CHEMISTRY=

A EUROPEAN JOURNAL

DOI: 10.1002/chem.200500942

Asymmetric Hydrogenation of Imines and Olefins Using Phosphine-
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Abstract: Herein we describe the synthesis of a new class of chiral phosphine-oxa-

zolines and their application as ligands in iridium-catalyzed hydrogenations. Mech-
anistic aspects of olefin hydrogenation with this class of iridium catalysts are dis-
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cussed and a selectivity model to help rationalize the results obtained is also pre-

sented.

Introduction

Chiral amines and alkanes are useful synthetic intermediates
for the preparation of many biologically active compounds,
and the development of an efficient method for their syn-
thesis is one of the most challenging tasks for organic chem-
ists. One procedure of paramount importance in this field is
the enantioslective reduction of C=N and C=C double
bonds.'! Implementation of these technologies in industrial
processes has led to the large-scale production of optically
active compounds,? such as the synthesis of the herbicide
(1'S)-metolachlor.P!

The first investigations into Rul* and Rh*"! homogeneous
catalysis for the preparation of optically active amines was
published in 1975, however, the enatioselectivities were low
(15-22%). In recent years a variety of chiral metal catalysts
have been successfully applied to this reaction. The chiral ti-
tanocene catalysts developed by Buchwald et al.,”*® and
their Zr analogues,* were found to be particularly effective
in the hydrogenation of cyclic imines. While Ru®” and Rh®
complexes have been successfully employed in imine hydro-
genations®®<¢ and in asymmetric transfer hydrogena-
tions,”* they have also been found to be effective in the re-
duction of cyclic and acyclic imines, sulfonimines, 7 and
the direct reductive amination of ketones.*¢! Iridium com-
plexes have been proven to be exceptionally efficient in the
catalytic hydrogenation of imines.”” One of the most re-
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markable results was achieved by Zhang et al.®® in which
acyclic imines were reduced with ee’s (ee=enantiomeric
excess) up to >99% by using the f-binaphane ligand and Ir
as the catalyst.

In 1977 Crabtree!" reported an achiral iridium complex
that displayed high catalytic activity as a homogeneous hy-
drogenation catalyst. Since this report a number of research
groups have evaluated chiral analogues of Crabtree’s cata-
lyst in asymmetric reductions.'"'? In 1997 Pfaltz et al.!'* re-
ported that chiral nonracemic phosphine-oxazoline based
iridium complexes were highly efficient in the hydrogena-
tion of imines. Catalysts of this type have since been evalu-
ated by Pfaltz and other groups!" for the preparation of var-
ious enantioenriched amines.

However, most of these procedures often require high cat-
alyst loadings, elevated pressures, and long reaction times to
obtain the desired amines in high yields and with high ee’s.
Although several useful methods have been described for
the hydrogenation of cyclic imines,**7>*"14 the enantioselec-
tive hydrogenation of acyclic imines is more difficult to
achieve.l'! The process is also sometimes further complicated
by the interconversion between E and Z isomers of an
acyclic imine in solution.*"!

Asymmetric hydrogenation of unfunctionalized, polysub-
stituted alkenes has been less developed than the hydroge-
nation of olefins containing heteroatoms. In the most suc-
cessful reports, a polar group adjacent to the C=C double
bond is required for high selectivity, due to its ability to co-
ordinate to the metal centre. There are only a few literature
examples for which Rh and Ru" catalysts have successfully
hydrogenated tri- and tetrasubstituted alkenes lacking this
coordinating functionality. Impressive results in the reduc-
tion of unfunctionalized olefins have been achieved by
Buchwald and others using titanocene, zirconocene, and cy-
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clopentadienyl lanthanide complexes, but turnover frequen-
cies (TOF) and turnover numbers (TON) are low.['*!

Since Pfaltz et al. published the chiral analogue of Crab-
tree’s catalyst for imine hydrogenation,™® a number of
chiral P,N-containing ligands!""* have also been successfully
applied to the Ir-catalyzed asymmetric hydrogenation of un-
functionalized olefins. In recent years, many reports describ-
ing the use of phosphine-ozaxoline iridium complexes,'
carbene-oxazoline iridium complexes'”®! and phosphine-
imidazoline iridium complexes'**¢! have been published,
all of which were able to produce yields and enantioselectiv-
ities greater than 99 %. The mechanism of the asymmetric
hydrogenation of olefins has also been investigated by kinet-
ic and computational studies.””

Most of the ligands successfully applied to catalytic hydro-
genation, so far, have been built up around a conformation-
ally restricted backbone (structure A, Scheme 1). This obser-
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Scheme 1. General structures of proposed phosphine-oxazoline ligands.

vation prompted us to investigate the possible use of phos-
phine-oxazolines of the general structure B as ligands for
the iridium-catalyzed hydrogenation reactions.

Recently we published the preparation of a new class of
2-aza-norbornane-oxazoline ligands and applied them to the
iridium-catalyzed transfer hydrogenation of acetophe-
none.? Functionalization of the 2-aza-norbornane-oxazo-
line with phosphine leads to the novel class of phosphine-ox-
azoline ligands of general structure B.

Preliminary results using these new chiral phosphine-oxa-
zolines in iridium-catalyzed hydrogenations have been very
promising. Complex 1 was found to be effective in the re-

ll)h w-*‘ FI)h w +
Ph~ Ph~
/P\/h—\ X /P\/|r-‘ X
N - N -
N BAr, N pn BAr,

1 017“1Pr 2 O/fPh

duction of acyclic N-aryl imines, whereas complex 2 was
potent in the reduction of olefins. Herein we describe the
synthesis of a range of new chiral phosphine-oxazolines of
this type and their efficient application as ligands in iridium-
catalyzed hydrogenations. We will also introduce a discus-
sion on some mechanistic aspects of olefin hydrogenation
with this class of iridium catalysts.

Results and Discussion

Synthesis of phosphine-oxazoline ligands: The synthesis of
complexes Sa—c is shown in Scheme 2. Compounds 4a-c
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3a: R=tBu, R'=H 4a; R=tBu, R'=H (68%) 5a: R=fBu, R'=H (55%)
3b: R=Ph, R'=H 4b: R=Ph, R'=H (75%) 5b: R=Ph, R'=H (62%)
3c: R=H, R'=Ph 4c: R=H, R'=Ph (70%) 5¢: R=H, R'=Ph (60%)

Scheme 2. Synthesis of Ir complexes 5a, §b, and 5S¢ bearing various sub-
stituents at the 5’ position. Reagents and conditions: a) PPh,Cl, DIPEA,
toluene, 4°C, overnight; b)1)[Ir(cod)Cl],, CH,Cl,, reflux, 2h;
2) NaBAr H,0. DIPEA =diisopropylethylamine.

were obtained from the previously described compounds
3a—c and their subsequent reaction with diphenylphosphine
chloride in the presence of diisopropylethyl amine. Iridium
complexes Sa—c were then prepared by refluxing the corre-
sponding phosphine-oxazolines (4a—c) and [Ir(cod)Cl], in
CH,Cl, (cod=1,5-cyclooctadiene), followed by anion ex-
change with NaBAr; in a CH,Cl,/H,O mixture. The crude
complexes were purified by column chromatography on
silica gel to afford the desired complexes Sa—c as microcrys-
talline orange-red solids.

To investigate the effect of different phosphine substitu-
ents on the enantioselectivity of both imine and olefin re-
ductions Ir complexes 7a-e were also synthesized
(Scheme 3). Based on the results of hydrogenation experi-

6

7a: R=cyclohexyl (47%)

7b: R=2-methylphenyl (52%)
7c¢: R=3,5-dimethylphenyl (32%)
7d: R=2-methoxyphenyl (61%)
7e: R=4-methoxyphenyl (30%)

Scheme 3. Synthesis of Ir complexes 7a—e with different phosphine sub-
stituents. Reagents and conditions: a) PR,Cl, DIPEA, toluene, 4°C, over-
night; b) 1) [Ir(cod)Cl],, CH,Cl,, reflux, 2 h; 2) NaBAry H,O.

ments (Table 1) aminooxazoline 6 was chosen as a starting
material and it was reacted with number of dialkyl- and di-
arylphosphine chlorides. These reactions were strongly de-
pendent on the size of the alkyl or aryl group attached to
phosphorus, as the bulky di-tert-butyl-, di(2-trifluoromethyl-
phenyl)-, di(2,6-dimethylphenyl)-, and di(1-naphtyl)phos-
phine chlorides failed to react with compound 6. As the sta-
bility of this type of phosphine-oxazolines is unknown, we
decided to directly react the crude ligands with [Ir(cod)Cl],.
Complexes 7a—e were prepared in a good yields by the
same procedure as Sa—c. All complexes were stable orange-
red microcrystalline solids.

Evaluation of the phosphine-oxazoline ligands in the Ir-cata-

lyzed asymmetric hydrogenation of imines: Initially, the in-
fluence of the size and configuration of the substituent at
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Table 1. Asymmetric hydrogenation of N-(1-phenylethylidene)aniline
catalyzed by Ir complexes 1, 2, and 5.

