3-1.2 (m, SiCH5CH3), 1.77 (d, J =6.8 Hz, =CCH3), 4.58 (q, J
= 2,0 Hz, SiH), 5.25 (q, J = 6.8 Hz, =CH), and 7.04-7.49 (m,
Cefls). Anal Caled for Cy3H,08i: C, 70.85; H, 9.15. Found: C,
70.76; H, 9.39.
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Chapter 7

Catalytic Asymmetric Hydrosilylation of Ketones.
I11. Preparation of Chiral Ferrocenylphosphines as New Chiral

Ligands!

SUMMARY

Four chiral ferrocenylphosphines, (S)-(R)-PPFA, (R)-(S)-MPFA,
(S)-(R)-BPPFA, and (R)-PPEF, all of which contain a planar element
of chirality, have been prepared. Their circular dichroism (CD)
spectra are recorded.

The chiral phosphines were used as ligands of rhodium com-
plex catalysts in an asymmetric hydrosilylation of ketones. Both
(R)-(S)-MPFA and (S5)-(F)-BPPFA-rhodium complexes were found to
catalyze the hydrosilylation of a series of alkyl phenyl ketones
and 3,3-dimethyl-2-butanone as efficiently with respect to stereo-
selectivity as the rhodium complexes with chiral phosphine ligands

hitherto described.

INTRODUCTION

Asymmetric syntheses, especially hydrogenation, catalyzed by
transition metal complexes with chiral ligands have recently at-
tracted much interest. One of the crucial problems in studies on
the catalytic asymmetrit syntheses is how to develop a chiral
ligand which will enable the catalyst for a given reaction to be
as efficient in stereoselectivity as possible. Although the choice
of the chiral ligand for this purpose is only empirical at present,

several kinds of chiral phosphines have been prepared and success-
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fully used as ligands of the rhodium complex which is one of the
most effective catalysts for homogeneous hydrogenation of olefins,
These chiral phosphines may be classified into three categories:
(a) phosphines bearing an asymmetric center at phosphorus atom,?
for example, (R)-o-anisylecyclohexylmethylphosphine (ACMP) 23 gl),
(b) phosphines whose chirality is due to asymmetric carbon atoms
in groups bonded to the phosphorus atom, for example, neomenthyl-
diphenylphosphine (NMDPP)3 (E), and (c) diphosphines such as (-)-
2,3-0-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)-
butane (DIOP)" (3) derived from L-threitol.

[::]:ZOMG H
:><O ' Ph,
P
Me~ " “pph, PPh,
A H
/\\
1 2
—

3
In this chapter, we describe the preparation of new phos-
phines with planar chirality which arises from introducing phos-
phino groups into a-dimethylaminoethylferrocene, and the use of
these phosphines as chiral ligands in catalytic asymmetric hydro-

silylation of ketones,®

RESULTS AND DISCUSSION

Preparation of chiral ferrocenylphosphines

Chiral ferrocenylphosphines are readily prepared by way of
lithiation of resolved a-ferrocenylethyldimethylamine (i). The
lithiation of (R)ii,has previously been reported by Ugi and co-

6

workers® to proceed with high stereoselectivity to give prefer-

entially (R)-o-[(R)-2-1lithioferrocenyl]ethyldimethylamine (5)
S
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as depicted in Scheme 1I.

Scheme 1,

o ) - BuLi ’
¢ CHMeNMe 5 ———> {
/)

(B)-4 (B)-(B)-5 (96%) (£)-(5)-5 (4%)

In the present study, S)ii‘was metalated with a siight
excess of n-butyllithium in ether, and the mixture was then
treated with chlorodiphenylphosphine to give (S)-a-[(R)-2-di-
phenylphosphinoferrocenyl]ethyldimethylamine (PPFA) (eq. 1).

1) n-BuLi/Et,0 PRy
Fe o Fe (1)
2) C1PPh,

CHMeNMe 2 ClMeNMe 2

(5)-4 (S) - (R) -PPFA

In a similar manner, (R)-o-[(5)-2-dimethylphosphinoferro-
cenyljethyldimethylamine (MPFA) was obtained starting with (R]—f/
and with chlorodimethylphosphine (eq. 2).

) ’ - CHMeNMe
) CHMeNMe ; 1} »n-Buli/Et,0 o
( - Fe 2
N 2} ClPMe, "PMey
. (R) - (S)-MPFA

The stepwise lithiation of (S)iifwith n-butyllithium in ether
and then with n-butyllithium/N,N,N',N'-tetramethylethylenediamine
(TMEDA} in ether led to the introduction of two diphenylphosphinc
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groups into both the cyclopentadienyl rings to give (8)-u-[(R)-
1',2-bis(diphenylphosphino)ferrocenyl]jethyldimethylamine (BPPFA)
[eq.3)-

1) n-Buli/Et,0

7 2) m-BuLi/TMEDA/Et,0
D B0
)
TN ChMeNHte 3) C1PPh,
(5)-4 ($) - (R)-BPPFA
s

Finally, (R)-1-diphenyliphosphino-2-ethylferrocene (PPEF)
having only a planar element of chirality was prepared by a se-
quence of reactions as depicted in Scheme II. Starting with
(5)-4, (9)-a-[(R)-2-diphenylphosphinylferrocenyl]jethyldimethyl-
amine CE) was prepared in a similar way to that for (5)-(R)-PPFA,
E’was subjected to Hofmann elimination to give (H)-1l-diphenyl-
phosphinyl-2-vinyiferrocene (7). Finally, hydrogenation of 7
to (R)-1-diphenylphosphinyl-2-ethylferrocene €§) was followed

by reduction with lithium aluminum hydride to give (R®)-PPEF.

Scheme 11
I~ P(0)Ph, MeI o~ P(0)Ph, H, g P (0)Ph,
—_—— ® e ¥
A A O,
T NChMeNte, ACSTOne s Nch=ch, (Rb] 7" CH,CH,
(3)- (R) -6 (R)-7 (R)-8
~ ot Fav
LiAlHL} e PPh,?_
et s mran. + oo )
- A
et SN CH,CH3
(R)-PPEF
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Table 1. Physical Constants of Chiral Ferrocenylphosphines.

Abbr. Mp (°C) {u]gf
(58) - (R)-PPFA 139 +361° (¢ 0.6, EtOH)
(R) - (S)-MPFA oil -134° (¢ 0.3, CHCl3)
(8)-(R)-BPPFA 117.5 +345° (e 0.5, CHCL:)
(R)-PPEF 95.5 +273° (e 0.3, CHCIl3)

All new compounds were fully characterized by elemental
analyses and nmr spectral data. Melting points and specific
rotations of these chiral ferrocenylphosphines are summarized
in Table I. The absorption and circular dichroism (CD) spectra
are shown in Figs. 1 and 2.

The absorption spectrum of ferrocene has two long wave-
length bands at 440 and 325 nm assignable to d-d type transi-

tion.’

The CD spectra of chiral ferrocenylphosphines reveal
optical activity arising from the planar chirality around these
two absorption bands, that is, (S)-(K)-PPFA, (S)-(R)-BPPFA, and
(R)-PPEF all have positive and negative Cotton effects around
450-470 and 340-350 nm respectively, whereas opposite Cotton

effects are observed in the case of (A)-(8)-MPFA,

Asymmetric hydrosilylation of ketones

The asymmetric hydrosilylation of ketones catalyzed by
rhodium complexes containing these chiral ferrocenylphosphines
as ligands was carried out essentially in the same manner as
described in Chapter 6. The asymmetric additions of trialkyl-
silanes and dialkylsilanes readily took place at 50° and 20°,
respectively (eq. 4).

All the results obtained for the asymmetric hydrosilylation
catalyzed by (g)-(R)-PPFA, (R)-(S)-MPFA, (5)-(R)-BPPFA, and
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Figure 1. CD and UV spectra of (5)-(#)-PPFA Figure 2. CD spectra of (S)-(R)-BPPFA and

and (R)-(S8)-MPFA in chloroform. {(R)-PPEF in chloroform.



