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Summary: Chiral oxazolinylphosphines are effective
ligands for the Ir(l)-catalyzed asymmetric hydrosilyla-
tion of imines to afford the corresponding sec-amines
with high enantioselectivities (up to 89% ee) after hy-
drolysis in almost quantitative yields. The structure of
an Ir(l)—oxazolinylferrocenylphosphine complex was
determined by X-ray analysis.

Introduction

Catalytic enantioselective hydrosilylation of ketones
and imines provides an attractive and useful method
for the synthesis of chiral alcohols and amines,12
although the efficient asymmetric hydrogenation and
transfer hydrogenation of ketones! and imines®* have
been realized. We have recently found that [2-(4,5-
diphenyl-4,5-dihydro-1,3-oxazolin-2-yl)ferrocenyl]di-
phenylphosphine (1a) [abbreviated as DIPOF] is a quite
effective chiral ligand for the Rh(l)- and Ir(l)-catalyzed
asymmetric hydrosilylation of a variety of simple ke-
tones without functional groups (up to 96% ee).> Inter-
estingly, chiral alcohols with the opposite configuration
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are obtained from the corresponding ketones when the
metal is changed from Rh(I) to Ir(1).5 In sharp contrast,
studies on enantioselective hydrosilylation of prochiral
imines are limited.® A few examples involving catalysis
by the Rh(I)-DIOP system (DIOP = 2,3-O-isopropy-
lidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)bu-
tane) have been reported; however, only moderate
enantioselectivities (up to 66% ee) were achieved.®
Recently, Buchwald and co-workers have found the
highly enantioselective titanocene-catalyzed hydrosily-
lation of imines.” On the other hand, we previously
reported the Ru(ll)-catalyzed asymmetric hydrosilyla-
tion of an imine using an oxazolinylferrocenylphosphine
1b as the ligand.® In an extension of this chemistry, the
highly enantioselective Ir-catalyzed hydrosilylation of
imines using oxazolinylphosphines 1b—1e has now been
developed.
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Ru = [RUCl,(PPh3)(1b)]; Rh or Ir = [M(COD)CI], (M = Rh or Ir) + a chiral ligand

Table 1. Asymmetric Hydrosilylation of Imines

b

reaction yield® ee’ config.
run metal imine time/h  amine (%) (%)
1 RS 40 60 8 S
2 Ryt &Ph 40 &Ph 82 70 S
N N
3 2a 20 H >95 85 S
4  RK 20 3a 75 34 S
6 Ir® N Ph 100 N Ph 18 7 S
2b H
3b
7 R« pPh__CHy 9% Ph _CHy SI 73 S
§ I h 0 Y s6 89 S
e.f N\ HN\

9 I cH, 4 o, 2 16 S
10 Rh® 2¢ 48 3c 23 <5 S
Ph.__CHs Ph.__CHs
1o hif 60 Y 5 23§
N< HN.
Ph Ph
2d 3d

aGLC vyield. ® Determined by GLC of the corresponding tri-
fluoroacetamides on a cyclodextrin phase (Chiraldex GT-A, 30 m).
¢ The reaction of diphenylsilane (2.0 mmol) and imine (1.0 mmol)
was carried out in the presence of [RuCl(PPh3)(1b)] (0.01 mmol)
in toluene (10 mL) at 0 °C. 9 At room temperature. ¢ The reaction
of diphenylsilane (2.0 mmol) and imine (1.0 mmol) was carried
out in the presence of [M(COD)CI], (M = Rh or Ir) (0.005 mmol)
and 1b (0.01 mmol) in Et,O (5 mL) at 0 °C. f 1e was used in place
of 1b.

Results and Discussion

In a previous communication,® we reported the asym-
metric hydrosilylation of imine 2a with diphenylsilane
in the presence of [RuCl,(PPh3)(1b)], in which the
corresponding chiral amine 3a was obtained in 60%
yield with 88% ee (S) (Scheme 1). We have now
employed other cyclic and acyclic imines to obtain the
corresponding chiral amines. All the reactions described
here were clean, and byproducts were not observed.
Typical results are shown in Table 1. Unfortunately, in
the case of a cyclic imine 2b with a six-membered ring,
the hydrosilylation did not proceed smoothly, and the
chiral amine 3b was obtained only in 10% GLC yield
with 25% ee (Table 1; run 5). On the other hand, the
reaction of an N-methyl acyclic imine 2c with diphen-
ylsilane proceeded smoothly at 0 °C for 90 h to afford
the corresponding N-methylamine 3c in 51% GLC yield
with 73% ee (S) (Table 1; run 7).