NP 20barH, RT, CH,C, anc Pl

Ph)‘\ Ph)*\

25 °C, 0.5 mol% Ir-complex

8

Entry Ligand Complex t[h] Conver. ee[%]"

[%]

N

1 N 1 2 % 9 (R)
. iPr
e
Pth

2 N _ o, Sa 2 88 73 (R)
(@]
PPh,

3 AX\\&( 5b 12 66 57 (R)
PPhZ

4 AE% e Sc 2 e 52 (R)
PPh2

[Ji\/’/ Ph 2 12 0 n.d.l

[a] Determined by 'HNMR spectroscopy. [b] Determined by chiral
HPLC analysis, absolute configuration assigned by comparison of reten-
tion times with literature values. [c] n.d. =not determined.!"*

the 5'-position was studied. Complexes Sa—-c were tested in
the reduction of N-(1-phenylethylidene)aniline (8),"** the
reactivity and selectivity of these complexes was directly
compared to previously published results for complexes 1
and 2 (Table 1). By using 0.5 mol % of complex 5a under a
H, pressure of 20 bar at room temperature (standard condi-
tions), the corresponding (R)-N-phenyl-N-(1-phenylethyl)-
amine was produced with 88% conversion and 73 % ee
(entry 2). To our surprise, the diastereomeric complexes Sbh
and 5S¢ produced almost identical results and the (R)-amine
was obtained with 66 and 67 % conversion and an optical
purity of 57 and 52 %, respectively (entry 3 and 4). To con-
clude, under standard conditions the Ir complex 1 was the
most efficient ligand in the series, with a high ee (90%) and
full conversion after 2 h.

In our previous publication,™ we reported the reduction
of acyclic aromatic N-aryl imines by using complex 1, with
conversions up to 99% and ee’s up to 89%. To investigate
the scope of the reaction, a group of more complex imines
was tested with 1 (Table 2). It can be clearly seen that even
a small change in the structure of the starting material has a
dramatic effect on ee and the percentage conversion. When
9 was hydrogenated in presence of 1 under standard con-
ditions, full conversion was achieved in 6 h (entry 1). De-
spite of the fact that the structure of 9 only differs from 8 by
an additional CHj; group, the ee of the product was marked-
ly lower (78%). Imine 10, derived from 1-indanone,®!
(entry 2) was hydrogenated with 95% conversion in 12 h
and moderate optical purity (58%). When the conforma-
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Table 2. Asymmetric hydrogenation of various imines catalyzed by Ir
complex 1.

NP0 20barH, RT, CH,C, N
)l\ ©f 9, /k
R; R, 25 °C, 0.5 mol% Ir-complex R7OR,
Entry Imine t [h] Conver. ee [%]®
(%]
N
1 ©}H 6 99 78 (+)
9
N
2 ) 12 95 58 (+)
CD w
N
3 | 12 50 53 (+)
OO
N
4 I I ‘ 1 99 91 (+)
12
N
5 I 12 70 30 (+)
13

[a] Determined by 'HNMR spectroscopy. [b] Determined by chiral
HPLC analysis, the sign of optical rotation is noted.

tionally more flexible imine 11, derived from 1-tetralone,?’!
(entry 3) was hydrogenated, only 50% conversion was ob-
tained after 12h and the optical purity of the resulting
amine was only 53%. One can imagine that such cyclic
structures may cause conformational strain upon coordina-
tion to iridium in the transition state. Aromatic imine 125
(entry 4) was hydrogenated with full conversion, after 1
hour with high ee (91%). However, when the aromatic
group was exchanged for a bulky and flexible aliphatic
group, such as cyclohexyl, as in 13 (entry 5), reduction
could only be achieved with relatively poor ee (30%).

When the acyclic imines 14-17 were subjected to hydroge-
nation under standard conditions with Ir complex 1, no reac-

o000
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tion was observed. For imines 14 and 15 this could be ex-
plained by their steric bulk. Compared to 8, imines 16 and
17 have relatively electron-deficient C=N double bonds,
which might result in a diminished ability to coordinate to
iridium. It was also found that none of the cyclic imines 18-
22 were able to undergo hydrogenation reactions under our
conditions.

The influence of the phosphine substituents in the ligand
on the outcome of the reaction was also investigated (li-
gands 7a-e, Scheme 3). The results of this study are sum-
marized in the Table 3. Aminooxazoline 6 was chosen as the
starting material as the ligand prepared from this compound
and diphenylphosphine chloride had been proven to be the
most efficient in the previous experiments (Table 1). When
8 was hydrogenated with complex 7a as the catalyst, full
conversion was observed in 4 h with an ee of the resulting
(R)-N-phenyl-N-(1-phenylethyl)amine of 86% (Table 3,

Table 3. Asymmetric hydrogenation of N-(1-phenylethylidene)aniline
catalyzed by Ir complexes 7.

Nl’Ph 20 bar H,, RT, CH,Cl, NP
Ph)\ 25 °C, 0.5 mol% Ir-complex Ph*
8
Entry Ligand Complex t[h] Conver. ee[%]"
[%]"
1 MO 7a 4 99 86 (R)
N
- iPr
o/~
2 M 7b 4 99 92 (R)
’T}‘iPr
3 /@\ e 3 99 92 (R)
f/Pr
@OMe
4 P 7d 20 61 90 (R)
N N OMe
g Pr
o/
MeQ
5 /©/ 7e 6 99 90 (R)

/F’
A,

2Ny P

Ofl r

[a] Determined by 'H NMR spectroscopy. [b] Determined by chiral
HPLC analysis, absolute configuration assigned by a comparison of re-
tention times with literature values.!'*!
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entry 1). Complexes 7b and 7¢ gave very similar results (en-
tries 2 and 3), full conversion and 92% ee in 4 and 3 h, re-
spectively. Complex 7d was found to be the least efficient in
the series, producing the amine with only 61 % conversion
after 20 h (entry 4), and complex 7e was moderately more
efficient than 7d (entry 5).

In summary, the introduction of substituents on to the ar-
omatic rings attached to phosphorus had a very moderate
effect on the resulting ee. To our satisfaction, catalysts 7b
and 7c¢ gave (R)-N-phenyl-N-(1-phenylethyl)amine with
92 % ee, which is still the best result of our study and one of
the best published so far.

Evaluation of phosphine-oxazoline ligands in Ir-catalyzed
asymmetric hydrogenations of olefins: The Ir complexes 1,
S5a, Sb, and Sc were evaluated in the hydrogenation of
trans-o-methylstilbene (23). To see the importance of the 5'-
substituent of the ligand, the enantioselectivities and conver-
sions obtained in these studies were compared to those ob-
tained with complex 2.*! Hydrogenation, catalyzed by Ir
complex 1 produced (R)-1,2-diphenylpropane with full con-
version and 82% ee in <0.5 h (Table 4, entry 1). The use of

Table 4. Asymmetric hydrogenation of trans-a-methylstilbene catalyzed
by Ir complexes 1, 2, and 5.

Ph\( 20 bar H,, RT, CH,Cl, Ph\i
25 °C, 0.5 mol% Ir-complex

Ph Ph
23
Entry Ligand Complex ¢ [h] Conver.  ee [%]"™
[%]"
Ph,
1 A; fipr <05 9 82(R)
Ph,
2 A:* By 5 <05 99 92 (R)
F’h2
3 Lb( 5b 05 99 73 (R)
4 Ai( e Se 05 99 74 (R)
PPh,
5 2 12 81 96 (R)

[a] Determined by 'HNMR spectroscopy. [b] Determined by chiral
HPLC analysis, absolute configuration assigned by a comparison of re-
tention times with literature values.!'™"

catalyst Sa gave the product with an enantiomeric purity of
92% in <0.5 hour (entry 2). Ir complexes 5b and 5S¢ cata-
lyzed the reduction of 23 with ee’s of 73 and 74 %, respec-
tively (entries 3 and 4), similar to their reduction of 8. Iridi-
um complex 2 gave (R)-1,2-diphenylpropane with 96 % ee
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and 81 % conversion in 12 h (entry5). The most sterically
hindered Ir complex 2 was the most selective in the series.
This shows a direct correlation between the observed ee and
the steric bulk at the 5'-position of the ligand. Indeed, sub-
stantially improved ee’s were obtained with more sterically
hindered complexes 5a and 2 (92 and 96 % ee).

The most selective catalyst 2 was then tested in the enan-
tioselective hydrogenation of various unfunctionalized ole-
fins (Table 5). As the hydrogenation of substrate 235 did
not produce full conversion within 12 h at 20 bar of H,, the
pressure was increased to 80 bar, and in all cases the reac-
tion time was set to 12 h to ensure complete reaction. The
optical purity of (R)-1,2-diphenylpropane obtained at this
higher pressure was 98 %, somewhat higher than the 96 %
obtained at 20 bar (entry 1). Hydrogenation of (E)-2-(4-me-
thoxyphenyl)-2-butene (24)!""" gave the product with 99 %
conversion and excellent ee
(99%, entry 2). Reduction of
acrylic ester 25" yielded the
product with a lower ee (69 %,
entry 3). When complex 1 was
employed in the hydrogena-
tion of the same compound,
the reaction was complete in