Table II. Asymmetric Hydrosilylation of Ketones Catalyzed by
(5) - (R) -PPFA-Rhodium Complex.a

Ketone  Silane Reaction Yieldb Optical Configu-
temp (°C) (%) purity (%) ration
EtCOPh  PhMe,SiH 50 61 10.5 R
EtCOPh  PhMe,SiH’ 50 40 9.0 R
EtCOPh  MesSiH 50 84 0.9 g
EtCOPh  Et,SiH, 20 82 2.7 R
EtCOPh  Et,SiH," 20 82 2.7 R
EtCOPh Ph;5iH, 20 69 0.7 S
t-BuCOPh PhMe,SiH 70 30 10.4 R
t-BuCOMe PhMes5iH 50 71 19.6 E
t-BuCOMe PhoSiHy 20 88 14.5 S

. Catalyst = 0.05 mol%. A mixture of di-u-chlorobis(l,5-hexa-
diene)dirhodium and two equivalents of (5)-(®)-PPFA for the
rhodium was used unless otherwise noted. b Based on the amount
of the isolated silyl ether. & PPFA/Rh = 1.

(R)-PPEF-rhodium complexes are summarized in Tables 11, III, IV,

and V, respectively.

[Rh]* 5
RICOR? +  HSiR, > RIRZCHOSiR, (4)

[Rh]* : Z[(CgHyg)RhC1], + 2P*

DI =

As is seen from these Tables, the extent of asymmetric in-
duction depends strongly upon not only the structure of chiral
phosphine ligands but also that of hydrosilanes employed. The

marked effect of the latter on the stereoselectivety is very
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Table III. Asymmetric Hydrosilylation of Ketones Catalyzed by
(R) - (5) -MPFA-Rhodium Complex.”

Ketone Silane Reaction Yieldb Optical Configu-
temp (°C) (%) purity (%) ration
MeCOPh  Ph,SiH, 20 85 49.2 R
MeCOPh  w-NpPhSiH, 20 74° 51.8 R
EtCOPh PhMe,SiH 50 58 12.2 R
EtCOPh Me;SiH 50 64 7.2 S
EtCOPh Et,SiHsp 20 88d 4.2 S
EtCOPh Ph,SiHp 20 83 38.5 R
£-BuCOPh PhMe»SiH 50 75 8.4 R
£-BuCOPh  Ph,SiH, 20 31 25.3 s
t-BuCOMe  PhMe,SiH 50 29 23,5 5
t-BuCOMe  Ph,SiH, 20 74 41.1 R

% Catalyst = 0.05 mol%. MPFA/Rh = 2, b Based on the amount of
the isolated silyl ether. ¢ vield of l-phenylethanol. d Includ-
ing 20% of Ph(HSiEt,0)C=CHCHs.

characteristic of the asymmetric hydrosilylation of ketones, and
has been fully discussed in Chapter 6.

Fairly good optical yields were attained when PPFA, MPFA, or
BPPFA was used. For example, the’'reaction of acetophenone with
diphenylsilane catalyzed by (R)-(S)-MPFA-rhodium complex resulted
in higher optical yield than the cases in which (R)-benzylmethyl-
phenyiphosphine (BMPP)>2 or DIOP52:€ was used as ligands. The
high ability of (R)-(S5)-MPFA as an asymmetry inducing ligand was
also found in the reaction of 3,3-dimethyl-2-butanone. On the
other hand, no significant asymmetric induction was observed when

(R)-PPEF-rhodium complex was used as a catalyst.
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Table IV. Asymmetric Hydrosilylation of Ketones Catalyzed by
(5) - (R) -BPPFA-Rhodium Complex.?

Ketone  Silane Reaction Yieldb Optical Configu-
temp (°C) (%) purity (%) ration
MeCOPh  Et,S8iH, 20 92 16.0 i
MeCOPh  Ph,SiH, 20 72 28.6 R
EtCOPh  PhMe,SiH 70 47 8.3 R
EtCOPh  Me3SiH 50 84 1.7 R
EtCOPh  Et;SiH, 20 84 253 R
EtCOPh  Ph,SiH» 20 73 24,5 R
£-PrCOPh  Ph,SiH, 20 41 0 -
t-BuCOPh  Et,SiH, 20 89 18.3 s
t-BuCOPh  Ph,S8iH; 20 64 3.7 S
. Catalyst = 0.05 mol%. BPPFA/Rh = 1. : Based on the amount

of the isolated silyl ether,

Table V. Asymmetric Hydrosilylation of Ketones Catalyzed by
(R) -PPEF-Rhodium Complex.”

Ketone  Silane Reaction Yieldb Optical Configu-
temp (°C) (%) purity (%) ration
EtCOPh PhMe ,SiH 50 46 5.4 7
EtCOPh Me4SiH 50 88 52 i
EtCOPh Et,SiH, 20 92 p . it
EtCOPh  Ph,SiH, 20 81 0.2 5

4 Catalyst = 0.05 mol%. PPEF/Rh = 2. b Based on the amount of

the isolated silyl ether.
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PPFA and MPFA are expected to form a chelate with the rho-
dium atom using both phosphorus and nitrogen atoms® (see A,
while BPPFA must coordinate to the rhodium with two diphenylphos-
phino groups present at 1- and 1'-positions of the ferrocene?(see

B)}. Despite considerable difference in elements participating

rmzeNMez
Ry
e ane
Rh
) N
N—C.
Me, [ Me

H

A R = Ph, Me B

in the chelate formation, it seems likely to presume that these
chelate structures with relatively rigid conformations around the
rhodium metal® would be of advantage in giving rise to a higher
asymmetric induction in the present reaction than those with two
monodentate PPEF ligands.

It should be mentioned that, in addition to the expected
steric effects, attractive interactions between the amino group
in the BPPFA ligand and an appropriate prochiral substrate might
contribute to the asymmetric potential of the reaction. For ex-
ample, when BPPFA-rhodium complex is used as a catalyst for asym-
metric hydrogenation of an olefinic carboxylic acid, the attrac-
tive interactions forming an ammonium carboxylate may be involved.
In fact, the hydrogenation of g-acetamidocinnamic acid catalyzed
by (5)- (8} -BPPFA-rhodium complex afforded (5)-N-acetylphenyl-
alanine with very high stereoselectivity, further studies on the

asymmetric hydrogenation being in progress.
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EXPERIMENTAL

All melting points described here are uncorrected. 'H nmr
spectra were recorded with a Varian EM-360 spectrometer, infrared
spectra with a Hitachi EPI-G3 grating spectrophotometer, uv
spectra with a Hitachi EPS-3T spectrophotometer, and optical
rotations were measurcd with a Yanagimoto OR-50 automatic po-
larimeter. ORD and CD spectra were obtained on a JASCO J-20
automatic recording spectropolarimeter.

(8)- and (R)-a-ferrocenylethyldimethylamine were prepared
by the method described in the literature.®

Preparation of chiral ferrocenylphosphines

All manipulations for preparing phosphines were carried out
in an oxygen-free dry nitrogen atmosphere. Melting points and
optical rotations of the phosphines are summarized in Table 1.

