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generation of the same two peaks (1690 and 1550 cm™!) that
were observed by direct metalation of 10 with 1. These were
also replaced by the signal corresponding to adduct 8 after the
addition of 7.9

In summary we have shown that tol-binap—copper(l)
complexes are active catalysts for the asymmetric addition
of dienolate 1 to aldehydes. Utilization of CuOrBu for the
preparation of the catalyst permits a more direct entry into
the catalytic cycle, avoids the introduction of spectator salts,
and circumvents redox chemistry. Successful initiation of the
reaction by CuOrBu suggests that a copper() alkoxide is
recursively generated throughout the reaction process. Addi-
tionally, we document spectroscopic and chemical evidence
for the existence of a copper enolate as a reactive species.
Such a process provides a conceptual and practical alternative
to the well-established Lewis acid promoted stereoselective
aldol reactions. The development of asymmetric, catalytic
carbonyl additions that proceed through metalloenolates
offers considerable opportunities for the design of new
catalysts in asymmetric organic synthesis.
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Titanocene complexes are versatile catalysts for a large
number of reactions.'""! The reaction of Me;SiH with
pyridine catalyzed by heterogeneous platinum-group catalysts
was reported many years ago.'l We now report the first
examples of the hydrosilylation of pyridines with homoge-
neous, titanocene-based catalysts, and the first example of
homogeneously catalyzed hydrosilylation of an aromatic
substrate.

Typically, the reaction was carried out without solvent with
a 2:1 molar ratio of silane to pyridine and 10 mol% of
[Cp.TiMe,] (based on pyridine) at 80°C [Eq. (1) ], but an inert
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hydrocarbon solvent, such as toluene, may be added if
desired. The 'H NMR spectrum of the crude products showed
that the yields of hydrosilylated pyridines were in the range of
80-100%.

The results of the catalytic hydrosilylation of pyridine and
several derivatives are summarized in Table 1. These show
that 1) [Cp,TiMe,] is an effective precatalyst for the hydro-
silylation of pyridines and quinoline, with the formation of a

Table 1. Titanocene-catalyzed hydrosilylation/hydrogenation of pyridines.!
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[a] All reactions were carried out neat at 80°C with 10 mol% [Cp,TiMe,]
(relative to pyridine), the ratio of silane to pyridine was 2:1. [b] Based on the

»Si NMR spectrum.

Si—N bond, 2) the reaction tolerates certain functional groups
(entry 5), and 3) hydrogenation of the intermediate N-silyl-
1,2-dihydropyridine sometimes occurs (entries 1-3) in a
manner that is strongly dependent on the location of the
substituents on the pyridine ring (entry 4). Substrates with
methyl substituents in the 2- and/or 6-positions of the pyridine
ring do not react under the conditions used.

Model stoichiometric reactions provide insight into the
general pathway of the catalytic hydrosilylation reactions.
Reaction of [Cp,TiMe,] and PhMeSiH, (1:2 molar ratio) in
the presence of excess pyridine in hexane/toluene (6/1)
proceeded smoothly to give first the complex 1a, as demon-
strated by EPR spectroscopy and a color change of the
solution from yellow to violet (Scheme 1). After one hour the
violet solution had changed to dark brown, and brown-black,
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Scheme 1. Illustration of the sequential formation of 1a and 2.

square-plate crystals of 2 precipitated when the solution was
cooled to —20°C for 24 h.

When Ph,SiH, or PhSiH; replaced PhMeSiH, in the
reaction, 1b or 1c¢ was obtained, respectively. However,
unlike 1a, 1b and 1c¢ did not undergo further reaction to 2,
and they are stable for several days at ambient temperatures
in the presence of excess pyridine. These differences in
thermal stability are reminiscent of the analogous silylphos-
phane complexes: [Cp,Ti(SiH,Me)(PMe;) ] decomposes read-
ily to give the hydride [Cp,TiH(PMe,)], whereas compounds
of the type [Cp,Ti(SiHR,)(PMe;)] (R,=Ph,, PhH, H,) are
relatively stable under the same conditions.¥ Compounds 1b
and 1c¢ were isolated in good yield as dark violet crystals when
the reaction was carried out in hexane.

