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Complete Chiral Induction from Enantiopure 1,2-Diamines to Benzophenone-
Based Achiral Bisphosphane Ligands in Noyori-Type Ru!! Catalysts
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Ruthenium

We report the design and synthesis of a novel class of Ru!!
catalysts (3) composed of achiral benzophenone-based bis-
phosphane ligands and enantiopure 1,2-diamines for the
asymmetric hydrogenation of aryl ketones. The developed
catalysts show excellent enantioselectivities (up to 97 % ee)
and activities (up to S/C = 10,000) in the hydrogenation of a
variety of aromatic ketones. Complete chiral induction from
the enantiopure 1,2-diamine to the achiral bisphosphane li-

gand was observed. The coordination of the C=0O moiety in
3 to the cationic Ru' center is considered to be of key impor-
tance in providing a higher thermodynamic and kinetic rota-
tion barrier for the flexible bisphosphane ligand, resulting in
the preferential formation of only one diastereomer, and thus
explaining the high enantioselectivity of the catalyst.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Catalytic asymmetric hydrogenation of simple ketones is
of fundamental importance in organic synthesis.['l In gene-
ral, high catalytic efficiency in terms of reactivity and selec-
tivity is afforded by the presence of a rigid, fixed, and
enantiopure ligand framework around the metal centre. The
use of Noyori’s [RuCl,{(R)-BINAP}{(R,R)-DPEN}] cata-
lyst 1 [BINAP: 2,2'-bis(diarylphosphanyl)-1,1’-binaphthyl;
DPEN: 1,2-diphenylethylenediamine] has provided the
most efficient process for the production of optically active
secondary alcohols from simple, aromatic prochiral
ketones.'?l In such systems, chiral bisphosphanes have
proven to be the most successful and widely used ligands
for this purpose,>>! with their high degrees of enantio-
selectivity being considered to result from the synergistic
effect of the chiral diphosphane and chiral diamine li-
gands.[ Alternatively, research pioneered by Mikami and
Noyori showed the feasibility of using the chirally flexible
diphosphane BIPHEP [BIPHEP: 2,2'-bis(diphenylphos-
phanyl)-1,1’-biphenyl] together with an enantiopure chiral
diamine (DPEN) to generate Noyori-type Ru'! catalysts (2)
on the basis of the asymmetric activation concept.l> ¢ The
resulting complexes demonstrated good to excellent
enantioselectivities (63-92% ees) in the hydrogenation of
ketones.[l In this catalyst system, a 3:1 mixture of (S)/(S,S)
and (R)/(S,S) BIPHEP-chelate Ru'" diastereomers was ob-
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served, with the major isomer also predominating in the
catalytic process. Here we report the development of a new
type of Ru'! catalyst (3, Scheme 1) based on enantiopure
1,2-diamine and achiral bidentate benzophenone-based
phosphane ligands for the asymmetric hydrogenation of
aryl ketones. Complete chiral induction by the chiral 1,2-
diamines has been observed for 3, resulting in the efficient
hydrogenation of a variety of aromatic ketones with excel-
lent enantioselectivities (97 % ees).I®]
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Scheme 1.
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Results and Discussion

Benzophenone, although an achiral molecule, has been
shown to exist in the solid state in two different enantio-
meric forms.”! This is due to its ability to form right-handed
(M) or left-handed (P), two-winged, propeller-like struc-
tures through simple rotation about the (Aryl)CC(C=0)
bonds. In the solid state such structures are frozen
(Scheme 2). Although the rotational barrier is low at room
temperature, benzophenone can in principle offer the po-
tential to act as a chiral backbone in bisphosphane ligand
construction, due to this propeller-like structural feature.
Furthermore, upon chelation to a metal ion, such a config-
uration can be frozen out in an analogous manner to
benzophenone in the solid state (Scheme 2).