(8)-a-[ (R)-2-Diphenylphosphinoferrocenyilethyidimethylamine

(PPFA). According to the procedure reported by Ugi e® al.® for
stereoselective lithiation of resolved a-ferrocenylethyldimethyl-
amine g&}, 12.4 m} of 1.4 M m-butyllithium in n-hexane was added
to a solution of 3.60 g (14 mmol) of (E)ii-[I“]%q -13,8°% (e 1.5,
ethanol)) in 20 ml of dry ether at 25-27° over a period of 20
min. The mixture was stirred at room temperature for 1.5 hr and
then 6.2 g (28 mmol) of chiorodiphenylphosphine in 10 ml of ether
was added with heating under gentle reflux during 45 min. After
4 hr reflux aqueous sodium bicarbonate was slowly added with
cooling in an ice-bath. The resulting organic layer and benzene
extracts from the aqueous layer were combined, washed with water,
dried over anhydrous sodium sulfate, and concentrated in vacuo

to afford a red oil. The 0il was chromatographed on alumina
(eluent n-hexane/benzene, 3/1}, and evaporated to give the crude
product as orange crystals. The product was purified by re-

crystallization from ethanol to give 3.11 g (50%) of (8)-(R) -
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PEBA, GV Apay (GIC15) 447 won (e 150}, s (CCL4/TNS): o 1.1
J = 7.2 Hz, CHCHg), 1.77 (s, NCH3), 3.90 (s, FeCsHs5), 3.56-4.39
(m, FeCsHg and CHCH3), and 6.88-7.71 (m, CgHs). The ir spectrum
indicated the presence of unsubstituted cyclopentadienyl ring
(1105 and 1001 em ™ty and phenyl groups (745 and 698 cm™!). ORD
(¢ 0.11 and 0.004, chloroform): [@])sgg +1520°, [®]4es +3140° (pk),
[2]y3y +#1590° (tr), and [¢],0y +21,900° (pk). CD spectrum was
shown in Figure 1, 4ngl Calcd for C,¢H;gNPFe: C, 70.76; H, 6,39;
N, 3.17. Found: C, 70.74; H, 6.23; N, 2.95,
(R)-a~[(8)~-2-Dimethylphosphinoferrocenyl |ethyldimethylamine
(MPFA). At 27°, 3.14 g (12.2 mmol) of (R)-4, ([a]ﬁ“ +14.1° (e
1.6, ethanol)) was lithiated as described above. To the solution,

1.59 g (15.5 mmol} of chlorodimethylphosphine was added dropwise
with stirring. A vigorous reaction occurred and the chlorodi-
methylphosphine was added at such a rate as to maintain boiling.
The resulting mixture was heated under reflux for 3 hr. Benzeng/
ether (1/1) (50 ml) and dilute sodium hydroxide solution (20 ml)
were then added to the cooled reaction mixture. The organic
layer was separated, dried over anhydrous sodium sulfate, and
concentrated in vaeuo. The residue was chromatographed on alumina
(eluent benzene) to give 1.10 g (31%) of (R)-(S)-MPFA as a red
0il, uv: Ay, (CHC13) 446 nm (e 131), nmr(CDCIlz): 6 1.08 and 1.31
(a pair of d, J = 2.6 Hz, P({CH3)»), 1.34 (d, J = 5.6 Hz, CHCH3),
2.14 (s, NCH3), 4.09 (s, FeCsHs), and 3.8-4.4 (m, FeCsH3).
Methine- proton resonances may lie under the cyclopentadienyl
proton resonances. The ir spectrum indicated the presence of un-
substituted cyclopentadienyl ring (1106 and 1000 cwm~1) and di-
methylphosphino group (928 cm~1)}. ORD(e 0.11 and 0.01, chloro-
form): [¢]sgg -425%, [®]y73 -1120° (tr), [®]y4y15 -615° (pk), [2]328
-1580° (tr), [®]3p4 -990° (pk), and [0],75 -8290° (tr). CD spec-
trum was shown in Figure 1. d4mal Caled for CygHyuNPFe: C, 60.59;
H, 7.63; N, 4.42. Found: C, 60.61; H, 7.71; N, 4.51.
(S)-a-[(#)-1",2-Bis (diphenylphosphino)ferrocenyl]ethyl-
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dimethylamine (BPPFA). To a solution c¢f 3.6 g (14 mmol) of (5)-4
in 22 ml of dry ether, 12.0 ml of 1.4 M n-butyllithium in n-hexane

was added at 27° over a period of 20 min. The mixture was stirred
at room temperature for 1 hr and then a mixture of 1.9 g (16 mmol)
of freshly distilled TMEDA and 13.0 ml of 1.4 M m-butyllithium in
n-hexane was added in 15 min, After 3.5 hr stirring at room temp-
erature, 9.3 g (42 mmol) of chlorodiphenylphosphine was added to
the cooled reaction mixture, After standing overnight it was
hydrolyzed with aqueous sodium bicarbonate. The resulting organic
layer and extracts (benzene 50 ml) from the agueous layer were
combined, dried over anhydrous sodium sulfate, and concentrated
in vacuo. The residue was chromatographed on alumina {eluent -
hexane/benzene, 2/1) to give 3.24 g (37%) of the crude (5)-(R)-
BPPFA. A pure sample was obtained as orange crystals by recrys-
tallization from ethanol, uv: Apax(CHCl3) 443 nm (e 194), nmr
(CCly/TMS): 6 1.12 {(d, J = 7.2 Hz, CHCH3), 1.75 (s, NCH3), 3.41-
4.42 (m, CgHyFeCgHi),and 6.87-7.66 (m, CgHs). Methine proton
resonances may lie under the cyclopentadienyl proton resonances.
The ir spectrum did not exhibit absorptions near 1100 and 1000
em™!, indicating the absence of unsubstituted cyclopentadienyl
rings. ORD(e 0.10 and 0.004, chloroform): [¢]sgg +2160°, [2]4g9
+3890° (pk), [®)uyg +2680° (tr), and [®];9g +30,30C% (pk). CD
spectrum was shown in Figure 2. Anal Caicd for CgghasNP Fe: C,
72.97; H, 5.96; N, 2.24. Found: C, 72.72; H, 6.00; N, 2.49.
{S)—a—[{RJ~2-Diphenylphnsphinylferrocenyl]ethyldimethyl-

amine (6). A solution of 8.8 g (27 mmol) of diphenylphosphinic
chloride in 30 ml of ether was added in 15 min to the refluxing
solution of 5.08 g (19.8 mmol) of [Sjjflwhich had been lithiated
as described in the preparation of PPFA. The mixture was re-
fluxed for 9 hr, and then hydrolyzed with aqueous sodium hydrox-
ide, The resulting organic layer and benzene extracts from the
agueous layer were combined, dried over anhydrous sodium sulfate,

and concentrated iz wacwo to a minimum volume. The residue was
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chromatograp.ed on alumiia, Elution with benzene gave 2.5 g of
starting amine (Sjiﬂx Elution with benzene/ethyl acetate (1/1)
gave the crude product. The product was purified by recrystal-
lization from dichloromethane/light petr.-ether (1/4) to give
2.74 g (30%) of (8)-(R)-6 which gave brown crystals, mp 239-242°
(decomp.), {u]gs +161° (¢ 0.40 chloroform), uv: X, (CHCl3) 446
nm (e 145), nmr{CCi,/TM8):; 6 1.12 (d, J = 6,0 Hz, CHCHg), 1.61
{s, NCH3), 4.13 (s, FeCgfg), 3.76-4.51 (m, FeCgH3), and 7.13-8.02
{m, Cgls). Methine proton resonances may lie under the cyclo-
pentadienyl proton resonances. Ir(KBr): 1192 (P=0) and 1107,
1010 cm™! (FeCgHg). 4mal Calcd for C,gH,gNOPFe: C, 68.28; H, 6.17;
N, 3.06. Found: C, 68.54; H, 6.05; N, 2.92.
(£)-1-Diphenylphosphinyl-2-ethylferrocene (8). To a solu-
tion of 0.93 g (2.03 mmol) of (S)—(R)ig in 45 ml of acetone, 5.0

ml of methyl iodide was added at room temperature. The solution
was refluxed for 15 min and concentrated im vacuo to eg. 15 ml,
The residue was diluted with 30 ml of benzene, washed with 50 ml
of 8.5% aqueous phosphoric acid and 50 ml of 10% aqueous sodium
hydroxide, and dried over anhydrous sodium sulfate. After evapo-
ration of the solvents, the residue was chromatographed on silica
gel (eluent benzene/ethyl acetate, 3/1) to give 0.61 g (73%) of
crude (f)-1l-diphenyiphosphinyl-2-vinylferrocene Qz) as a reddish-
brown viscous oil, nmr(CCl,/TMS): & 4.12 (s, FeCgH3), 4.22 (s,
FeCgHs), 4.7-5.5 (m, CH=CH;), 5.9-6.7 (m, CH=CH,), and 7.1-7.9
(m, Cgfl5). The ir spectrum indicated the presence of vinyl group
(1625 cm™ '), phosphinyl group (1193 cm™!), and unsubstituted
cyclopentadienyl ring (1108 and 1002 cm™1),