[Cp,Ti(SiHMePh)(CsH;N) | la
[Cp,Ti(SiHPh,)(CsHsN)] 1b
[Cp,Ti(SiH,Ph)(CsHsN) | 1c
[Cp,Ti(u-H)(1xkN,2kC-pyridyl) TiCp,] 2

Complexes 1 exhibit characteristic EPR spectra. The
spectrum of 1a contains a pseudoquartet at g=1.9882 due
to the interaction of the unpaired electron with the “N
nucleus (ay=1.91 G, I =1) of the pyridine and the 'H nucleus
(ay=2.16 G, I=1/2) of the silyl group, and well-resolved
satellites due to the titanium nuclei (a;=9.79 G, “Ti, 7.75 %,
I=5/2 and *Ti, 5.51%, I=7/2). The spectrum of 1b is, as
expected, very similar to that of 1a (g=1.9881, ay=1.92 G,
ay =220 G, a;=9.75 G), whereas the spectrum of 1¢ con-
tains a pseudoquintet at g = 1.988 with ay=3.3 G, ay; =2.30 G,
ar;=10.3 G. Upon replacement of Si—H by Si—D, the spectra
of 1 all simplify to a triplet (coupling to the N nucleus) due to
the much smaller (unresolved) superhyperfine coupling with
D as opposed to H. The structure of 1b was confirmed by
X-ray crystallographic analysis (Figure 1).04]

A single-crystal X-ray structure analysis of 2 revealed that it
is a unique bimetallic titanocene(ln) complex with one
hydride and one pyridyl group as bridging ligands (Fig-
ure 2).1 The Ti—Ti distance of 3.602(2) A is too long for a
metal—-metal bond. The EPR spectrum of 2 in toluene
displays a broad singlet (g=1.984; a;=12G; toluene,
250 K). The 'H NMR spectrum of a saturated solution of 2
in toluene shows a very broad, paramagnetically shifted
resonance at 0 =31.6 (v, 1080 Hz), which is tentatively
assigned to the Cp protons in 2.

The formation of 2 can be rationalized according to
Scheme 2. First, 1a decomposes to generate the hydride 3.
Such a decomposition reaction has been seen in the analogous
silylphosphane complexes.'] The pyridine ligand of 3 then
undergoes a-metalation and loss of H, to give 4, which then
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Figure 1. ORTEP drawing of the molecular structure of one of the two
conformers of 1b (thermal ellipsoids at the 30% probability level).
Selected bond lengths [A] and angles []: Til-N1 2.292(8), Til-Sil
2.678(3); Sil-Til-N1 87.2(2), Cp-Til-Cp 135.49(9), angle between the Si-
Ti-N plane and plane of the pyridine ring 28.8(4).

Figure 2. ORTEP drawing of the molecular structure of 2 (thermal
ellipsoids at the 30% probability level). Selected bond lengths [A] and
angles [°]: Til—H 1.92(2), Ti2—H 1.91(2), Til—N1 2.202(2), Ti2—C5 2.205(2);
H-Til-N1 79.2(9), H-Ti2-C5 79.1(9), Cp-Til-Cp 131.38(2), Cp-Ti2-Cp
132.25(2).