Ligand Synthesis

With the above in mind, we designed a series of achiral
bisphosphane ligands 9-10, each possessing a benzophen-
one unit as the backbone. The synthesis of these benzo-
phenone-based ligands is quite straightforward. As shown
in Scheme 3, addition of Grignard reagents formed from 2-
methoxyaryl bromides (compounds 4) to 2-methoxyarylal-
dehydes!!?! gave the corresponding dihydrobenzophenzone
derivatives 5 in good yields (73-84%). Simple oxidation of
5 with K,Cr,O,/'!1 in DMF afforded the corresponding
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Scheme 2. Schematic representation of chirality for benzophenone
in the crystalline state and the chirality of benzophenone-based
bisphosphane ligand upon metal complexation.
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Scheme 3. Synthesis of achiral benzophenone-based bisphosphane ligands.
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ketones 6 in yields of 86-91%, demethylation of 6 with
BBr;'? at —78 °C provided the benzophenone-based diphe-
nols 7 in excellent yields (90-92%), and these in turn conve-
niently gave the corresponding ditriflate derivatives 8 in
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Figure 1. a) Molecular structure of 9a in (P) and (M) conforma-
tions. b) Enantiocontrol by chiral (R,R)-DPEN resulting in a pref-
erential homochiral (M,RR) arrangement about the metal center.
c¢) Crystal structure of (M,RR)-3a.
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high yields (84-94%) upon treatment with trifluorometh-
anesulfonic anhydride (Tf,O) in the presence of Et;N.
NiCly/dppe-catalyzed cross-couplings!!3] between 8 and
Ph,PH proceeded smoothly in DMF at 100 °C to afford the
target ligands 9 in 38-50% yields, whilst ligand 10, a struc-
tural analogue of 9 with bulkier bis(3,5-xylyl)phosphanyl
moieties in its chelating units, was synthesized in 25% yield
in a similar procedure, by treatment of 8a with (3,5-Xyl),-
PH-BH; complex. The ligand 9a was structurally examined
by X-ray diffraction analysis and was confirmed to adopt
both right- and left-handed propeller configurations in the
solid state (Figure 1, a), although the flexible ligands 9 and
10 exhibit no defined chiral structure in solution, due to
inherently very low rotational energy barriers.

Catalyst Synthesis and Characterization

The general synthetic route to Ru'! catalysts follows a
well established procedure reported by Noyori.?*2°! Heat-
ing of a mixture of phosphane ligand (9 or 10) with
[Ru''Cl,(benzene)], in DMF at 100 °C for 25 min, followed
by addition of the chiral 1,2-diamine (R,R)-DPEN in
CH,Cl,, yielded the corresponding complexes 3 in yields of
80-84% (Scheme 4). These precatalysts were stable in air
and could be stored for indefinite periods without strict ex-
clusion of moisture or air.

Although the flexible ligands 9 (and 10) did not adopt
defined enantiomeric structures in solution, determination
of the single-crystal X-ray structure of 9a revealed that in
the solid state the benzophenone-based ligand adopts a
structural motif similar to that of benzophenone. As shown
in Figure la, the two phenyl rings in the benzophenone
backbone of 9a form a two-winged propeller-like conforma-
tion, the dihedral angle between the two benzophenone
phenyl rings being 78.82(7)° (56° in benzophenonel®). As
would be expected from Scheme 2, this propeller-like struc-
tural feature is indeed maintained upon complex formation
with Ru’ metal ion. X-ray structural determination of 3a
revealed that the ligand 9a adopts a single conformation in
the solid state, with a dihedral angle of 74.98(31)° between
the benzophenone phenyl rings, so the conformation of che-
lated ligand 9a in complex 3a can be assigned as M (right-
handed) in an analogous fashion to the case of benzophe-
none (Scheme 2).

In solution, the 3'P NMR spectra for complexes 3a—d
each showed a pair of doublets (Table 1) with Jpp ranging
from 23.0 to 37 Hz, while their '"H NMR spectra each dis-
played individual resonances for the 1,2-diphenylethylenedi-
amine moiety. Complexes 3a—-d thus have C; symmetry in
solution, which is consistent with the solid-state structure
of 3a. There was no change in the '"H NMR spectrum of
3a over a period of 48 h, indicating no dynamic configura-
tional change in solution. Obviously, complete chiral induc-
tion from (R,R)-DPEN to the benzophenone-based bispho-
sphane ligand, through the Ru!! metal center, has occurred
in 3. This structural feature would be expected to provide
an excellent means for enantioselective control in catalytic
reactions (Figure 1).
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Scheme 4. Synthesis of Ru'! complexes 3a-d.