The crude vinylferrocene ((#)-7) (0.57 g) in 5 ml of benzene
solution was hydrogenated in a 50 ml steel autoclave at 130 kg/cm?
of hydrogen in the presence of 10 mg of chlorotris(triphenylphos-
phine)rhodium to give, after chromatography on alumina {elution
with benzene/ethyl acetate, 2/1), 0.29 g of (R)-8, mp 151.5-152°
(in a sealed tube), [a]gs +118° (¢ 0.62, chloroform), nmr(CCl,/
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T™MS): & 0.95 (t, J = 7.0 He, tw'5), 2.26-2.77 (broad m, CHy), 4.25
(s, FeCsHs), 3.72, 4.17, and 4.32 (three broad s, FeCgH3), and
7.22-7.96 (m, CgHs). The ir spectrum indicated the presence of
a phosphinyl group (1120 em™1) and an unsubstituted cyclopenta-
dienyl ring (1105 and 1000 cm '). 4ngl Caled for C,.H,40PFe: C,
69.58; H, 5.60, Found: C, 69.75; H, 5.61,
(R)~1-Diphenylphosphino-2-ethylferrocene (PPEF). A solu-
tion of 0.23 g (0.55 mmol) of (£)-8,in 5 ml of benzene was added

at room temperature to a solution of 0.1 g of lithium aluminum
hydride in 4 ml of dry dibutyl ether over a period of 10 min.

The reaction mixture was heated at 80-85° for 4.5 hr. After
work-up in the usual way, chromatography on aluieina using benzene
as an eluent gave 0.17 g (78%) of (R)-PPEF, uv: Amax(CHClaj 4de
nm (e 155), mnmr(CCl,/TMS): & 1.01 (t, J = 7.0 Hz, CH:), 2.19-
2.71 (m, C¥5), 3.94 (s, FeCsHg), 3.56, 4.10, and 4.27 (thres
broad s, FeCzég), and 6,76-7.62 (m, CgH:s). ORD(z 0.12 and C.005,
chloroform): [#]s5gg9 +1080°%, [&1yyy +2450° (pk), [#]ypg +1380°
(tr), and [#],9y +14,400° (pk). CD spectrum was showvn in Figure
2. Amal Calcd for CoyHy3PFe: C, 72.38; H, 5.82. Found: C, 72.36;
H, 5.86.

Asymmetric hydrosilylation of ketones

Hydrosilylation was carried out essentially in the same
manner as described in Chapter 6. A mixture of di-p-chlorobis-
(1,5-hexadiene)dirhoaiun{I) with (8)-(R)-PPFA (phosphine/Ph = 1
or 2}, (R)-(S)-MPFA (phosphine/Rh = 2), (S)-(R)-BPPFA (diphos-
phine/Rh = 1}, or (K)-PPEF (phosphine/Rh = 2} was used as a cata-
lyst precursor. The reaction conditions, yields, and optical
yields of the products are summarized in Tables 1I, III, IV, and
V. When a-naphthylphenylsilane was used, silyl ethers were not

isolated but converted directly into alkanols by hydrolysis.
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Chapter 8

Asymmetric Hydrosilylation of a,B-Unsaturated Carbonyl Compoundsl

SUMMARY

Asymmetric hydrosilylation of (Z)-d-phenylpent-3-en-2-onc
and (&)-1,3-diphenylbut-2-en-l-one with phenyldimethylsilane or
trimethylsilane in the presence of BMPP-Rh" or DIOP-Rh as cata-
lyst took place in a i,4 fashion te afford optically active silyl
encl ethers. The silyl enol ethers were converted by hydrolysis
into optically active saturated ketomes.

The hydrosilylation of B-methylcinnamaldehyde with trialkyl-

silanes gave not only 1,4-adduct but alsc 1,2-adduct.

INTRODUCTION

Catalytic hydrosilylation of ketones? and imines? may be
considered as a synthetically equivalent means to the reduction
of thase compounds. The reaction is of considerable use for
enantioselective reduction of C=0% or C=N°® bonds when chiral
rhodium complexes are employed as catalysts.

In 1959, Sadykh-Zade and Petrov reported that chloroplatinic
acid-catalyzed hydrosiiylation of a,B-unsaturated carbonyl com-
pounds takes place in a 1,4 fashion.® Fecently, Ojima, Kogure,
and Nagai have found that highly selective 1,2- as well as 1,4~
addition of hydrosilanes to a,f-unsaturated tevpene ketones can
be achieved, the selectivity depending markedly on the nature
of the hydrosilane employed.’

As an extention of the studies on the asymmetric hydro-



silylation of olefins® and ketones'@ catalyzed by Group VIII tran-
sition metal complexes with chiral phosphine ligands, we describe,
in this chapter, the asymmetric 1,4-addition of hydrosilanes to
o,f-unsaturated ketones using chiral phosphine-rhedium complexes

as catzlysts.

RESULTS AND DISCUSSION

We have found that the chiral cationic complex, [Rh{(R)-
(PhCH)MePhP},H,S,]17C10, (S = solvent),"d prepared in eitu, cat-
alyzes the asymmetric hydrosilylation of a,B-unsaturated ketones
under mild conditions. ((-)-DIOP)Rh(8)C1,"¢ where DIOP stands
for 2,3-0-isopropylidene-2,3-dihydroxy-1,4-bis (diphenylphosphino)-

butane, was also used in the present reactions.

y ; Dl 1
Ph _F/u o [Rh*] N R
Je=C + HSidlesR ——m PhMeCHCH=C
Me corl 0SiMe,R?
1, Rl = Me RZ = Ph 3, R! = Me, R2 = Ph
P 1~
2, Rl = ph or Me 4, Rl = Me, R2 = Me
e '
1 %
éﬁ R+ = Ph, R* = Ph
6, Rl = Ph, RZ = Me
H,0 %
st PhMeCHCH,COR Y (1)
7’ = Me
I -
8, R! = Ph

[Rh*] = [Kh{ (R)-(PhCH,)MePhP},H,5,17C10,~ (abbr. BMPP-RR')
((~)-DIOP}Rh(S)C1 (abbr. DIOP-Rh)

124 —



Thus, addition of phenyldimethylsilane to (E)-4-phenyipent-
3-en-2-one Q{) in the presence of EsPP-Rh™ dissolved in benzene
at room temperature gave only a 1,4-adduct, 2-phenyldimethyl-
siloxy-4-phenylpent-2-ene (3), uéo ~0.68% (0.1 dm, neat;, in 76%
yield. Hydrolysis of 3 with potassium hydroxide in aqueous meth-
anol gave 4-phenvipentan-2-oné g&),g’lﬂ {a]%o ~5.31°(neat).
Hydrosilylation of 1 with trimethylsilane produced, after hydroly-
sis, the same saturated ketone QZ) of lower optical activity.

Hydrosilylation was also carried out with (2)-1,3-diphenyl-
but-2-en-l-one (2} in the presence of BMPP-RE” or DIOP-Rh to give
optically active l-phenyldimethylsiloxy-1,3-diphenylbut-l-ene QE)
or its trimethylsiloxy analog ng, respectively. gfnud E,were
converted by hydrolysis into 1,3-diphenylbutan-1-one {§).11

i end 8 were converted vig Baeyer-Villiger oxidation into
2-phenylpropanol (Lg)e’lz and 3-phenylbutanol (ig)la’l“ in order

to confirm optical purity (eq. 2 and 3).

o PhCO 3H " KOH/150 .
PhMeCHCH,,{'0ile m——— 3= PhMeCHCH,0C0Me ~—————= PhMeCHCH,0H  (2)
CHCl 4
7, [e]Z% -5.31° 9 10, [u]20 -2.14°
v‘V, D L ot D -
) PhCO3H . LiAlHy . _
PhMeCHCH, COPh —————= PhMeCHCH,C0,Ph —————== PhMeLHCH,CHoOH (3}
CHCL 5 Et,0
5 ] 25 _ ©
8, [cz]s:’ o} &7 11 12, [a}Z° -3.94

The results obtained for the asymmetric hydrosilylation of
6, B~unsaturated ietones ave summarized in Table I. It is noted
that in all cases BMPP—Rh+ or DIOP-Rh catalyzes the addition re-
action to give (R)-ketones preferentially, that is, the addition
in a sense of selecting a si-si face of carbon-carbon double

| &

bonds of o,B-unsatursted ketones in an E form whether R° i

we J 2T -
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methyl or phayl group.