As an extension of our study on the asymmetric
hydrosilylation of imines, we have now investigated the
reaction of 2a by using Rh and Ir complexes with
oxazolinylphosphines 1 (Scheme 1). Typical results are
shown in Table 2. Compared with the iridium—1b
system, the rhodium—1b system showed low catalytic
activity with low enantioselectivity (Table 2; run 3). The
iridium-catalyzed hydrosilylation of 2a proceeded very

Notes

Table 2. Influence of Chiral Ligands on Iridium-
and Rhodium-Catalyzed Asymmetric
Hydrosilylation of 2a2

chiral reaction amine (S)

run metal ligand time/h yield® (%) ee (%)
1 Ir 1b 20 >95 85
2d Ir 1b 60 >95 88
3 Rh 1b 20 75 34
4 Ir 1c 50 78 88
5 Ir 1d 50 trace

6 Ir la 30 >95 71
7 Rh la 30 17 32
8 Ir le 40 >95 86
9e Ir 1b 60 <5 26

a All the reactions of diphenylsilane (2.0 mmol) and 2a (1.0
mmol) were carried out in the presence of [M(COD)CI]; (M = Ir
or Rh) (0.005 mmol) and chiral ligand (0.013 mmol) in Et,O (5
mL) at 0 °C. P GLC yield. ¢ Determined by GLC of the correspond-
ing trifluoroacetamides on a cyclodextrin phase (Chiraldex GT-A,
30 m). 9 At —10 °C. ¢ a-Naphthylphenylsilane was used in place
of diphenylsilane.

smoothly at 0 °C to give the amine 3a in >95% GLC
yield with 85% enantiomeric excess (ee) (Table 2; run
1). At —10 °C, the enantioselectivity was slightly
improved, up to 88% ee (Table 2; run 2). Oxazolinyl-
ferrocenylphosphine 1c was also found to be effective
for the asymmetric hydrosilylation of imine 2a, but not
as effective as 1b in terms of catalytic activity (Table 2;
runs 1 and 4). The use of oxazolinylferrocenylphosphine
1d with a bulky tert-butyl group on the oxazoline ring
inhibited the reaction completely (Table 2; run 5).
DIPOF la was also employed as a chiral ligand for the
Ir and Rh system, because la was effective for the
asymmetric hydrosilylation of ketones. Unexpectedly,
the Ir- and Rh-catalyzed asymmetric hydrosilylation of
imines using 1la did not work effectively (Table 2; runs
6 and 7). Interestingly, oxazolinylphenylphosphine 1e,
which does not have planar chirality due to ferrocene,
showed almost the same enantioselectivity as oxazolin-
ylferrocenylphosphine 1c with the same substituent on
the oxazoline ring (Table 2; runs 4 and 8). When
o-naphthylphenylsilane was used in place of diphenyl-
silane, the reaction proceeded more slowly to give 3a
with lower enantioselectivity (Table 2; run 9). It may
be noted that the absolute configuration of product 3a
prepared by this hydrosilylation of 2a was the same in
both the Rh(l) and Ir(l) cases, which is in contrast to
the hydrosilylation of ketones (vide supra). This result
suggests that the mechanism of the hydrosilylation of
imines is different from that of ketones. To the best of
our knowledge, this is the first example of an Ir-
catalyzed highly enantioselective hydrosilylation of imi-
nes. On the other hand, DIOP,? ip-pybox [2,6-bis-(4'-
isopropyloxazolin-2'-yl)pyridine]? (1f), and PPFA [N,N-
dimethyl-1-[2-(diphenylphosphino)ferrocenyl]ethyl-
amine]'? (1g) did not work effectively.

Hydrosilylation of other imines with diphenylsilane
was investigated in the presence of a catalytic amount
of [Ir(COD)CI], and 1b. Typical results are shown in
Table 1. Unfortunately, in the case of a cyclic imine 2b
with a six-membered ring, the hydrosilylation did not
proceed smoothly (Table 1; run 6). On the other hand,

(9) Takei, I.; Nishibayashi, Y.; Hidai, M. Unpublished results.