)
~ [Cp2Ti(py)(SiMePh)zH)] N
la CpaTil 3

+Hp L—Hz

+ [CpaTiH] N7
2 Cp,Ti | 4
S

Scheme 2. Proposed mechanism for the formation of 2.

reacts with another molecule of 3 to produce the pyridyl-
bridged dimer 2. A similar a-metalation process has also been
reported for [Cp,Ti(alkyl)(py)] complexes.'” ortho-Metal-
ations of pyridine by other early transition metals have also
been reported.'*81 The hydride complex 3 was not observed
directly in the hydrosilylation reactions, probably due to its
high reactivity. A sample of 3, generated from the reaction of
[{Cp,TiH},]™! and pyridine at —20°C, decomposes immedi-
ately upon warming to ambient temperatures to give 2 and a
minor amount of 4 (g=1.9905, which is close to the value of
g=1990 for the analogous complex [Cp,Ti(3>-N,C-2-
MeC;H;N)]).115]
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Experiments with PhMeSiD, and CsH;sN, or PhMeSiH, and
CsDsN gave products (entry 1, Table1) in which H/D
exchange was much more extensive at the 2- and 6-positions
than at other positions of both the products and unchanged
pyridine. Extensive H/D exchange also occurred at the 2- and
6-positions of pyridine when 1 atm of H, was applied to a
solution containing 10 mol% of [{Cp,TiH},] in CsDsN.["I
Under 15 atm of H, complete exchange occurred at the 2-
and 6-positions of the pyridine. These H/D exchange results
support the mechanism depicted in Scheme 2, and can be
easily rationalized by the reversibility between 3 and 4.

These results show that the hydride 3 is, most likely, the key
intermediate for the formation of 2, H/D exchange, and
hydrosilylation/hydrogenation reactions. The simplest mech-
anism for the hydrosilylation reaction, which conforms to all
of the experimental data, is depicted in Scheme 3. In this

A AN
| H |
N> i

|
Si Ti—H
3 1
Si-H

— 7 |
Ti—N
N =
/ ¥

Scheme 3. Proposed mechanism of the catalytic hydrosilylation.

mechanism, formation of 3 (step 1) is followed by insertion of
the N=C bond into the Ti—H bond (step 2) to give 5, which
then undergoes o-bond metathesis with silane to regenerate
Cp,TiH with release of N-silyl-1,2-dihydropyridine. The
further facile hydrogenation of the latter to the observed
products in the presence of excess silane is expected, since it is
well known that olefinic substrates (and in particular dienes)
are very efficient hydrogen traps in silane dehydrocoupling
reactions.”) In hydrosilations where further reduction of
another double bond occurs, 1,2-dimethyl-1,2-diphenyldisi-
lane and higher oligosilanes are always observed in amounts
commensurate with dehydrocoupling/cohydrogenation. If
only one mole of silane is used per mole of pyridine, the
products remain the same, but the conversion is reduced to
less than 50 %. In these cases, the hydrogenation step is more
rapid than the hydrosilation step. Any absence of hydro-
genation is explained by either steric hindrance (entry 4) or
electronic deactivation (entry 5). When the reaction with 3,5-
lutidine (entry 4) was carried out under 20 atm of H,, and the
reaction time extended to 8 days, diene and monoene were
obtained in a ratio of 1:2.

In summary, we have demonstrated the unprecedented
homogeneous catalytic hydrosilylation of an aromatic com-
pound and followed several of the elementary steps of the
reactions. Our homogeneous catalyst system has high selec-
tivity towards the hydrosilylation of pyridines compared to
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the previous heterogeneous system, and tolerates some
substituents. Study of the catalyst intermediates suggests that
the hydride [Cp,TiH] is a key reactant in the catalytic cycle, as
previously proposed for a number of other titanocene-
catalyzed reactions.

Experimental Section

1b: [Cp,TiMe,] (50 mg, 0.24 mmol) was dissolved in a mixture n-hexane/
toluene (4/1, SmL), pyridine (0.10mL, 1.2 mmol), and phenylsilane
(0.11 mL, 0.72 mmol). Over about one hour, the solution slowly changed
color from orange to dark violet. This was accompanied by a slow gas
evolution and the formation of violet, needle-shaped crystals of 1b-
0.25CsH;N. The crystals were separated, washed several times with cold
hexane, and dried under vacuum (yield: 95 mg, 87 % ). Elemental analysis
for C,;HsNSiTi (440.47): found (calcd): C 72.83 (73.62); H 5.99 (5.95); N
3.22 (3.18); Si 5.98 (6.37); Ti 10.26 (10.87). The deuterated form of 1b was
prepared with Ph,SiD, instead of Ph,SiH,.