Table 5. Asymmetric hydrogenation of various olefins catalyzed by Ir

complexes 1 and 2.
RN[R2

R R
T
R

1, 20 bar H, or 2, 80 bar H,
RT, CH,Cl,, 25 °C

3 0.5 mol% Ir-complex R,
Entry Olefin Catalyst ¢ [h] Conver.  ee [%]"
[%]"
1 I 2 12 99 98 (R)
s
MeO
2 O\( 2 12 99 99 (R)
24
3 ©\( 2 12 99 69 (R)
4 1 <0.5 99 88 (R
25 “COOEt ®)
EtOOC |
5 t@ 2 12 99 90 (R)
26
O OMe
6 ‘ 2 12 99 95 (8)
27
7 O 2 12 30 21 ()
8 ‘ 28 2 12 36 38 (S)
9 ‘O 2 12 99 94 (R)
29

| OH ‘
Ph O |
Ph 0
OMe MeO

30 31

[a] Determined by 'H NMR spectroscopy. [b] Determined by chiral
HPLC or chiral GCMS, absolute configuration assigned by comparison
of retention times with literature values,!'®15:h.27.28]
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< 0.5 h (20 bar) and was more selective (88 % ee, entry 4). In
the reduction of acrylic ester 262" with complex 2, the ee of
the product was determined as 90 % (entry 5). 6-Methoxy-1-
methyl-3,4-dihydronaphtalene (27)! was hydrogenated
with 95% ee and full conversion whilst, surprisingly, ana-
logue 28, which lacks the methoxy group was reduced
with very low conversion and ee by using both complexes 1
and 2 (entries 7 and 8). The isomer of compound 28, 2-
methyl-3,4-dihydronaphtalene (29),%®! was successfully re-
duced with full conversion and high ee (94%, entry?9).
These results and a possible explanation for the observed
change in absolute configuration will be discussed later.
During this study, we have found that compounds 31, 33,
and 34 were unreactive in the hydrogenation reaction with
complexes 1 and 2. The highly reactive terminal alkene 32
did not undergo hydrogenation either. The allylic alcohol 30

Et0,C

32 33 34

apparently destroyed the catalyst upon addition. This con-
clusion was based on the observation of a change in color in
the reaction mixture and the formation of a dark precipi-
tate.

Ir complexes 7a-7e, which contain various phosphorus
substituents, were also evaluated in the hydrogenation reac-
tion of 23 (Table 6). Complex 7a gave the best result in this
series, producing a 99 % conversion and 92 % ee. Complexes
7b, 7¢, and 7e also yielded (R)-1,2-diphenylpropane with
full conversion and 78-84 % ee. The use of catalyst 7d gave
a product with very low optical purity (10%) and 84 % con-
version after 20 h.

Rationalization of the results of the asymmetric hydrogena-
tion of olefins catalyzed by Ir complex 2: The proposed
mechanism® can be used to explain the results of the
asymmetric hydrogenation of unfunctionalized olefins by
complex 2 (Table 5). To comprehend the catalyst-substrate
interactions in the selectivity-determining step, the selectivi-
ty-determining transition state was optimized for 23, which
was hydrogenated in the presence of catalyst 2. This calcu-
lated structure (Figure 1b) was found to be very similar to
previously reported data.®!

The selectivity model (Figure 1c) can be used to rational-
ize the hydrogenation results shown in Table 5. The enantio-
facial selectivity depends on discrimination between the
larger and smaller geminal substituents. As seen from com-
putational studies, the chiral pocket of catalyst 2 in the tran-
sition state has four unequally filled quadrants. The quad-
rants A and C are unoccupied and therefore can accommo-
date large substituents on the alkene double bond. Quad-
rant D is completely filled by one of the phenyl substituents

Chem. Eur. J. 2006, 12,2318 -2328
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Table 6. Asymmetric hydrogenation of trans-a-methylstilbene catalyzed
by Ir complexes 7.

hd

20 bar H,, RT, CH,Cl, Ph\*(
25 °C, 0.5 mol% Ir-complex

Ph Ph
23
Entry Ligand Complex t[h] Conver. ee[%]"
(%]
1 MO 7a 0.5 9 92 (R)
N
25N jpr
—a
2 M 7b 0.5 99 78(R)
/TriPr
3 Jé\ Te 0.5 99 82 (R)
f/Pr
@OMe
4 P 7d 20 84 10 (R)
N OMe
- Pr
—a
MeO
Q OMe
/©/ Te 6 99 84 (R)

5 P
A}Q/(N
Z =P
OJ‘I r

[a] Determined by 'HNMR spectroscopy. [b] Determined by chiral
HPLC, absolute configuration assigned by comparison of retention times
with literature values.!'*!

H +

a) b)

Figure 1. a) Simplified structure of the Ir complex with the coordinated olefin; b) selectivity-determining tran-
sition state for the hydrogenation of olefin 23 with Ir complex 2; c) selectivity model for asymmetric olefin hy-

drogenation with Ir complex 2.
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from the oxazoline ligand and so the nonsubstituted position
of the alkene will preferentially be oriented towards this
quadrant. The semi-hindered quadrant B can tolerate a
small alkyl substituent on the olefin. The observed stereose-
lectivity in the hydrogenation of substrates containing a
trans orientation of large substituents can be satisfactorily
rationalized by using this selectivity model (Table 5). This
can be visualized by simply overlaying the olefin structures
from Table 5 onto the selectivity model (Figure 1c). Accord-
ing to this model, hydrogen is added to the substrate from
underneath the surface of the picture, resulting in the forma-
tion of R products for compounds 23-26 and 29 and S prod-
ucts for compounds 27 and 28. This is exactly the result ob-
tained in our experiments. Compounds 27 and 28 were ex-
pected to be poor substrates as they do not fulfill the steric
requirements for this selectivity model. Indeed, substrate 28
was reduced with a very low rate of reaction and the result-
ing product was obtained with low ee, a similar result was
obtained for both catalysts 1 and 2. However, the exception
to the rule, olefin 27 produced high conversion and selectivi-
ty, 99 and 95 %, respectively. This model while not quantita-
tive or perfect vide supra, allows for the successful predic-
tion of the absolute configuration of the presented sub-
strates and can be used as an indication of reactivity.

Experimental Section

Commercially available solvents and reagents were used without further
purification, apart form the following: chlorodiphenylphosphine was dis-
tilled under reduced pressure; dichloromethane was distilled over calci-
um hydride; whilst toluene, tetrahydrofuran, pentane, and diethyl ether
were distilled over sodium. Analytical TLC was performed by using com-
mercially available aluminium-backed plates coated with Kieselgel 60
0.20 mm (UV,s,), and were visualized under ultra-violet light (at 254 nm)
or through staining with ethanolic phosphomolybdic acid followed by
heating. Flash column chromatography was carried out by using Kieselgel
60 H silica gel (particle size: 0.063-0.100 mm). 'H and '*C NMR spectra
were recorded in CDCl; at 399.95/100.57 MHz. The chemical shifts are
reported with the residual signal of CDCl; as the internal reference.
3P NMR spectra were recorded at 121.47 MHz by using an internal stan-
dard reference. HPLC was performed
by using chiral columns, such as Chir-
alcel OD-H and OJ, and was moni-
tored at 254nm (UV detector).
HRMS was performed by Instrument-
stationen Kemicentrum at Lund Uni-
versity (Sweden). Optical rotations
were recorded on a thermostated po-
larimeter by using a 1.0 dm cell.

semi-hindered
quadrant B)

General procedure for the prepara-
tion of ligands 4a, 4b, and 4¢: Ami-
nooxazolines 3a, 3b, or 3¢ (1.0 equiv)
were coevaporated with dry toluene
(3x20 mL) and redissolved in dry tol-
uene (10 mLmmoL) under a nitrogen
atmosphere.  Diisopropylethylamine
(3.0 equiv) was added to the solution
and the mixture was stirred for
15 min at room temperature. Freshly
distilled Ph,PCl (1.5 equiv) was added
dropwise and the reaction mixture
was kept at 4°C (fridge) overnight.

c)
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The solution was warmed to room temperature and washed with saturat-
ed NaHCO; (150 mL). The water phase was extracted with CH,Cl, (2x
100 mL) and the combined organic extracts were dried over MgSO,. Re-
moval of the solvent in vacuo yielded the crude compounds as yellow
oils. Purification by column chromatography on deactivated silica (pen-
tane/Et;N 1%) yielded the pure ligands 4a, 4b, or 4c.

Ligand 4a: Yield: 180 mg, 0.44 mmol, 68% (white foam); [a]Z=+28
(c=1.35 in CHCly); '"HNMR (C¢Dy): 0=7.81-7.77 (m, 2H; CH arom.),
7.65-7.60 (m, 2H; CH arom.), 7.28-7.23 (m, 2H; CH arom.), 7.15-7.09
(m, 4H, CH arom.), 3.86 (d, J(H,H)=3.9 Hz, 1H; CH next to oxaz.),
3.80-3.60 (m, 4H; CH oxaz., 2x CH, oxaz., CHN), 2.50-2.48 (m, 1H;
CH,CHCH in bc), 2.37-2.34 (m, 1H, CHCH,CH in bc), 1.24-1.15 (m,
1H, CH, in bc), 1.02-0.92 (m, 4H, CH, in bc); 0.815 ppm (s, 9H, CH; in
Bu); *CNMR (C¢Dy): 6=168.5 (d, *J(P,C)=1.9 Hz; 1C, quat. C oxaz.),
141.8 (d, 'J(P,C)=15.0 Hz; 1C, quat. C ipso to P in arom.), 141.7 (d, 'J-
(P,C)=10.1 Hz; 1C, quat. C ipso to P in arom.), 134.7 (d, J(P.C)=
22.8 Hz, 2C, arom.), 133.1 (d, J(P,C)=17.5Hz, 2C; Ar), 129.7 (s, 2C;
arom.), 129.0 (d, J(P,C)=8.2 Hz, 2C; arom.), 128.7 (s, 2C; arom.), 76.6 (s,
1C; CH oxaz.), 69.2 (s, 1C; CH, oxaz.), 64.8 (d, 2J(P,C)=26.6 Hz; 1C,
CH next to oxaz.), 59.8 (d, 2J(P,C)=3.3 Hz; 1C, CHN), 44.8 (d, */(P.C) =
5.6 Hz; 1C; CH,CHCH in bc), 37.9 (s, 1C; CHCH,CH in bc), 34.2 (s,
1C; CH,CH,CH in bc), 319 (s, 1C; quat. C in Bu), 29.1 (s, 1C;
CH,CH,CH in bc), 26.6 ppm (s, 3C; CHj; in fBu); *'P NMR (C¢Dq): 0=
43.4 ppm; IR (neat): 7=3051.9, 2953.4, 2902.5, 2868.7, 1673.6, 1478.6,
1434.6, 1363.6, 1309.2, 1209.6, 1193.8, 1181.2, 1151.7, 1091.4, 1073.9,
1026.9, 984.8, 955.05cm™'; HRMS (FAB™): caled for C,sHi;,N,OP
[M+H]*: 407.2252; found: 407.2257.