(10) Hayashi, T.; Mise, T.; Fukushima, M.; Kagotani, M.; Na-
gashima, N.; Hamada, Y.; Matsumoto, A.; Kawakami, S.; Konishi, M.;
Yamamoto, K.; Kumada, M. Bull. Chem. Soc. Jpn. 1980, 53, 1138.
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Figure 1. ORTEP drawing of [Ir(1c)(COD)]BF, (4). The
hydrogen atoms and BF, are omitted for clarity. Selected
distances (A) and angle (deg): Ir(1)—P(1), 2.280(7); Ir(1)—
N(1), 2.12(2); P(1)—Ir(1)—N(1), 90.9(6).

the reaction of an N-methyl acyclic imine 2c¢ proceeded
smoothly to afford the corresponding N-methylamine 3c
in 56% yield with 89% ee (S) (Table 1; run 8). However,
employment of 1le in place of 1b did not work effectively,
in contrast to the reaction of 2a (Table 1; run 9). In the
case of an N-phenyl acyclic imine 2d, an N-phenylamine
3d was obtained only in 25% yield with 23% ee (Table
1; run 11).

For comparison, the relationship between enantio-
selectivities of the hydrosilylation of imines and metal
complexes with the same chiral ligand 1b is shown in
Table 1. In the case of the cyclic imine 2a, both the Ru-
and the Ir-system showed almost the same stereoselec-
tivity; however, the Ir-system exhibited slightly higher
catalytic activity than the Ru-system (Table 1; runs 1,
3, and 4). On the other hand, the Ir-system was more
effective than the Ru-system for the asymmetric hy-
drosilylation of the acyclic imine 2c (Table 1; runs 7 and
8).

To obtain some information about the molecular
structure of the iridium complex coordinated by an
oxazolinylferrocenylphosphine, we tried to isolate the
iridium complex containing 1c. Treatment of 1c with
[Ir(COD)CI], and AgBF, in acetone at room temperature
for 1 h afforded a cationic Ir complex [Ir(1c)(COD)]BF4
(4) in 78% vyield. Its structure was unambiguously
confirmed by X-ray analysis. An ORTEP drawing of 4
is shown in Figure 1 along with selected bond lengths
and bond angle. The molecular structure of 4 is very
similar to that of [Rh(1c)(COD)]|BF,.11b

Coordination of 1c to the iridium atom under the
catalytic conditions was supported by the 1H and 31P-
{*H} NMR spectra of a stoichiometric mixture of [Ir-
(COD)CI], and 2 equiv of 1c in CDClz. The 31P{*H} NMR
spectrum exhibited a singlet at 6 9.0 (3P{'H} NMR of
4 6 10.1; and 1c 6 —17.0). In the *H NMR spectrum,
resonances due to the methyl protons of the oxazolinyl

(11) (a) Nishibayashi, Y.; Uemura, S. Synlett 1995, 79. (b) Nishiba-
yashi, Y.; Segawa, K.; Arikawa, Y.; Ohe, K.; Hidai, M.; Uemura, S. J.
Organomet. Chem. 1997, 545—546, 381, and references therein.
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group (6 0.96 (d, 3H,J =7.3 Hz),1.13 (d, 3H,J=7.3
Hz)) appeared at the same region as those of 4 (6 0.93
(d,3H,J=7.3Hz),1.12 (d, 3H, 3 = 7.3 Hz)), which are
completely different from those of free ligand 1c (6 0.68
(d, 3H, 3 = 6.8 Hz), 0.82 (d, 3H, J = 6.8 Hz)).

In conclusion, we have found that the Ir(l)-catalyzed
asymmetric hydrosilylation of imines by using chiral
oxazolinylferrocenylphosphines as chiral ligands af-
forded the corresponding sec-amines with high enantio-
selectivities (up to 89% ee) after hydrolysis.

Experimental Section

General Comments. H (270 MHz) and S3!P{!H}
NMR spectra (109 MHz) were recorded on a JEOL JNM-
EX-270 spectrometer as solutions in CDCls;. GLC analy-
ses were performed on a Shimadzu GC-14A instrument
(25 m HiCap-CBP-10-S25 capillary column) with a
flame-ionization detector and nitrogen as carrier gas.
Elemental analyses were performed on a Perkin-Elmer
2400 series Il CHN analyzer. All reactions were carried
out under a dry nitrogen atmosphere. Solvents were
dried by the usual methods and distilled before use.
Prochiral imines 2a,%812 2b,3%a 2¢,72 and oxazolinylferro-
cenylphosphines!! were prepared by the reported meth-
ods.