Attempted asymmetric hydrosilylation of B-methylcinnamalde-
hyde (;é) with trimethylsilane resulted in givirg not only a 1,4-
adduct, l-trimethylsiloxy-3-phenylbut-i-ene (;ﬁ), but also a 1,2-
adduct, l-trimethylsiloxy-3-phenylbut-Z-ene [ié)i the glc ratio
of 14 to 16 was 64/36. Both 1,4-adduct {15) and 1,2-adduct (17)

A - o~ v
(59/41) were also formed from the reaction with phenyldimethyl-
silane (eq. 4). However, i4 and 15 were obtained in an optically

e ~

inactive form.

HSiMeyR?
PhMeC=CHCHO -
Y Q@
13 DIOP-Rh, O
-
0siMe,R? _CH08.: e R
PhMeCHCH=C +  PireC=C (4)
\ W
H H
14, R2 = Me 16, R? = Me
P A )
15, R? = Ph 17, R* = Ph
Py o,

Of particular significance is that the present reaction way
provide a facile route to the preparation of cptically active

silyl enol ethevs, which are well suited for generation of metal

>
. ¥ g
enolate species. -

EXPERTMENTAL

The preparation of BMPP-Rh~ and DIOP-RN was described in

Chapter 6.

Asymmetric hydrosilylation of o, B-unsaturated ketones

1. ({(¥)-4-phenylpent-3-en-z-one {1).

{a) With phenyldimethylsilane. The following procedure for



A asymmetric hydrosilylation of'l_is typical. In a degassed
sealed glass tube, a mixturve of 4.8 g (30 mmol) of‘&, 4.1 g (30
mmel) of phenyldimethylsilane, and 3%1072 mmol of BMPP-Rh" (with
the phosphine of 79% optical purity) dissoived in 3 ml of benzene
was allowed to stand at room temperature over a pericd of 40 hr.
The product was isolated by distillation through a short Vigreux
column to give 6.7 g (76%) of 2-phenyldimethylsiloxy-4-phenyl-
pent-2-ene (3}, bp 121-123° (0.04 mm)}, a%o -0.680° (0.1 dm, neat),
3 was found to consist of (Z)- and (E)-isomers in a ratio of
80:20 on the basis of nmr analysis, nmr (CCl,/TMS): (Z):g} § 0.41
(s, 8iCH3), 1.22 (d, J = 7.6 Hz, CHCH3), 1.69 (s, =CCH;3), 3.2-4.0
(m, CHCHz), 4.45-4.85 (m, =CH}, and 6.9-7.6 (m, CCgHg and SiCgHs).
(53133 § 0.36 (s, SiCH3) and 1.81 (broad s, =CCH3), and other
signals are indistinguishable from those of (Z)—é; Anal Caled
for CygHy,08i: C, 76.97; H, 8.16. Found: C, 76.30; H, 8.13.

To a solution of 6.2 g (21 mmol} of (E}- and (Z}jé/thus
obrained in 320 ml of methanol, 20 ml of 2 ¥ potassium hydroxide
was addad dropwise with stirring at room temperature. The hydrol-
ysis was completed within 10 min., The organic products were ex-
tracted with ether and this ether extract was dried over sodium
sulfate., After evapuraticn of ether, distillation gave almost
quantitatively 4-phenylpentan-2-one (1), dig 0.9763, [a]%o -5.31°
(neat}, -6.8% (2 4, benzene), (tit.'? maximum rotation: [a]g0
-74.5° (e 1, benzene), see also note 9).

The results of asymmetric hydrosilylation ofaL‘using DI0OP-Rh
as catalyszt are listed in Table 1.

{b) With trimethylsilane. Prom a mixture of 4.8 g (30 mmol)

&£

of 1, 2.2 g (20 mmol) of tyimethylsilane, and 3x10-2 wmmol of

BMé}—RhT dissolved in 3 ml of benzene, was obtained 6.3 g (20%)
of 2-trimethylsiloxy-4-phenvipent-2-ene (4), bp 78-79° (2.5 wm),
ago -0,153% (0.1 dm, neat). :L»ms shown to consist of (Z4)- and
(&) ~isomers (60:40) on the basis of nmr analysis, nmr(CC1.,/TMS):

(2)-4; 8 G.16 (s, SiCH3), 1.29 (d, 7 = 6.4 Dz, CHCHy), 1.70 (s,



=CCH3), 3.2-3.9 {m, CHCHz), 4.4-2.9 (a, =CH), and 7.16 (s, CgHs).
(£)-4; 8§ 0.13 (s, SiCH3), 1.25 (4, J = 6.4 Hz, CHCH3), and 1.75
(s, =CCH3), and other signals are indistinguishable from those
of [iji. Anal Calcd for Cj,Hp,081i: C, 71.73; H, 9.46. Found:
€, 70.86; H, 9.32.

jﬁwas hydrolyzed with potassium hydroxide in aqueous metha-
nol to give'z) [al%o ~0.47° (neat).

2, {(E)-1,3-diphenyibui-2-ene-l-cne (2)

(a) With phenyldimethylsilane. A mixture of 8.9 g (40

mmo 1} °f.2; 5.5 g (42 mmol) of phenyldimethylsilane, and 4%x10-2
mmol of DIOP-Rh dissolved in 5 ml of benzene was heated at 50°
for 40 hr. Distillation gave 12.0 g (83%) of (Z)-1-phenyldi-
methylsiloxy-1,3-diphenylbut-1-ene (5), bp 180-185° (0.2 wm),
[ujgﬂ -1.09° (e 10, benzene), nmr(CCl,/TMS): & 0.32 (s, SiCHjz),
1.23 (d, J = 7.2 Hz, CHCH;), 3.56-4.06 (double q centered at
3.78, CHCH3), 5.24 (d, J = 9.6 Hz, =CH), and 6.9-7.¢6 (m, CgHsg).
Anal Caled for Cpuipg08i: €, 80.40; H, 7.31. Found: C, 80.2¢;
H, 7.47,

5 was hydroiyzed with potassium hydroxide in aqueous metha-
nol to give quantitatively 8, {ujgo -0.48° (¢ 5, carbon tetra- |
chloride), (iit.'! (#)-8 has [al, -14.6° (¢ 1.8, carbon tetra-
chloride)).

(b} with trimethylsilane. Similarly but with 3.0 g (40

mmol) of trimethyisilane, 10.3 g (87%) of (4)-l-trimethylsiloxy-
i,3-diphenylbut-l-ene (6}, bp 145-149° (3 mm), ago -0.162° (0.1
dm, neat) was obtained. Nmr (CC1,/TMS): & (.07 (s, SiCij), 1.36
(d, J = 6.6 Hz, CHCHs), 3.6-4.2 (double q, CHCHy), 5.27 (d, 4 =
9.4 Hz, =CK), and 7.0-7.5 (m, Cg¥s). Anal Caled for CqigHsn,081:
C, 76.97; H, 8.16. Found: C, 76.73; H, 8.37.

g’was hydrolyzed to give quantitatively 8, [a]g0 ~1,47°
(¢ 5, carbon tetrachloride), {a]%5 -2.54° (e 5, benzene).

The results using BMPP-Rh' as catalyst are listed in Table I.