Table 1. 3'P NMR chemical shifts (5, ppm) and IR V- (cm™!) for
Ru complexes 3 and achiral bis-phosphane ligand 9 or 10.

31P NMR[a] ‘]P,P Vc:o AVC:O[b]
[0, ppm] [Hz] [em™] [em™]

92 73(s) - 1652 -

32 472(d),47.7(d) 23.0 1665 +13

9%  78(s) - 1660 -

3b 464 (d), 44.7 (d) 232 1667 +7

9% 63(s) - 1653 -

3¢ 478(d), 474 (d) 234 1669 +16

10 169 (s) - 1663 -

3d  540(d), 53.2(d) 370 1670 +7

[a] Multiplicity: s = singlet, d = doublet. [b] Difference in V- be-
tween free ligand (9, 10) and the corresponding Ru complex (3).

Moreover, the molecular structure clearly shows short
distances for the C(7)-Ru [2.144(7) A] and O(1)-Ru
[2.070(5) A] bonds, indicating a strong agostic bond. Such
a (C=0)--Ru'! interaction is further demonstrated by the
changes in the Vc-g absorption in the IR spectra of ligands
9-10 and their corresponding complexes 3a-d (Table 1).
Upon complexation, the Vc-o absorptions for the ligands
are shifted by 7-16 cm™! to shorter wavelengths, indicating
strong interaction between the carbonyl group and the Ru!!
metal center. It is interesting to note that the complex 3a
exists in the solid state as a distinct ion pair: [Ru-
Cl(9a)((R,R)-DPEN)]* and CI™ (Figure 1, ¢). This ionic fea-
ture and its counterparts can also be observed in the
MALDI spectra of 3a-d, with the distinct appearance of
[RuCl(9)((R,R)-DPEN)]* (m/z = 899) or [RuCl(10)((R,R)-
DPEN)]* (m/z = 1011) species (see Figure S1 in the Sup-
porting Information). Such properties contrast with those
of other analogous bisphosphane or monophosphane Ru'!
complexest?2>141 and are attributable to the relatively
strong (C=0)--Ru'! interaction that facilitates the ioniza-
tion of CI" from the coordination sphere of Ru''. We believe
that the coordination of C=0 to the cationic complex pro-
vides a higher thermodynamic and kinetic rotational barrier
for the flexible phosphane ligand in 3, which thus exists as
only one diastereomer in the complex. This point is likely
to be very important for the design of enantiopure catalysts
with chirally flexible ligands and enantiopure 1,2-diamines.
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-3a: Ar = C6H5, R=H

-3b: Ar= C6H5’ R = 5-C(CH3)3
-3¢ Ar = CGH5, R = 4-C(CH3)3
-3d: Ar = 3,5*(CH3)206H3’ R=H
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Asymmetric Hydrogenation of Arylketones Catalyzed by
3a—d

With the complexes 3a-d at hand, the catalyst perform-
ance was then investigated with hydrogenation of acetophen-
one (11) as a model reaction. The hydrogenation was car-
ried out in the presence of 0.1 mol-% of 3a—d under 20 atm
of H, pressure at room temp. As shown in Table 2, the hy-
drogenation of 11 in the presence of 3a proceeded efficiently
in various alcoholic solvents, including ethanol, n-propanol,
isopropanol, or n-butanol, to give (S)-1-phenylethanol [(S)-

Table 2. Hydrogenation of acetophenone (11) catalyzed by (R,R)-3
in various solvents.[l

0 OH
0.1 mol-% 3a-d
+ Ho
KOC4Hg
11 (S)12

Entry Catalyst Solvent Conv.Pl [%]  eel [%)]
1 3a MeOH 85 76

2 3a EtOH >99 90

3 3a n-PrOH >99 89

4 3a i-PrOH >99 81

5 3a n-BuOH >99 89

6 3a -BuOH NRI] -

7 3a DMF NRI4] -

8 3b n-PrOH >99 80

9 3c EtOH >99 88

10 3¢ n-PrOH >99 86

11 3¢ i-PrOH >99 81

12 3d EtOH >99 88

13 3d n-PrOH >99 87

14 3d i-PrOH >99 88
15t 3a EtOH >99 89
1611 3a EtOH 57 90
17t 3a EtOH >99 91
18Mh 3a EtOH >99 91