General Procedure for Iridium-Catalyzed Asym-
metric Hydrosilylation of Imines. In a 20 mL flask
were placed [Ir(COD)CI]; (3.3 mg, 0.005 mmol; 1.0 mol
%) and a chiral oxazolinylphosphine (0.013 mmol; 1.3
mol %) under N». Anhydrous diethyl ether (5 mL) was
added, and then the mixture was magnetically stirred
at room temperature for 1 h. After addition of an imine
(2.0 mmol), the reaction flask was immersed in a
thermoregulated bath at 0 °C. Diphenylsilane (2.0
mmol) was then slowly added by syringe. The reaction
was allowed to proceed at 0 °C. For workup, methanol
(12 mL) was slowly added at O °C to the reaction mixture,
which was stirred for 0.5 h. After gas evolution ceased,
1 N aqueous HCI (5 mL) was added to the reaction
mixture, which was stirred at room temperature for 1
h. The reaction mixture was extracted with water (50
mL), and then 3 N aqueous NaOH (20 mL) was added
to the aqueous solution. This solution was extracted
with diethyl ether (50 mL x 3), and the diethyl ether
solution was dried over anhydrous MgSO,. For the GLC
analysis, naphthalene was added as an internal stan-
dard. The optical purity was determined by GC analysis
of the corresponding trifluoroacetamides on a cyclodex-
trin phase (Chiraldex GT-A, 30 m). The absolute con-
figuration was determined by an optical rotation.

Preparation of [Ir(1c)(COD)]BF,4 (4). In a 20 mL
flask were placed [Ir(COD)CI]; (34 mg, 0.05 mmol) and
AgBF4 (19 mg, 0.10 mmol) under nitrogen. Anhydrous
acetone (2 mL) was added, and the mixture was stirred
at room temperature for 0.5 h. The chiral oxazolinyl-
ferrocenylphosphine 1c (48 mg, 0.10 mmol) was then
added, and the resulting solution was magnetically
stirred at room temperature for 1 h. When diethyl ether
(20 mL) was added to the solution, 4 precipitated as an
orange solid, which was collected by filtration and dried
under vacuum: 68 mg, 78% isolated yield. *H NMR

(12) Sorgi, K. L.; Maryanoff, C. A.; McComsey, D. F.; Graden, D.
W.; Maryanoff, B. E. 3. Am. Chem. Soc. 1990, 112, 3567.
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(CDCl3): 60.93(d,3H,3J=7.3Hz),1.22(d,3H,J=7.3
Hz), 1.6—2.5 (m, 9H), 3.25 (m, 2H), 3.77 (s, 5H), 4.22
(m, 2H), 4.60 (m, 1H), 4.71 (m, 1H), 4.94 (m, 1H), 4.99
(m, 1H), 5.19 (m, 1H), 5.22 (m, 1H), 7.0—8.2 (m, 10H).
S1p{1H} NMR (CDCIz): &6 10.1 (s). Anal. Calcd for
CssH4oBF4FelrNOP: C, 49.78; H, 4.64; N, 1.61. Found:
C, 49.60; H, 4.96; N, 1.28.

X-ray Structural Determination of [Ir(1c)(COD)]-
BF, (4) (Figure 1). Crystal data for 4 (an orange
crystal, grown by slow diffusion of diethyl ether into an
acetone solution of 4 at room temperature) of CzsHao-
BF4FelrNOP were collected on a Rigaku AFC7R dif-
fractometer with graphite-monochromated Mo Ka ra-
diation (1 = 0.710 69 A) and a 12 kW rotating anode
generator. Crystal data for 4 are as follows: orthor-
hombic, space group P212:2;; a = 12.986(3) A, b =
24.004(3) A, ¢ = 10.957(4) A, V = 3415(1) A3, Z = 4,
Fooo = 1720.00, D, = 1.689 g/cm?, u(Mo Ka) = 44.26
cm~L. The final R value was 0.064 (R, = 0.056) for 2126

Notes

unique reflections with 1 > 30(l). The structure was
solved by the Patterson method (DIRDIF92 PATTY).
The carbon atoms of phenyl rings were refined isotro-
pically. All other non-hydrogen atoms were refined
anisotropically. Hydrogen atom position was geometri-
cally calculated or taken from a difference Fourier map.
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