Ligand 4b: Yield: 280 mg, 0.66 mmol, 75% (white foam); [a]Z=+23
(¢=0.2 in CHCl3); '"HNMR (C,Dg): 6=7.80-7.76 (m, 2H; CH arom.),
7.61-7.57 (m, 2H; CH arom.), 7.17-6.97 (m, 11H; CH arom.), 4.87 (t, J-
(H,H)=9.7, 1H; CH oxaz.), 4.05 (dd, J(H,H)=8.2, 9.7 Hz; CH, oxaz.),
3.86 (d, J(H,H)=4.2 Hz, 1H; CH next to oxaz.), 3.74 (brs, 1H, CHN),
3.64 (dd, J(HH)=82, 89Hz, 1H; CH, oxaz.), 2.48-2.44 (m, 2H,
CH,CHCH in bc, CHCH,CH in bc), 1.20-0.88 ppm (m, SH; CH, in bc);
BCNMR (C¢Dg): 0=169.8 (s, 1C; quat. C oxaz.), 144.0 (s, 1C; quat C
ipso to oxaz. in arom.), 141.7 (d, 'J(P,C)=13.5 Hz, 1C; quat. C ipso to P
in arom.), 140.7 (d, 'J(P,C)=10.3 Hz, 1C; quat. C ipso to P in arom.),
133.9 (d, J(P,C)=21.0Hz, 2C, arom.), 133.7 (d, J(P,C)=19.0 Hz, 2C;
arom.), 129.5 (s, 2C, oxaz.-arom.), 129.3 (s, 2C; arom.), 129.0 (d, J(P,C)=
6.6 Hz, 2C; arom.), 128.8 (d, J(P,C)=5.8 Hz, 2C; arom.), 127.9 (s, 2C;
oxaz.-arom.), 127.7 (s, 1C; oxaz.-arom.), 75.3 (s, 1C; CH oxaz.), 70.6 (s,
1C; CH, oxaz.), 64.1 (d, 2J(P,C)=18.8 Hz, 1C; CH next to oxaz.), 61.1
(d, 2J(P,C)=4.5 Hz, 1C; CHN), 44.9 (d, *J(P,C)=5.2 Hz, 1C; CH,CHCH
in bc), 382 (d, *J(P,C)=3.3 Hz, 1C; CHCH,CH in bc), 322 (d, 1C, *J-
(P,C)=2.4 Hz; CH,CH,CH in bc), 29.1 ppm (s, 1C; CH,CH,CH in bc);
'PNMR (C¢Dg): 6 452ppm; IR (neat): #=2973.1, 2869.9, 2360.1,
2341.7, 1654.1, 1477.8, 1434.4, 1308.9, 1180.0, 1147.0, 1072.9, 986.1 cm™;
HRMS (FAB*): : caled for C,H,N,OP: 427.1939 [M+H]"; found:
427.1937.

Ligand 4c: Yield: 230 mg, 0.54 mmol, 70% (white foam); [a]Z=+18
(¢c=1.0 in CHCl3); '"HNMR (C,Dg): 6=7.84-7.80 (m, 2H; CH arom.),
7.65-7.61 (m, 2H; CH arom.), 7.21-7.00 (m, 11H; CH arom.), 4.91 (t, J-
(H,H)=9.1, 1H; CH oxaz.), 4.09 (dd, J(H,H)=8.3, 10.3 Hz; CH, oxaz.),
3.90 (d, J(H,H)=4.2 Hz, 1H; CH next to oxaz.), 3.78 (brs, 1H; CHN),
3.68 (dd, J(H,H)=83, 9.1Hz, 1H; CH, oxaz.), 2.52-2.49 (m, 2H;
CH,CHCH in bc, CHCH,CH in bc), 1.24-0.92 ppm (m, SH; CH, in bc);
BCNMR (C¢Dg): 0=169.9 (s, 1C; quat. C oxaz.), 144.0 (s, 1C quat. C
ipso to oxaz. in arom.), 141.7 (d, 'J(P,C)=13.8 Hz, 1C; quat. C ipso to P
in arom.), 140.7 (d, 'J(P,C)=10.3 Hz, 1C; quat. C ipso to P in arom.),
1339 (d, J(P,C)=21.6 Hz, 2C; arom.), 133.7 (d, J(P.C)=19.2 Hz, 2C;
arom.), 129.5 (s, 2 C; oxaz.-arom.), 129.3 (s, 2C; arom.), 129.0 (d, J(P.C)=
6.5 Hz, 2C; arom.), 128.9 (d, J(P,C)=5.6 Hz, 2C; arom.), 127.9 (s, 2C;
oxaz.-arom.), 127.6 (s, 1C; oxaz.-arom.), 75.3 (s, 1C; CH oxaz.), 70.6 (s,
1C; CH, oxaz.), 64.1 (d, %J(P,C)=18.8 Hz, 1C; CH next to oxaz.), 61.1
(d, Y(PC)=485Hz, 1C; CHN), 449 (d, *J(PC)=45Hz, 1C,
CH,CHCH in bc); 38.2 (d, *J(P,C)=3.2 Hz, 1C; CHCH,CH in bc); 32.2
(d, 1C, *J(P,C)=2.2 Hz; CH,CH,CH in bc); 29.1 ppm (s, 1 C, CH,CH,CH
in bc); *PNMR (C¢Dg): 0=45.1 ppm; IR (neat): #=3052.6, 2970.2,
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2869.9, 2360.3, 2342.0, 1655.0, 1478.7, 1434.4, 1309.0, 1180.2, 1149.55,
1091.1, 1072.6, 1044.9, 986.2, 949.9 cm™'; HRMS (FAB*): calcd for
C,;H;sN,OP: 427.1939 [M+H]*; found: 427.1950.

General procedure for the preparation of Ir complexes 5a, Sb, and Sc:
[Ir(cod)Cl], (1.0 equiv) was added to a solution of ligand 4a, 4b, or 4¢
(2.0 equiv) in CH,Cl, (5 mL/50 mg of ligand) under a nitrogen atmos-
phere. The reaction mixture was heated to reflux for 1 h. After cooling to
room temperature, water (5 mL) was added and the biphasic solution
was stirred vigorously. NaBAr-3H,0 (1.5 equiv) was added to the emul-
sion and reaction mixture was stirred for 0.5 h. The phases were separat-
ed and the water phase was extracted with CH,Cl, (2x20 mL). The com-
bined organic extracts were concentrated under reduced pressure and the
resulting complexes purified by column chromatography on silica gel
(pentane/CH,Cl, 1:1).