Oxidation of ketones

1. 4-Phenylpentan-2-one (7). To a solution of 1.7 g of
j;([a]sﬂ -5.31° (neat)) in 5 ml of chloroform, 30 ml of 1.0 #

perbenzoic acid in chloroform was added. After standing in the
dark at room temperature for 3 months, the mixture was extracted
with 10% sodium hydroxide. The extract was washed with water,
and concentrated im vacue to give crude Z-phenylpropyl acetate
(8. The ester Eg) was saponified by refluxing for 30 min with
8 ml of 50% ethanol-water containing 1.0 g of potassium hydrox-
ide. The hydrolysis mixture was worked up to yield 1.0 g (71%)
of 2-phenylpropancl [59), [m]%o -2.14° (neat), which was deter-
mined tc be of 12.3% enantiomeric excess of the § isomer on the
basis of the known valuel? of [a]%5 -17.4° (neat) for optically

pure (5) —']%9 i

2. 1,3-Diphenylbutan-1-one (8). Similarly,'ﬁl(d.s g, 20
mmol) [[u]éG -1.47° (e 5, carbon tetrachloride)) was treated
with perbenzoic acid in chloroform solution to give crude phenyl
gB-vhenylbutyrate {3&). The crude ester (;}) was reduced with
2.5 g of lithium aluminum hydride in 10 ml of ether. After work-
up, preparative gic (Silicone DC550) gave 1.6 g (53%) of 3-
phenylbutanol (12), [ajgﬂ -3.94° (neat), (1it,}3 (R)-12 has
{a]D -39,56° (neat)}).

Hydrosilylation of f-methylcinnamaldehyde (13)

1. With trimethylsilane. In a degassed sealed glass tube,

a mixture of 4.4 g (30 mmol) of 13 (a mixture of (E)- and (Z)-

isomers {(ea. 1:1)), 2.2 g (30 mmol) of trimethylsilane, and
321072 mmol of DIOP-Rh dissolved in 4.0 ml of benzene was kept
at 0° for 24 hr. Distiliation gave 4.5 g (68% combined yield)
of 4 mixture, boiling over a range of 71-78° (2 mm), of (&)-1-
trimethylsiioxy-3-phenylbut-l-ene (;&), (Z)-;ﬁ, (E)-1-trimethyl-
siloxy-3~phenylbut-2-ene (ﬁﬁ)r and (Z)—AE. The glc area ratio

of the products was 44:20:15:21, respectively. All these com-



puunds were lsolated by preparative glc (Silicone LU550) a .
characterized by 'H nmr spectra, nmr(CCl,/1MS): (F)-14; 8 1.17
(s, SiCH3), 1.32 (d, J = 6.6 Hz, CCH3), 3.32 (5, CHCH3), 5.07
(double d, J = 12.0 and 7.8 Hz, =CHC), 6.13 (d, J =12.0 Hz,
=CH0), and 7.1l (s, CeHs). (2)-1d; & 0.14 (s, SiCH3), 1.23 (d,
J = 6.8 Hz, CHCH3), 3.35 (5, CHCH3), 4.56 (double d, J = 6.0 and
9.2 Hz, =CHC), 5.99 (d, J = 6.0 Hz, =CHO), and 7.10 (s, Ces).
(E)-;g; ¢ 0.14 (s, SiCHz), 2.01 (broad s, CCH:), 4.27 (d, J =6.2
CHp), 5.78 (t, =CK), and 7.21 (broad s, CgHs). (Z)-16; 6 0.13
(s, SiCH3), 2.04 (s, CCHy), 3.91 (d, J = 6.2 Hz, CH,), 5.51 (t,
=CH), and 7.14 (broad s, Cgzfs). The mixturs of ;ﬂ and Lﬁ’ aéa
H

2

0.00° (0.1 dm, neat). 4nal Calcd for C;y3H,y0Si: C, 70.85;
9.15. Found: C, 69.82; H, 9.2..

(E)- and {Z)-Ai were hydrolyzed with potassium aydroxide in
aqueous methanol to give 3-phenylbutanal. It was optically in-
active,

2. With phenyldimethylsilane. Similarly, from a2 mixture

of 4.8 g (30 mmol} of A;, 4,.1g {50 mmol) of phenyldimethylsilane,
and 3%107% mmol of DIOP-Rh, was obtained 6,8 g {70% combined
yield} of addition products, which boiled over a range of 103-
126° (0.02 mm). Nmr indicated that the mixture consists of (£)-
and (Z)-1-phenyldimethylsiloxy-3-phenyibut-1l-ene {Lé) and (E)-
and (Z)-1-phenyldimethylsiloxy-3~phenylbut-2-ene (;3) in a ratio
of 59:41, nmr({CCL,/TMS): {E]—Aé; 6 +.28 (d, J = 6.8 Hz, CHCHg),
5.10 {double d, J = 12.0 and 7.6 Hz, =CHC), (Z)Tié; 1,26 (4, J =
6.8 Hz, CHCH3), 4.60 (double d, J = 6.0 and 2.0 Hz, =CHC), (E)-
and (2)-17; 1.91, 2.05 (s, CCH3), and 3.98, 4.26 (d, CHp}, and
other overlapping signals could not be assigned. The mixture of
;ﬁ_andlil had no optical activity. 4nuzl Caled for «;ghy;05i:

C, 76.54; H, 7.85. Found: C, 75.76; H, 8.10.
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Chapter 9

Asymmetric Synthesis of Bifunctional Organosilicon Compounds via

Hydrosilylation!

SUMMARY

Optically active bifunctional alkoxysilanes were obtained
by the addition reaction of methyl-o-naphthylsilane (§3J and
a- naphthylphenylsilane {EP) to such symmetric ketones as diethyl
ketone and benzophenone in the presence of [Rh{(R)-(PhCH,)MePhP}, -
H,S517C10L~ (S = solvent), {(-)-DIOP)Rh(S)C1, or ((S)-(R)-BPPFA)-
Rh{S)Cl as catalyst. The alkexysilanes were readily correlated
with known methyl-a-naphthylphenylsilane (13). In this reaction
éﬁ always gave rise to {R)—;g in excess, while §E predominantly
to (SJ—;E.

The reaction of 5a and Eg with aldehydes also gave bifunc-

tional alkoxysilanes, though their optical purity was negligible.

INTRODUCTION

The fundamental work of Sommer and his coworkers on the
sterecchemistry of organosilicon compound52 has originated from
the preparation of optically pure methyl-a-naphthylphenylsilane
(lg} and closely related compounds, which are obtained vig frac-
tional crystallization of diastereomeric menthoxymethyl-o-naph-
thylphenylsilane (;B). Another system having asymmetric silicon
cyclic one (2)
using a similar technique as a probe of a different stereochem-

has been developed by Corriu et al.®

istry of some substitution reactions at silicon.
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However, few examples of the preparation of optically active
organcsilanes by asymmetric synthesis or by kinetic resolution
have been recorded so far in the literature. Corriu et al.“ have
reported a kinetic resolution of bifunctional organosilanes during
menthanolysis of chloro-a-naphthylphenylsilane (3), the latter
being assumed to undergo extensive racemization under the condi-
tions employed. Recently. Holt and coworkers® have carried out
partial reduction of various racemic methoxysilanes (4, R = a-
naphthyl, ethyl, and benzyl) by a chiral reducing complex of lith-

ium aluminum hydride to achieve a kinetic resolution.

o-Np a-Np R
! _o-Np !
Ph-Si-X ‘ = Si_ Ph-3i-C1 Ph-S5i-0Me
[ X | l
Me - H Me
1 8@ X = H 2 3 4
~ ~ o~ o~
b: X = OMen

The only asymmetric synthesis at a silicon center has been
ovserved by Klebe et al.® in the reaction of bis (N-methylacetamido)-
methylphenylisilane with optically active amino acids to form un-
equal amounts of diastereomeric pairs of 2-siloxazolidone-5, which
are claimed to undergo a second order asymmetric transformation.
To our best knowledge, however, there are no data of asymmetric
induction at a prochiral silicon center in a sense of catalytic
asymmetric reactions, on which increasing attention has been
focused recently.

In the preceding chapters we have described that chiral
phosphine-rhodium complexes are effective to cause stereoselec-
tive addition of a hydrosilane to a variety of prochiral carbonyl
compounds to give silyl ethers of the corresponding alkanols with
fairly high enantiomeric bias at the carbon atom.’*® The present

chapter describes an application of the catalytic asymmetric
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hydrosilylation of ketonss to the preparation of some new asym-
metric bifunctional organcsilines,

After our investigation had been completed, Corriu et ol.
reported independently that alcoholysis of w-naphthylphenylsilane
or addition reaction of the silane to ketones both catalyzed by

(+)- or (-)-DIOP-rhodium complex leads to an optically active
alkoxysilane.?