2: [Cp,TiMe,] (120 mg, 0.58 mmol) was added to a solution of phenyl-
methylsilane (0.24 mL, 1.73 mmol) and pyridine (1.0 mL, 12.4 mmol) in n-
hexane/toluene (6/1; 7.0 mL). The solution turned deep violet after 2 hr
without stirring, and dark brown after about a further 1 h. The solution was
held at ambient temperatures for another 4 h and at —20°C for 24 h to yield
dark brown plates suitable for X-ray chrystallographic analysis (yield:
83 mg, 56 % ). Elemental analysis for C,sH,,Ti,N (448.25): found (caled): C
66.27 (68.98); H 5.12 (5.79); N 3.04 (3.22); Ti 22.33 (22.01).

General procedure for the catalytic hydrosilylation/hydrogenation: PhMe-
SiH, (1.20 mL, 8.75 mmol) and pyridine (0.35 mL, 4.34 mmol) were added
to [Cp,TiMe,] (0.45 g, 0.43 mmol) in a Schlenk tube. After a short time at
room temperature the solution turned blue-violet, and gas was evolved.
The mixture was stirred at 80 °C for 8 h and then distilled under vacuum to
give pure N-(phenylmethylsilyl)-1,2,3,4-tetrahydropyridine (entry 1) (b.p.
57°C/0.12 Torr; yield: 0.88 g, 50%). NMR analysis of the undistilled
reaction mixture showed 94% conversion of pyridine. 'H NMR
(499.9 MHz, C,D¢): 6=0.28 (d, 3H, J=3.3 Hz, SiCH;), 1.57 (m, 2H, C5-
H), 2.00 (m, 2H, C4-H), 2.99 (m, 2H, C6-H), 4.62 (m, 1H, C3-H), 5.01 (q,
1H, J=3.3 Hz, SiH), 6.28 (dt, 1H, 3/ =7.8 Hz, ¥/ =3.0 Hz, C2-H), 7.20 (m,
3H, m,p-C¢Hs), 7.50 (m, 2H, 0-C4Hs); *C NMR (125.7 MHz, C;Dg): 6 =
—0.50 (SiCHs), 22.16, 23.44, 43.79 (C2, C3, C4), 98.69, 123.49 (CS, C6),
128.18,129.48,130.13, 134.40 (Ph); 2Si NMR (59.9 MHz, C(Dy): 6 = —9.10;
MS (70 eV): m/z (%): 203 (100) [M*], 188 (18.5) [M*—Me], 121 (77)
[M*+— CsHgN].
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Although the chemical synthesis of oligosaccharides has
reached a remarkable level several problematic cases of the
diastereoselective formation of O-glycosidic bonds demand
improvements. In particular, 1,2-cis-configurated O-glyco-
sides are often realized solely with difficulties or with
significant synthetic efforts. This is especially the case for
saccharides that contain -pD-mannosidic and 5-L-rhamnosidic
linkages. Similarly, a-linked D-galactosyl and D-glucosyl
residues are difficult to establish in some cases.

The Koenigs — Knorr reaction in combination with the silver
silicate promotor developed by Paulsen et al. is still applied
often to the synthesis of f-D-mannosidic and 5-L-rhamnosidic
linkages.['l Since this glycosylation procedure and related

[*] Prof. Dr. T. Ziegler, Dipl.-Chem. G. Lemanski
Institut fiir Organische Chemie der Universitét
Greinstrasse 4, D-50939 Koln (Germany)
Fax: (+49)221-470-5057
E-mail: Thomas.Ziegler@Uni-Koeln.de
[**] Prearranged Glycosides, Part 7. Part 6: T. Ziegler, G. Lemanski, Eur. J.
Org. Chem. 1998, 163 -170.
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