Ir complex 5a: Yield: 122 mg, 0.08 mmol, 55% (bright-orange foam);
[a]Z=+28 (c=1.0 in CHCL); '"HNMR (CDCl,): 6=7.77-7.71 (m, total
10H; 8H ortho CH Ar, BArg 2H CH arom.), 7.60-7.44 (m, total 10H;
4H para CH arom. BAri 6H CH arom.), 7.40-7.34 (m, 2H; CH arom.);
5.00-4.92 (m, 1H; CH cod), 4.71-4.64 (m, 1H; CH cod), 4.62 (dd, J-
(H,H)=9.9, 3.4 Hz, 1H; CH, oxaz.), 443 (d, J(H,H)=6.7 Hz, 1H; CH
next to oxaz.), 4.30 (t, J(H,H)=9.9 Hz, 1H; CH oxaz.), 3.84 (brs, 1H;
CHN), 3.78 (dd, J(H,H)=9.9 Hz, 3.4 Hz, 1H; CH, oxaz.), 3.60-3.49 (m,
2H; CH cod), 3.04 (brs, 1H; CH,CHCH in bc), 2.74-2.67 (m, 1H; CH
cod), 2.42-2.24 (m, 4H; CH, cod), 2.01-1.84 (m, 2H; CH, cod), 1.62-1.53
(m, 2H; CH, cod), 1.47-1.25 (m, 6H; CH, bc), 0.83 ppm (s, 9H; CHj;
Bu); *CNMR (CDCly): 6=173.9 (s, 1C; quat. C oxaz.), 161.6 (q, 'J-
(B,C)=50.0 Hz, 4C; quat. C ipso to B in BArg), 134.7 (s, 8C; CH ortho
to B in BAry), 133.3 (d, J(P,C)=13.25 Hz, 2C; arom.), 132.0 (d, J(P,C)=
24.0 Hz, 2C; arom.), 131.5 (d, J(P,C)=11.0 Hz, 2C; arom.); 130.4 (d, 'J-
(P,C)=16.4 Hz, 1C; quat. C ipso to P in arom.), 129.8 (d, J(P.C)=
7.4 Hz, 1C; quat. C ipso to P in arom.), 129.1 (d, J(P,C)=11.2 Hz, 2C;
arom.); 128.8 (qq, %J(F,C) =31.3 Hz, *J(B,C) =3.1 Hz, 8 C; quat. C ipso to
CF; in BAry), 128.75 (d, J(P,C)=10.1 Hz, 2C; arom.), 124.5 (q, 'J(F,C)=
272.3 Hz, 8 C; CF, in BAry); 117.35 (sept, *J(C,F)=4.1 Hz, 4C; CH para
to B in BArg), 94.9 (d, 2J(P,C)=12.0 Hz, 1C; cod CH), 90.7 (d, J(P,C)=
14.4 Hz, 1C; cod CH), 72.2 (s, 1C; CH oxaz.), 72.0 (s, 1C; CH, oxaz.),
64.5 (d, 2J(P,C)=10.2 Hz, 1C; cod CH); 63.75 (s, 1C; CH next to oxaz.),
63.1 (s, 1C, CHN), 58.5 (d, 2J(P,C)=6.6 Hz, 1C; cod CH), 40.0 (d, *J-
(PC)=6.4Hz, 1C; CH,CHCH in bc), 37.9 (d, *J(P,C)=4.0Hz, 1C;
CHCH,CH in bc), 36.0 (d, *J(P,C)=4.4Hz, 1C; cod CH,), 33.9 (s, 1C;
cod CH,), 32.7 (s, 1C; cod CH,), 29.6 (s, 1 C; quat. C in Bu), 29.5 (s, 1C;
CH,CH,CH in bc), 28.2 (s, 1C; cod CH,), 27.1 (s, 1C; CH,CH,CH in
bc), 25.2 ppm (s, 3C; CH; in tBu); P NMR (CDCl;): =518 ppm; IR
(neat): 7=2960.3, 2360.1, 2341.9, 1611.0, 1354.4, 1277.45, 1159.2, 1127.0,
887.0, 839.2, 714.35, 682.45, 670.0cm'; HRMS (FABY): calcd for
Cy3H3IrN,OP: 707.2742 [M]™; found: 707.2740.

Ir complex 5b: Yield: 143 mg, 0.09 mmol, 62% (bright-orange foam);
[a]F=+33 (c=1.1 in CHCl;); '"H NMR (CDCl,): §=7.70-7.55 (m, total
10H; ortho 8H CH arom. BArg 2H CH arom.), 7.48-7.36 (m, total 8H;
4H para CH arom. BArg 4H CH arom.), 7.29-7.22 (m, 7H; CH arom.),
6.91-6.89 (m, 2H; CH arom.), 5.14 (dd, J(H,H)=10.3, 5.8 Hz, 1H; CH,
oxaz.), 5.02-4.97 (m, 1H; CH cod), 4.86-4.80 (m, 1H; CH cod), 4.78 (t, J-
(H,H)=10.4 Hz, 1H; CH oxaz.), 4.47-4.42 (m, 2H; CH, oxaz., CH next
to oxaz.), 3.78 (brs, 1H; CHN), 3.12-3.04 (m, 2H; CH cod, CH,CHCH
in bc); 2.38-1.22 ppm (m, 15H; CH cod (1H), CH, cod (8H), CH, bc
(6H)); "CNMR (CDCl;): 6=174.6 (s, 1C; quat. C oxaz.), 161.6 (q, 'J-
(B,C)=50.0 Hz, 4C; quat. C ipso to B in BArg), 138.4 (s, 1C; quat. C
ipso to oxaz. arom.), 134.9 (d, >J(P,C)=13.5Hz, 2 C; CH arom.), 134.7
(s, 8C; CH ortho to B in BArg), 132.4 (d, J(P,C)=1.7 Hz, 1C; arom.),
131.7 (d, J(PC)=2.3Hz, 1C; arom.), 131.3 (d, J(P.C)=103 Hz, 2C;
arom.), 130.7 (d, 1C; quat. C ipso to P in arom.), 130.1 (d, 1C; quat. C
ipso to P in arom.), 129.7 (s, 2C; oxaz. arom.), 129.6 (s, 1 C; oxaz. arom.),
129.0 (d, J(P,C)=10.9 Hz, 2C; arom.), 128.8 (qq, *J(F,C)=27.5Hz, °J-
(B,C)=2.9 Hz, 8C; quat. C ipso to CF; in BArg), 128.6 (d, J(P.C)=
9.7 Hz, 2C; arom.), 125.9 (s, 2C; CH oxaz. arom.), 124.5 (q, J(F.C)=
274.6 Hz, 8 C; CF; in BArg), 117.35 (sept, *J(C,F)=4.5 Hz, 4C; CH para
to B in BArg), 93.6 (d, 2J(P.C)=12.8 Hz, 1C; cod CH), 92.5 (d, 2J(P.C)=
12.6 Hz, 1C; cod CH), 779 (s, 1C; CH oxaz.), 67.5 (s, 1C; CH, oxaz.),
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65.0 (s, 1C; CH next to oxaz.), 64.7 (d, 2J(P,C)=11.4 Hz, 1C; cod CH),
62.75 (s, 1C, CHN), 58.5 (d, >J(P,C)=5.7 Hz, 1C; cod CH), 40.1 (d, *J-
(PC)=6.8Hz; CH,CHCH in bc), 384 (d, (PC)=39Hz, 1C;
CHCH,CH in bc), 34.4 (d, *J(P,C)=4.5, 1C; cod CH,), 31.5 (d, */(P.C)=
1.9, 1C; cod CH,), 30.4 (s, 1C; CH,CH,CH in bc), 28.9 (d, *J(P,C)=24,
1C; cod CH,); 26.7 (s, 1C; CH,CH,CH in bc), 26.6 ppm (s, 1C; cod
CH,); *PNMR (CDCLy): ¢ 51.2ppm; IR (neat): #=2927.4, 2359.7,
2341.85, 1610.4, 1355.1, 1277.6, 1126.6, 887.4, 839.4, 759.7, 713.3, 682.4,
6703 cm™'; HRMS (FAB™): caled for CisHIrN,OP: 727.2429 [M]*;
found: 727.2425.

Ir complex 5c: Yield: 134 mg, 0.08 mmol, 60% (bright-orange foam);
[a]?=+37 (c=12 in CHCL); '"H NMR (CDCL): 6=7.77-7.61 (m, total
10H; 8H ortho CH arom. BArg, 2H CH arom.), 7.55-7.43 (m, total 8H;
4H para CH Ar BArg 4H CH arom.), 7.35-7.26 (m, 7H; CH arom.),
6.97-6.94 (m, 2H; CH arom.), 5.21-5.16 (m, 1H; CH, oxaz.), 5.06-5.01
(m, 1H; CH cod), 4.93-4.79 (m, 2H; CH cod, CH oxaz.), 4.52-4.47 (m,
2H; CH, oxaz., CH next to oxaz.), 3.83 (brs, 1H; CHN), 3.17-3.11 (m,
2H; CH cod, CH,CHCH in bc), 2.41-1.24 ppm (m, 15H: 1H CH cod;
8H CH, cod; 6H CH, bc), >C NMR (CDCl;): §=174.6 (s, 1C; quat. C
oxaz.), 161.6 (q, J(B,C)=50.0 Hz, 4C; quat. C ipso to B in BAryg), 138.4
(s, 1C; quat. C ipso to oxaz. arom.), 134.9 (d, 2/(P,C)=13.8 Hz, 2C; CH
arom.), 134.7 (s, 8C; CH ortho to B in BAry), 132.4 (d, J(P,C)=3.1 Hz,
1C; arom.), 131.7 (d, J(P.C)=23Hz, 1C; arom.), 131.3 (d, J(P.C)=
11.5 Hz, 2C; arom.), 130.7 (d, 1C; quat. C ipso to P in arom.), 130.1 (d,
1C; quat. C ipso to P in arom.), 129.7 (s, 2 C; oxaz. arom.), 129.55 (s, 1C;
oxaz. arom.), 129.0 (d, J(P,C)=12.1 Hz, 2C; arom.), 128.8 (qq, */(F,C) =
27.5 Hz, *J(B,C)=2.9 Hz, 8C; quat. C ipso to CF; in BAry), 128.6 (d, J-
(P,C)=10.8 Hz, 2C; arom.), 125.9 (s, 2C; CH oxaz. arom.), 124.5 (q, 'J-
(F,C)=274.6 Hz, 8C; CF; in BArg), 117.35 (sept, *J(C,F)=4.5Hz, 4C;
CH para to B in BAry), 93.7 (d, 2/(P,C)=12.5 Hz, 1C; cod CH), 92.5 (d,
2J(P,C)=13.0 Hz, 1C; cod CH), 77.9 (s, 1 C; CH oxaz.), 67.5 (s, 1C; CH,
oxaz.), 65.0 (s, 1 C; CH next to oxaz.), 64.8 (d, 2J(P,C)=10.1 Hz, 1C; cod
CH), 62.7 (s, 1C; CHN), 58.5 (d, >J(P.C)=5.8 Hz, 1C; cod CH), 40.1 (d,
*J(P,C)=7.3Hz, CH,CHCH in bc), 384 (d, J(PC)=3.4Hz, 1C;
CHCH,CH in bc), 34.4 (d, *J(P,C)=4.4, 1C; cod CH,), 31.55 (s, 1C; cod
CH,), 30.4 (s, 1C; CH,CH,CH in bc), 28.9 (s, 1C; cod CH,), 26.7 (s, 1C;
CH,CH,CH in bc), 26.6 ppm (s, 1C; cod CH,); *'P NMR (CDCl;): 0=
51.2 ppm; IR (neat): 7=2926.4, 2359.4, 2341.8, 1610.3, 1355.1, 1278.3,
1126.6, 887.4, 839.4, 746.7, 7133, 698.4, 682.4, 670.3cm™'; HRMS
(FAB™): calcd for CysHyIrN,OP [M]*: 727.2429; found: 727.2430.