RESULTS AND DISCUSSION

[Rh{ (R)~ (PhCH,)MePhP},H,8,]17C10,~ 72 ($ = solvent}, ((-)-
DIOP)Rh(S)C1,1? where (-)-DIOP stands for (-)-2,3-0-isopropyl-
idene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane, and ((S5)-
(R)-BPPFA)Rh(S)C1, 7P where (S)-(R)-BPPFA stands for (S)-a-[(R)-
1',2-bis(diphenylphosphino)ferrocenyljethyldimethylamine, were
used as catalysts for the present reactions. These complexes
have been effectively used for asymmetric hydrosilylation of
prochiral ketones.’

Addition of certain dihydrosilane, H,SiR!R2, having a meso-
silicon atom to such symmetric ketones as diethyl ketone and
benzophenone in the presence of the chiral phosphine-rhodium
complexes gave silyl ethers in the optically active form associ-

ated with the silicon atom (eq. 1).!1»1%

[Rh]*

*
Ro,CO  +  H,SiRIR? R,CHOSiHRIR? 1)

Y

Me and Ph; R2 = a-Np

Ry = Mey, Et,, 4CHyy,, and Phy; R!

[Rh]* = [Rh{(R)- (PhCH,)MePhP},H,S,]17C10,” (abbr. BMPP-Rh)
((-)-DIOP)Rh(S)C1 (abbr. DIOP-Rh}
((5)- (R)-BPPFA)Rh(S)C1 (abbr. BPPFA-Rh)

— 137 -



The silyl ethers were converted into known moohyi-g-naphthyl-
phenylsilane (13) in order to examine respective cptical yields,
although such conversion may be accompanied by considerable race-
mization. 1%

The results obtained for the reaction catalyzed by BMPP-Rh*
are summarized in Table I. It is noteworthy that one enantiomer
of 1la was produced in excess through the hydrosilylation of ketones
using methyl-o-naphthylsilane (Eg) while the other enantiomer was
obtained in excess starting with a-naphthylphenylsilane (5b). If,
for example, phenylation of 3-pentyloxy-a-naphthylmethylsilane (2)
and methylation of 3-pentyloxy-a-naphthylphenylsilane gz) proceed
largely with retention of configuration at the silicon center,¥,1%
the following scheme would be valid to rationalize the present
results. This clearly suggests that, in both cases of forming_g
and 7, one enantiotopic hydrogen (pro 5) attached to the silicon
atom of the dihydrosilanes (§§ and EE) participates preferentially
in the chiral complex-catalyzed hydrosilylation of symmetric ke-

tones over the other (pro R).

o-Np % a=-Np a-Np
h BMPP-Rh | PhMgC1 |
H-S5i~-H >» Et,CHO-Si-H > Ph-Si-H
Me Me Me
5 (5)-6, (R)-1a
a- = a-Np a-Np
[ BMPP-Rh | MeMgBr |
H-Si-H > Et,CHO-S5i-H > Me-Si-H
| EtCO retn. |
Ph Ph Ph
5b - =
5b -1 ($)-1a
Scheme I.
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Table I. Asymmetric Induction at a meso-Silicon Atom via Hydrosilylation of Ketones

Catalyzed by BMPP-Rh" at Room Temperature.

Optical yieldb (%)

Ketone Silyl ether Yield a-NpPhMeSiH (12)*
[a}%O (neat) (%) [u]é‘J (cyclohexane) (Configuration)

a-NpMeSiH, (Sa)

Me 5 CO 2,33 63 +2.05 7.4 (B
Et,C0 -4.40 69 +2.38 8.6 (B)
{ o -3.30 81 +2.02 7.2 @&
Ph2CO -4.,33° 72 +5.45 19.7 (B
a-NpPhSiH, (5b)

Me,CO -0.09 76 -0.14 . ()
Et5CO -0.57 86 -1.98 7.2 ()
{ to -0.92 72 -0.86 3.1 (9)
Ph,CO - - ~7.66 27.7  (9)

& Optically pure (R)-a-NpPhMeSiH, [u]D +35.0° (¢ 15.6, cyclohexane).

the basis of the optical purity of phosphine used (79%).

b Calibrated aon

I i
Measured in cyclohexane.



There is solid evidence that the oxidative addition of an
optically active hydrosilane, e.g. la, to an appropriate platinum
complex proceeds with retention of configuration.1® The implica-
tion is that the configurational stability around a silicon atom
during the activation of a dihydrosilane by the catalyst may play
an important role to exert asymmetric induction at the meso-sili-
con atom.!”

A considerable variation of optical yields on changing ke-
tone structure should also be mentioned (Table I); benzophenone
gave appreciably higher optical yield than other ketones in the
reaction of both 5a and Eg. The extent of asymmetric induction
would principally be determined during the oxidative addition of
one of two enantiotopic hydrogen-silicon bonds in a mesgo-dihydro-
silane to the rhodium complex with chiral phosphines.as ligands,
prior to the successive insertion of the ketone carbonyl to the
resulting silicon-rhodium moiety and reductive elimination of the
silyl ether (as to the mechanism of hydrosilylation of ketones,
see Chapter 6). However, it seems reasonable that the difference
in bulkiness of the ketone, which is coordinated to the chiral
phosphine-rhodium complex like solvent, must influence the stereo-
selectivity to some extent because of modifying the effective
bulk of the rhodium complex. Then, benzophenone is of advantage
for attaining higher asymmetric induction than the less bulky
ketones.,

In DIOP-Rh and BPPFA-Rh catalyst systems, it was also found
that the addition of 53 to symmetric ketones always affords (R)-
la in excess after phenylation of the resulting silyl ethers,
while 5b leads to (S)-lg (Table IT). Considerably high optical
yields were obtained in the reaction of 5b catalyzed by DIOP-Rh.
This is the very case reported by Corriu and coworkers.9P

The fact that 5z always resulted in the formation of (R)-1la
and §3,in (SJ—;g regardless of different chiral phosphine-rhodium

complexes as catalysts is only fortuitous. However, §3 and 5b
o~
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Table II. Asymmetric Induction at a meso-Silicon Atom via Hydro-
silylation of Ketones Catalyzed by DIOP-Rh and BPPFA-~
Rh at Room Temperature.

Silane Ketone a-NpPhMeSiH (la) Optical yield (%)
[a}so (cyclohexane)  (Configuration)

Catalyst: DIOP-Rh

a~NpMeSiHjp Et,CO 0 —

a-NpMeSiH Ph,CO +6.59 18.8  (R)
a-NpPhSiH Et ,CO -18.50 52.9%  (9)
a-NpPhSil, Ph,CO -16.05 45,92 (8
Catalyst: BPPFA-Rh

a-NpMeSiHj Et,C0 +1.07 3.1 (®)
a-NpPhSiHs Et,C0 -2.,67 7.6 ()
a-NpPhSiH; Ph,CO -3.40 9.7 (5)

a,b :
*” Corriu et al. have reported that the same reaction but with

(+)-DIOP-rhodium complex gives the optical yield of 46% (R) and
31% (R), respectively (ref. 9b).

do react by using one (pro-S) of two enantiotopic hydrogens
available to lead necessarily la to an opposite enantiomeric
bias to each other, reflecting that the o-naphthyl group is al-
ways operative as a larger substituent of the dihydrosilanes
than the methyl or phenyl one in the present reactions.

The addition reaction of 5z or EB to a few aldehydes in the
presence of BMPP-Rh" was also examined (eq- 2). The reaction
gave the silyl ethers of primary alkanols in moderate yields
without deactivation of the catalyst owing to a possible side
reaction such as decarbonylation.18 No appreciable asymmetric

induction, however, was observed as shown in Table III.
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Table IT1. Asymmetric Induction at meso-Silicon Atom via Hydro-
+
silylation of Aldehydes Catalyzed by BMPP-Rh at

Room Temperature.