General procedure for the preparation of Ir complexes 7a, 7b, 7¢, 7d,
and 7e: The aminooxazoline 6 (1.0 equiv) was coevaporated with dry tol-
uene (3x20mL) and redissolved in dry toluene (10 mLmmoL) under a
nitrogen atmosphere. Diisopropylethylamine (3.0 equiv) was added to
the solution and the mixture was stirred for 15 min at room temperature.
Freshly prepared Ar,PCl (1.5 equiv) was then added and the reaction
mixture was kept at 4°C (fridge) overnight. After this time, the solution
was warmed to room temperature and washed with saturated NaHCO;
(150 mL). The water phase was extracted twice with CH,Cl, (2x100 mL)
and the combined organic extracts were dried over MgSO,. Removal of
the solvent in vacuo yielded the crude compounds as yellow oils. [Ir-
(cod)Cl], (1.0 equiv) was added to a solution of crude ligand (2.0 equiv)
in CH,Cl, (5 mL/50 mg of ligand) under a nitrogen atmosphere. The reac-
tion mixture was heated to reflux for 1 h. After cooling to room tempera-
ture, water (5 mL) was added and the biphasic solution stirred vigorously.
NaBAr-3H,0 (1.5 equiv) was added to the emulsion and reaction mix-
ture was stirred for 0.5 h. The phases were separated and the water phase
was extracted with CH,Cl, (2x20 mL). The combined organic extracts
were concentrated under reduced pressure and the resultant complexes
7a—e purified by column chromatography on silica gel (pentane/CH,Cl,
1:1).

Ir complex 7a: Yield: 354 mg, 0.25 mmol, 47% (bright-orange foam);
[a]Z=+32 (c=1.0 in CHCl;); '"H NMR (CDCl,): 6 7.70 (brs, 8H; ortho
CH arom. BArg), 7.53 (brs, 4H; para CH arom. BArg), 4.71-4.64 (m,
1H; CH cod), 4.61-4.57 (m, 1H; CH cod), 4.51 (dd, J(H.H)=9.8, 4.1 Hz,
1H; CH, oxaz.), 425 (t, J(H,H)=9.8 Hz, 1H; CH oxaz.), 3.91-3.86 (m,
2H; CH, oxaz., CH next to oxaz.), 3.67-3.61 (m, 2H; CHN, CH cod),
3.37-3.30 (m, 1H; CH cod), 3.01 (brs, 1H; CH,CHCH in bc), 2.56-1.21
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(m, 37H: 8H CH, cod; 6H CH, bc; 1H CH isopropyl; 2H CH cyclohex-
yl; 20H CH, cyclohexyl), 0.94 (d, J(HH)=7.1Hz, 3H, CH; iPr),
0.74 ppm (d, J(H,H)=7.1 Hz, 3H; CH, iPr); ®C NMR (CDCly): 6=174.0
(s, 1C; quat. C oxaz.), 161.6 (q, 'J(B,C) =50.0 Hz, 4C; quat. C ipso to B
in BAry), 134.7 (s, 8C; CH ortho to B in BAry), 1288 (qq, J(F.C)=
32.1 Hz, *J(B,C)=3.0 Hz, 8C; quat. C ipso to CF; in BArg), 124.5 (q, 'J-
(F,C)=272.0 Hz, 8C; CF, in BAry), 117.4 (sept, ¥J(C,F)=3.8 Hz, 4C; CH
para to B in BAry), 91.8 (d, 2J(P,C)=12.8 Hz, 1C; cod CH), 90.8 (d, %J-
(P,C)=11.0 Hz, 1C; cod CH), 70.2 (s, 1C; CH oxaz.), 68.1 (s, 1C; CH,
oxaz.), 64.9 (d, 2J(P,C)=6.9 Hz, 1C; cod CH), 63.4 (s, 1C; CH next to
oxaz.), 60.5 (s, 1C, CHN), 57.5 (d, 2/(P,C)=5.6 Hz; cod CH), 40.0 (d, *J-
(P.C)=6.3 Hz, CH,CHCH in bc), 38.1 (s, 1 C; CHCH,CH in bc), 37.0 (d,
'J(P,C)=38.0 Hz, 1C; quat. C next to P in cyclohex.), 354 (d, 'J(P,C)=
28.7 Hz, 1C; quat. C next to P in cyclohex.), 33.8 (s, 1C; cod CH,), 32.4
(s, 1C; CH iPr), 31.7 (s, 1C; cod CH,), 30.8 (s, 1C, CH,CH,CH in bc),
29.9-29.7 (mult. sign.; CH, in cyclohex and CH, cod), 28.4 (s, 1C; cod
CH,), 27.4 (s, 1C; CH,CH,CH in bc), 26.9-25.9 (mult. sign.; CH, in cy-
clohex.), 19.3 (s, 1C; CHj; iPr), 142 ppm (s, 1C; CH; iPr); *'P NMR
(CDCl): 6=633 ppm; IR (neat): 7=2937.5, 2858.2, 2360.2, 2341.9,
1610.85, 1354.8, 1277.9, 1126.1, 887.4, 839.4, 761.35, 713.6, 682.4,
670.1 cm™'; HRMS (FAB™): caled for Cy,HgIrN,OP: 7053525 [M]*;
found: 705.3547.

Ir complex 7b: Yield: 395 mg, 0.25 mmol, 52% (bright-orange foam);
[a]?=+32 (c=1.0 in CHCl;); '"HNMR (CDCl,): 6=8.75-8.68 (m, 1H;
CH arom.), 7.73 (brs, 8H; ortho CH arom. BArg), 7.55 (brs, total 5H;
4H para CH arom. BArg, 1H CH arom.), 7.44-7.33 (m, 4H; CH arom.),
7.17-7.11 (m, 1H; CH arom.), 6.99-6.92 (m, 1H; CH arom.), 4.98-4.91
(m, 1H; CH cod), 4.66-4.61 (m, 1H; CH cod), 4.55 (dd, J(H,H)=9.8,
4.6 Hz, 1H; CH, oxaz.), 432-4.26 (m, 2H; CH oxaz. and CH next to
oxaz.), 4.06-4.01 (m, 1H; CH, oxaz.), 3.74 (brs, 1 H; CHN), 3.19-3.13 (m,
1H; CH cod), 3.02-2.98 (m, 1H; CH,CHCH in bc), 2.67 (brs, 3H; CH;—
Ar), 2.36-2.20 (m, total 8H; 3H CH;—Ar, 4 CH, cod, 1H CH cod), 2.07—
1.96 (m, 2H; CH, cod) 1.81-1.27 (m, total 8H; 2H CH, cod, 5SH CH, bc,
1H CH iPr), 1.10-1.05 (m, 1H, CHCH,CH in bc), 0.94 (d, J(HH)=
73 Hz, 3H; CH; iPr), 0.51 ppm (d, J(HH)=7.3 Hz, 3H; CH; iPr);
BCNMR (CDCL): 6=173.5 (s, 1C; quat. C oxaz.), 161.6 (q, J(B,C)=
50.0 Hz, 4C; quat. C ipso to B in BArg), 141.5-139.3 (m, 2C; quat. C
ipso to P in arom.), 134.7 (s, 8C; CH ortho to B in BAry), 132.9 (d, J-
(PC)=6.9Hz, 2C; arom.), 1325 (s, 1C; C—CH;), 1319 (s, J(P.C)=
8.2 Hz, 2C; arom.), 131.5 (s, 1C; C—CH,), 128.8 (qq, %/(F,C) =31.5 Hz, *J-
(B,C)=2.8 Hz, 8C; quat. C ipso to CF; in BArg), 1262 (d, J(P.C)=
16.9 Hz, 2C; arom.), 125.3 (d, J(P,C)=9.8 Hz, 2C; arom.), 124.5 (q, 'J-
(F,C)=274.2 Hz, 8C; CF; in BAry), 117.4 (sept, >J(C,F)=3.8 Hz, 4C; CH
para to B in BArg), 92.9 (m, 1C; cod CH), 90.5 (m, 1C; cod CH), 69.8 (s,
1C; CH oxaz.), 68.1 (s, 1C; CH, oxaz.), 65.4 (s, 1C; CH next to oxaz.),
64.4 (s, 1C; cod CH), 63.2 (d, %J(P,C)=10.8 Hz, 1C; CHN), 59.75 (s, 1C;
cod CH), 39.8 (d, *J(P,C)=6.8 Hz; CH,CHCH in bc), 382 (m, 1C;
CHCH,CH in bc), 35.6 (d, *J(P,C)=3.4, 1C; cod CH,), 32.5 (s, 2C; cod
CH,), 31.6 (s, 1C; CH,CH,CH in bc), 30.8 (s, 1C, CH iPr), 27. 9 (s, 1C;
cod CH,), 26.2 (s, 1C; CH,CH,CH in bc), 26.0 (s, 1C; CH;—Ar), 25.8 (s,
1C, CH;—Ar), 23.5 (d, *J(P,C)=7.8, 1 C; cod CH,), 18.25 (s, 1 C, CH, iPr),
14.0 ppm (s, 1C; CH; iPr); P NMR (CDCly): 6=51.2 ppm; IR (neat):
7=2969.9, 2890.6, 2360.0, 2341.8, 1619.4, 1354.9, 1277.5, 1126.8, 1079.0,
887.4, 839.6, 757.65, 714.0, 682.3, 670.4 cm™'; HRMS (FAB*): calcd for
Cy,HsIrN,OP: 721.2899 [M]*; found: 721.2920.

Ir complex 7c¢: Yield: 248 mg, 15 mmol, 32% (bright-orange foam);
[a]2=~7 (¢=1.0 in CHCly); 'H NMR (CDCl,): 6="7.70 (brs, 8H; ortho
CH arom. BArg), 7.55 (brs, 1H; CH arom.), 7.52 (brs, 4H; para CH
arom. BArg), 7.25 (brs, 2H; CH arom.), 7.10 (brs, 1H; CH arom.), 6.86—
6.83 (m, 2H; CH arom.), 4.92-4.84 (m, 1H; CH cod), 4.73-4.64 (m, 1H;
CH cod); 4.49 (dd, J(HH)=9.6, 41Hz, 1H; CH, oxaz.), 437 (d, J-
(H,H)=4.7 Hz; CH next to oxaz.), 4.33-4.27 (m, 1H; CH oxaz.), 4.01-
3.98 (m, 1H; CH, oxaz.), 3.71 (brs, 1H; CHN), 3.30-3.24 (m, 1H; CH
cod), 3.01-2.95 (m, 1H; CH,CHCH in bc), 2.42-1.25 (m, total 27H; 12H
CH;—Ar, 1H CH cod, 8H CH, cod, 5H CH, bc, 1H CH iPr), 1.13-1.09
(m, 1H, CHCH,CH in bc), 091 (d, J(H,H)=7.0Hz, 3H; CH; iPr),
0.54 ppm (d, J(H,H)=7.0 Hz, 3H; CHj; iPr); *C NMR (CDCl,): 6 =173.4
(s, 1C; quat. C oxaz.), 161.6 (q, 'J(B,C)=50.0 Hz, 4C; quat. C ipso to B
in BArg), 138.7 (d, J(PC)=12.0Hz, 1C; arom.), 1383 (d, J(P.C)=
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10.9 Hz, 1C; arom.), 134.7 (s, 8C; CH ortho to B in BAry), 134.2 (s, 2C;
quat. C—CH,), 1333 (s, 2C; quat. C—CHy), 132.7 (d, J(P.C)=13.8 Hz,
2C; arom.), 130.8 (d, 'J(P,C)=32.0 Hz, 1C; quat. C ipso to P in arom.),
130.2 (d, 'J(P,C)=22.0 Hz, 1C; quat. C ipso to P in arom.), 128.7 (d, J-
(P.C)=10.4 Hz, 2C; arom.), 128.8 (qq, 2/(F.C)=30.8 Hz, *J(B,C)=3.1 Hz,
8C; quat. C ipso to CF, in BAry), 124.5 (q, 'J(F,C)=274.2 Hz, 8C; CF; in
BAryg), 117.35 (sept, *J(C,F)=3.8 Hz, 4C; CH para to B in BAry), 93.5
(d, ¥(PC)=12.4 Hz, 1C; cod CH), 91.0 (d, 2(P.C)=132Hz, 1C; cod
CH), 70.25 (s, 1C; CH oxaz.), 68.2 (s, 1C; CH, oxaz.), 65.0 (s, 1C; CH
next to oxaz.), 64.6 (d, 2(P,C)=10.0Hz, 1C; cod CH), 63.0 (s, 1C,
CHN), 584 (d, Y(PC)=5.7Hz; cod CH), 39.9 (d, *J(P.C)=6.9 Hz;
CH,CHCH in be), 37.9 (d, *J(P.C)=2.6 Hz, 1C; CHCH,CH in bc), 35.4
(d, *J(P,C)=3.9 Hz, 1C; cod CH,), 31.9 (s, 1C; CH iPr), 31.8 (s, 1C; cod
CH,), 30.6 (s, 1C; CH,CH,CH in bc), 28.65 (s, 1C; cod CH,), 26.65 (5,
1C, CH,CH,CH in bc), 26.4 (s, 1C; cod CH,), 21.3 (s, 2C; CH; arom.),
21.2 (s,2C; CH; arom.), 18.3 (s, 1 C, CHj; iPr), 13.6 ppm (s, 1 C; CHj; iPr);
'PNMR (CDCly): 6=>51.4 ppm; IR (neat): #=2926.8, 2359.4, 2342.15,
1610.9, 1354.8, 1277.5, 1126.1, 887.3, 839.8, 761.8, 713.7, 682.5, 670.2 cm™;
HRMS (FAB™): caled for Ci;H,IrN,OP: 7493212 [M]*; found:
749.3218.

Ir complex 7d: Yield: 138 mg, 0.085 mmol, 61% (bright-orange foam);
[a]Z=+43.5 (c=1.0 in CHCL); '"H NMR (CDCL): 6=8.76-8.62 (m, 1H;
CH arom.), 7.71 (brs, 8H; ortho CH arom. BArg), 7.63-7.58 (m, 1H; CH
arom.), 7.53 (brs, 4H; para CH arom. BArg), 7.42-7.37 (m, 1H; CH
arom.), 7.18-7.15 (m, 1H; CH arom.), 7.07-7.00 (m, 2H; CH arom.),
6.88-6.72 (m, 2H; CH arom.), 4.77-4.68 (m, 1H; CH cod), 4.63-4.53 (m,
1H; CH cod), 4.46 (dd, J(H,H)=9.8, 4.5 Hz, 1H; CH, oxaz.), 4.36 (d, J-
(H,H)=9.9 Hz, 1H; CH next to oxaz.), 4.28 (t, J(H,H)=9.8 Hz, 1H; CH
oxaz.), 4.00-3.86 (m, total 5H; 1H CH, oxaz., 1H CHN, 3H OCHj,), 3.65
(s, 3H; OCH,;), 3.04-2.92 (m, 1H; CH cod), 2.91-2.85 (m, 1H;
CH,CHCH in bc), 2.37-1.97 (m, total 7H; 4H CH, cod, 1H CH cod, 2H
CH, cod), 1.81-1.14 (m, total 9H; 2H CH, cod, 6H CH, bc, 1H CH iPr),
0.93-0.81 (m, 3H; CHj iPr), 0.47-0.39 ppm (m, 3H; CH; iPr); "C NMR
(CDCly): 6=175.2 (s, 1 C; quat. C oxaz.), 161.6 (q, 'J(B,C)=50.0 Hz, 4C;
quat. C ipso to B in BArg), 160.1 (s, 1C; C—OCHs;), 159.9 (s, 1C; C—
OCHs;), 139.9 (m, 2C; arom.), 134.7 (s, 8C; CH ortho to B in BAry),
132.9 (s, 2C; arom.), 128.8 (qq, *J(F.C)=31.5 Hz, */(B,C)=2.8 Hz, 8C;
quat. C ipso to CF; in BAry), 124.4 (q, 'J(F,C)=274.2 Hz, 8C; CF; in
BArg), 121.2-119.6 (m, 2C; quat. C ipso to P in arom.), 117.35 (sept, *J-
(C,F)=3.8 Hz, 4C; CH para to B in BArg), 112.0 (s, 2C, arom.), 110.5 (d,
J(P,C)=5.1Hz, 2C; arom.), 89.9 (m, 1C; cod CH), 88.65 (m, cod CH),
70.0 (s, 1C; CH oxaz.), 67.5 (s, 1C; CH, oxaz.), 65.6 (s, 1C; CH next to
oxaz.), 63.05 (s, 1 C; cod CH), 62.6 (d, 2/(P,C)=10.6 Hz, 1C; CHN), 60.1
(m, 1C; cod CH), 55.6 (s, 1C; OCHs;), 54.6 (s, 1C; OCHj;), 39.1 (m, 1C;
CH,CHCH in bc), 38.2 (m, 1C; CHCH,CH in bc), 35.1 (s, 1C; cod CH,),
32.0 (s, 2C; cod CH, and CH iPr), 29.6 (s, 1C; CH,CH,CH in bc), 29.5
(s, 1C; cod CH,), 28.4 (s, 1C; cod CH,), 26.5 (s, 1C; CH,CH,CH in bc),
182 (s, 1C; CH; iPr), 13.6 ppm (s, 1 C; CH; iPr); P NMR (CDCl,): 6 =
42.0 ppm; IR (neat): 7=2961.2, 2359.8, 2342.0, 1466.6, 1354.8, 1277.1,
11264, 7578, 6824, 670.0cm™'; HRMS (FAB*): caled for
C3,HysIrN,O3P: 753.2797 [M]™; found: 753.2784.