Aldehyde Silyl ether Yield o-NpPhMeSiH Optical yield (%)
20 0 204 . :
[a]lp” (neat) (%) [a}D (Configuration)

a-NpMeSiH, (5a)

MeCHO -0.04 74 0 =
PhCHO 0 78 0 ==

a-NpPhSiH, (5b)

PhCHO -0.24% 56 ~0.08 0.3 (9)

a ;
Measured in cyclohexane.

BMPP-Rh"
RCHO + H,pSiRIRZ > RCH,0SiHRIR2 (2)

R = Me and Ph; R! = Me and Ph; R? = a-Np

On this basis it may be concluded that the relative bulkiness of
the carbonyl compounds, which are coordinated to the rhodium cat-
alyst, exerts a critical effect on selecting one enantiotopic
hydrogen-silicon bond of the dihydrosilanes (53 and EB) to be
activated by the catalyst.

EXPERIMENTAL

Optical rotations were measured with a Yanagimoto OR-50
polarimeter. [Rh{LH)-(PhCHZJMePhP}zﬁzsz]+C104—, ((-)-DIOP)Rh(S)C1,
and ((5)-(R)-BPPFA)Rh(S)Cl1 were prepared as described in Chapters
6 and 7
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Table IV. Physical Constants and Analytical Data for Hydrosilylation Products

Compound bp nZ* dze C(%) H(%)

(°C/mm) Found (Calcd.) Found(Calcd.)

— bl —

«-NpMeSiH (OCHR!RZ)

rR! R2

Me Me 117/4 1.5574 1.0072 73.25(72.99) 8.17(7.88)
Et Et 157/6 1.5501 0.9926 74.13(74.36) 8.38(8.58)
£ CH ) 141/0.1 1.5711 1.0412 75.52(75.50) 8.32(8.20)
Ph  Ph 208/0.07 s — 81.26(81.31) 6.23(6.25)
Me H 101/2.5 1.5703 1.0247 72.33(72.17) 7.59(7.45)
Ph H 164/2.5 1.5983 1.0821 77.42(77.65) 6.82(6.52)
a-NpPhSiH(OCHR1R2)

R! R2

Me Me 177/0.5 1.5972 1.0578 78.08(78.03) 6.75(6.89)
Et Et 162/0.05 1.5879 1.0427 78.54(78.70) 7.83(7.55)
£ CH ¥, 186/0.09 1.6018 - 79.56(79.47) 7.53(7.28)
Ph  Ph 250- - - 83.71(83.61) 5.79(5.81)

60/0.2
Ph H 193/0.05 — S 80.93(81.13) 6.02(5.92)




Table V. Ir" and IH Nmrb Spectral Data for a-NpMeSiH(OCHR'R?),

R! RZ  Ir(em™!) 1H Nmr(8) .,
v(SiH)  SiCHj Sif’ Others

Me Me 2120 0.53(d) 5.33(q) 1.11(d, J = 6.0 Hz, CCH;%)
1.19(d, J = 6.0 Hz, CCH;%)
4.02(7. J = 6.0 Hz, OCH)

Et Et 2110 0.55(d) 5.34(q) 0.92(t, J = 6.8 Hz, CH,CHs)
1.16-1.85(m, CH,CHj)
3.59(5, J = 5.9 Hz, OCH)

{-CHZ}S 2110 0.55(d) 5.41(q) 0.9-2.1(broad m, {‘CHQ}SJ
3.46-3,95(broad m, OCH)

Ph  Ph 2120 0.51(d) 5.32(q) 5.77(s, OCH)
7.17(s, c655f3
7,24 (s, caysf)

]

Me H 2120 0.53(d) 5.30(q) 1.22(t, J = 6.8 Hz, CH,CHj)
3.73(q, CH,CHj)

Ph  H 2120 0.54(d) 5.38(q) 4.71(s, CH,), 7.21(s, CgHs)

¢ Recorded on a Hitachi EPI-G3 grating spectrophotometer. 2 Re-
corded on a Varian EM-360 spectrometer in carbon tetrachloride
solution with tetramethylsilane as internal standard. € J (HSi-CHj)
= 2.6~3.0 Hz. 4 a-Np: & 7.2-8.4 ppm (diffused multiplet).

€ Diastereotopic methyls. Diastereotopic phenyls.

Asymmetric induction at a meso-silicon atom vig hydrosilylation

The reaction conditions, yields, and optical data of the prod-
ucts are summarized in Tables I, II, and III. Some physical con-
stants, analytical data, and infrared [v(SiH)] and nmr spectral
data for the silyl ethers are listed in Tables IV, V, and VI.




Table VI. Ir and 'H Nmr Spectral Data for a-NpPhSiH(( HR1RZ)

R R? Ir(em 1)  H Nmr(8)
v(SiH) SiH Others?

Me Me 2110 5.72(s)  1.19(d, J = 6.8 Hz, CHisD)
1.26(d, J = 6.8 Hz, CHi?)
4.17(7, OCH)

Et Et 2110 5.90(s)  0.44-1.12(double t, CHj)
1.17-1.77(m, CHy)
3.82(5, J = 6.6 Hz, OCH)

£ CHy3 2115 5.75(s)  0.82-2.06(broad m, 4 CHy-
3.55-4.07 (broad m, OCK)

Ph  Ph 2120 5.85(s)  5.68(s, OCH)
6.20-6.28(m, CyHs)

Ph H 2120 5.76(s)  4.82(s, CHy)

7.21(5, CEHs)

% a-Np and Ph-Si: & 7.1-8.3 ppm (diffused multiplet).

Diastereotopic methyls.

1. Reaction of methyl-a-naphthylsilane (5a). The following

procedure for an asymmetric addition reaction of 53 to benzo-
phenone is typical. In a degassed sealed glass tube a mixture
of 5.2 g (30 mmol) of Sa, 5.5 ¢ (30 mmol) of benzophenone, and
3x107! mmol of [Rh{(R)-(PhCH,)MePhP},H,S,] €104~ (the phosphine
of 79% optical purity) dissolved in 3 ml of benzene was allowed
to stand at room temperature for 40 hr. The reaction mixture
was distilled under reduced pressure to give 7.7 g (72% yield)
of benzhydryloxy-a-naphthylmethylsilane (§), bp 208° (0.07 mm),
[a]ﬁo -4,33° (e 10.0, cyclohexane).

To a solution of 6.2 g (18 mmol) of 8 thus obtained in 10
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ml of tetrahydrofuran (1 F), 9 ml of 2.4 M phenylmagnesium chlo-
ride in THF solution was added dropwise under stirring at room
temperature. The mixture was heated at reflux for 5 hr, and then
hydrolyzed with a saturated aqueous ammonium chloride solution.
After working up in the usual manner, distillation gave 3.1 g
(71%) of methyl-a-naphthylphenylsilane (la), bp 157° (2.5 mm),
[a]é0 +5.45° (e 15.7, cyclohexane), (ref.2: optically pure (R)-la,
[a]D +35.0° (¢ 15.6, cyclohexane)).

2. Reaction of a-naphthylphenylsilane (5b). The hydrosilyl-

ation with 5b, was carried out .in the same manner as the procedure
for 5a, except that the adduct, alkoxy-a-naphthylphenylsilane,
—~

was treated with methylmagnesium bromide in ether solution.
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CL: DLUSTUN

The most extensiie review on "Asymmetric Organic Reactions!
done by Morrison and Mesher in 1971 could not give a pre 2r and
comprehensive coverage of catalytic asymmetric reactions. Since
then, an increasing attention to "asymmetric catalysis' has been
appraised to be of use for a potential method for obtaining chiral
molecules on the one hand, and of significant help in the recogni-
tion of '"'coordination catalysis" exhibited by a variety of transi-
tion metal complexes on the other.

The catalytic asymmetric hydrosilylation presented in this
thesis does provide, in the author's opinion, an attractive ap-
proach to these goals.

No less exciting is the value of a well designed and executed

asymmetric catalysis!
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