Ir complex 7e: Yield: 116 mg, 0.07 mmol, 30% (bright-orange foam);
[a]Z=-15 (c=1.0 in CHCl;); '"HNMR (CDCL,): 6=7.90-7.84 (m, 2H;
CH arom.), 7.71 (brs, 8H; ortho CH arom. BArg), 7.53 (brs, 4H; para
CH arom. BArg), 7.22-7.16 (m, 2H; CH arom.), 7.07-7.03 (m, 2H; CH
arom.), 6.96-6.93 (m, 2H; CH arom.), 4.89-4.85 (m, 1H; CH cod), 4.73—
4.66 (m, 1H; CH cod), 4.50 (dd, J(H,H)=9.8, 43 Hz, 1H; CH, oxaz.),
4.34-4.29 (m, 2H; CH oxaz. and CH next to oxaz.), 4.00-3.96 (m, 1H;
CH, oxaz.), 3.87 (s, 3H; OCH,), 3.84 (s, 3H; OCHj;), 3.71 (brs, 1H;
CHN), 3.24-3.20 (m, 1H; CH cod), 3.01-2.99 (m, 1H; CH,CHCH in bc),
2.38-2.22 (m, total 5H; 4H CH, cod, 1H CH cod), 2.15-1.98 (m, 2H;
CH, cod), 1.87-1.22 (m, total 8H; 2H CH, cod, SH CH, bc, 1H CH iPr),
1.13-1.08 (m, 1H; CHCH,CH in bc), 0.90 (d, J(H,H)=6.7 Hz, 3H; CH;
iPr), 0.52 ppm (d, J(H,H)=6.7 Hz, 3H; CH, iPr); *C NMR (CDCl;): 6 =
173.3 (s, 1C; quat. C oxaz.), 162.8 (s, 1C; C—OCHs;), 162.0 (s, 1C; C—
OCH,), 161.6 (q, 'J(B,C)=50.0 Hz, 4C; quat. C ipso to B in BAry), 136.7
(d, J(P,C)=15.0 Hz, 2C; arom.), 134.7 (s, 8C; CH ortho to B in BAryg),
133.0 (d, J(P,C)=11.7 Hz, 2C; arom.), 128.8 (qq, */(F,C)=31.5 Hz, *J-
(B,C)=2.8 Hz, 8C; quat. C ipso to CF; in BArg), 125.1 (q, J(F.C)=
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274.2 Hz, 8 C; CF; in BAry), 122.0 (d, 'J(P,C)=63.2 Hz, 1C; quat. C ipso
to P in arom.), 120.7 (d, 'J(P.C)=55.4Hz, 1C; quat. C ipso to P in
arom.), 117.3 (sept, *J(C,F)=3.8 Hz, 4C; CH para to B in BArg), 114.4
(d, J(PC)=12.5Hz, 2C; arom.), 114.1 (d, J(P,C)=11.7 Hz, 2C; arom.),
93.7 (d, 2(P,C)=12.1 Hz, 1C; cod CH), 91.35 (d, /(P.C)=12.8 Hz, 1C;
cod CH), 70.2 (s, 1C; CH oxaz.), 68.2 (s, 1 C; CH, oxaz.), 64.9 (s, 1C; CH
next to oxaz.), 64.5 (d, 2/(P,C)=102Hz, 1C; cod CH), 62.8 (s, 1C;
CHN), 582 (d, ¥(P,C)=5.5 Hz; cod CH), 55.3 (s, 1C; OCHL), 55.2 (s,
1C; OCHy), 39.8 (d, J(PC)=6.8 Hz; CH,CHCH in bc), 37.8 (s, 1C;
CHCH,CH in bc), 35.3 (d, 3/(P,C) =43 Hz, 1C; cod CH,), 31.93 (s, 1C;
CH iPr), 31.87 (s, 1C; cod CH,), 30.7 (s, 1 C; CH,CH,CH in bc), 28.45 (s,
1C; cod CH,), 26.6 (s, 1C; CH,CH,CH in bc), 26.3 (s, 1C; cod CH,),
183 (s, 1C; CH; iPr), 13.8 ppm (s, 1 C; CH; iPr); *'P NMR (CDClL,): 6=
49.5 ppm; IR (neat): 7=2967.35, 2359.7, 2341.9, 1597.0, 1500.5, 1354.9,
1277.6, 1126.0, 887.2, 839.0, 713.4, 682.35, 670.0 cm™'; HRMS (FAB™):
caled for CyH,sIrN,O4P: 753.2797 [M]*; found: 753.2799.

General procedure for the Ir-catalyzed asymmetric hydrogenation of
imines (olefins): A vial was charged with imine (olefin, 0.5 mmol) and Ir
complex (0.5 mol%). Dry CH,Cl, (2mL) was added and the vial was
placed into a high-pressure hydrogenation apparatus. After purging the
system with nitrogen, the pressure of hydrogen gas was adjusted to
20 bar (80 bar for complex 2) for 12 h. After the pressure had been re-
leased, the solvent was removed in vacuo and the conversion was deter-
mined by '"H NMR spectroscopy. The reaction time was determined from
hydrogen gas consumption graphs. The crude product was dissolved in
pentane/diethyl ether 1:1 (v/v) and filtered through a short plug of silica
gel, followed by evaporation of the solvents. The ee’s of the resulting
compounds were determined by using the methods and conditions listed
below.

Hydrogenation of imine 8: (R)-N-Phenyl-N-(1-phenylethyl)amine.!'
The pure sample was obtained after purification by column chromatogra-
phy with toluene as an eluent. The ee was determined by chiral HPLC
analysis (Chiralcel OD-H, 0.5 mLmin~!, n-hexane/isopropanol 97:3, v/v).
tg=17.3 min (S) minor, 21.5 min (R) major.

Hydrogenation of imine 9: (4)-N-Phenyl-N-(1-phenylpropyl)amine.!
The ee was determined by chiral HPLC analysis (Chiralcel OD-H,
0.5 mLmin!, n-hexane/isopropanol 97:3, v/v). tg=12.3 min (—) minor,
14.0 min (4) major.

Hydrogenation of imine 10: (+)-N-Phenyl-N-(1-indanyl)amine.” The ee
was determined by chiral HPLC analysis (Chiralcel OD-H, 0.5 mLmin’,
n-hexane/isopropanol 97:3, v/v). tg=19.3 min (+) major, 23.3 min (—)
minor.

Hydrogenation of imine 11: (+)-N-Phenyl-N-[1-(1,2,3,4-tetrahydronaph-
tyl)Jamine.”® The ee was determined by chiral HPLC analysis (Chiralcel
OD-H, 0.5 mLmin', n-hexane/isopropanol 99:1, v/v); tx=24.4 min (4)
major, 26.9 min (—) minor.

Hydrogenation of imine 12: (+4)-N-Phenyl-N-[1-(2-naphtyl)ethyl]-
amine.”” The ee was determined by chiral HPLC analysis (Chiralcel OD-
H, 0.5 mLmin ', n-hexane/isopropanol 97:3, v/v). tg =27.5 min (—) minor,
32.5 min (4) major.

Hydrogenation of imine 13: (+)-N-Phenyl-N-(1-cyclohexylethyl)amine.*¥
The ee was determined by chiral HPLC analysis (Chiralcel OJ,
0.5 mLmin"', n-hexane/isopropanol 97:3, v/v). t;=16.5min (4) major,
18.4 min (—) minor.

Hydrogenation of olefin 23: (R)-1,2-Diphenylpropane.I'! The ee was de-
termined by chiral HPLC analysis (Chiralcel OJ, 0.5 mLmin~', n-hexane/
isopropanol 99:1, v/v). ty =14.0 min (R) major, 19.8 min (S) minor.
Hydrogenation of olefin 24: 1-Metoxy-4-(1-(R)-methylpropyl)ben-
zene."™ The ee was determined by chiral GCMS analysis (ChiralDexG-
TA (60°C, 30 min, 5°Cmin~', 175°C, 100 kPa)). tr =37.4 min (S) minor,
37.6 min (R) major.

Hydrogenation of olefin 25: 3-(R)-Phenylbutanoic acid ethyl ester.
The ee was determined by chiral GCMS analysis (ChiralDexG-TA (60°C,
30 min, 5°Cmin~', 175°C, 100 kPa)). tz=44.0 min (R) major, 44.1 min
(S) minor.

[18h]

Hydrogenation of olefin 26: 2-(R)-Methyl-3-phenylpropanoic acid ethyl
ester.”” The ee was determined by chiral chiral HPLC analysis (Chiralcel
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OB-H, 0.5 mLmin"', n-hexane/isopropanol 99.5:0.5, v/v). tp=11.95 min
(S) minor, 14.2 min (R) major.

Hydrogenation of olefin 27: 7-Methoxy-4-(S)-methyl-1,2,3.4-tetrahydro-
naphtalene."™ The ee was determined by chiral GCMS analysis (Chiral-
DexG-TA (60°C, 30 min, 3°Cmin~!, 175°C, 100 kPa)). t; =46.4 min (R)
minor, 46.9 min (S) major.

Hydrogenation of olefin 28: 1-(S)-methyl-1,2,3.4-tetrahydronaphtal-
ene.'"! The ee was determined by chiral GCMS analysis (ChiralDexG-
TA (isotherm 120°C, 100 kPa)). tz=4.1min (R) minor, 4.2 min (S)
major.

Hydrogenation of olefin 29: 2-(R)-methyl-1,2,3,4-tetrahydronaphtalene.*!
The ee was determined by chiral GCMS analysis (ChiralDexG-TA (60°C,
30 min, 3°Cmin~!, 175°C, 100 kPa)). t;=234.05 min (S) minor, 34.4 min
(R) major.
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