[a] Conditions: [3] = 1.5 mm, [11] = 1.5 M (S/C = 1000), [KO7Bu] =
30 mm, P(H,) = 20 atm, t = 6 h, T = 25 °C. [b] Determined by 'H
NMR spectroscopy. [c] Determined by GC (Supelco BETA-
DEX 120). The configuration of 12 determined by [d]p is (S).
[d] No product was detected by GC. [e] S/C = 10,000, [3] =
0.75mm, [11] = 7.5m, [KO/Bu] = 15mm, ¢ = 12h. [f] P(Hy) =
10 atm, ¢t = 4 h. [g] P(H,) = 40 atm, ¢ = 4 h. [h] P(H,) = 80 atm, ¢
=4h.
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12] with 81-90% enantiomeric excesses (ees, Entries 2-5).
Methanol proved to be a poor solvent in terms both of
activity and of enantioselectivity (Entry 1 vs. Entries 2-5).
No reaction was observed in tert-butyl alcohol or DMF
under the same experimental conditions (Entries 6-7). The
use of catalysts 3b—d in the hydrogenation of 11 in different
alcoholic solvents revealed similar reactivities, though etha-
nol proved to be optimal in terms of obtained ee for (S)-
12. Of the catalysts examined (3a-d), 3a showed the best
performance in hydrogenating 11 (90% ee). When the cata-
lyst loading was reduced to 0.01 mol-% the hydrogenation
of 11 still proceeded smoothly without obvious loss of
enantioselectivity (Entry 15 vs. 2), demonstrating the high
activity of the catalyst system. While the pressure of H, did
influence the reaction rate (Entry 16),[' it did not show
any obvious impact on the enantioselectivity (Entries 16-18
vs. 2).

Table 3. Hydrogenation of acetophenone (11) by catalyst formed in
situ from 13 and various chiral 1,2-diamines (14-16).1%

Entry 1,2-Diamine Conversion® [%] eell [%)]
1 14a >99 90
2 14b >99 58
3 14c >99 77
4 14d >99 88
5 14e >99 89
6 14f >99 80
7 14g >99 87
8 15 98 69
9 16 >99 82

[a] Conditions: [13] = 1.5 mm, [diamine] = 1.8 mm, [11] = 1.5 M (S/
C = 1000), [KOrBu] = 30 mm, P(H,) = 20 atm, t = 6 h, T = 25 °C.
[b] Determined by 'H NMR spectroscopy. [c] Determined by GC
(Supelco BETA-DEX 120). The configuration of 12 determined by

[a]p is (S).
Ph
O P ?'clzl

(R)-DAIPEN

(R,R)-DPENSs 15: Ar = 4-CH30-CgH,
14a:R=H
14b: R = 2-OCHj HaN o
14c: R = 3-CHj4
14d: R = 4-CHj HoN

14e: R = 4-OCH,
14f: R = 3,5-(CHy); (R,R)-DACH 16

14¢: 2-naphthyl
Scheme 5. Generation of Ru'! catalysts by in situ mixing of precom-
plex 13 with various chiral 1,2-diamines.
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These results encouraged us to screen several chiral 1,2-
diamines for the hydrogenation of 11 with in situ combina-
tions of 9a/RuCl, (13) under the experimental conditions
shown in Entry 2 in Table 2. As shown in Table 3, sterically
bulky chiral 1,2-diamines such as 14b—c, 14f, and 15 are
obviously unfavorable for enantiocontrol by the catalysis
(Entry 1 vs. Entries 2-3, 6 and 8). The catalysts 14d—e and
14g, generated by use of more sterically demanding chiral
1,2-diamines, afforded results comparable to those obtained
with 14a (Entry 1 vs. Entries 4-5 and 7), whilst catalysts
generated from chiral 1,2-diaminocyclohexane (16) afforded
moderate enantioselectivity (82 % ee, Entry 9). Thus, although
it might have been expected that more bulkily substituted
ligands 14b-g and 15 should have resulted in higher chiral in-
duction,” the simple 1,2-diamine 14a [(R,R)-DPEN] turned
out to be the best under the conditions used (Scheme 5).

Under optimized conditions, a variety of aromatic
ketones were subjected to 3a-catalyzed hydrogenation. The
secondary alcohols could be obtained in 84-97% ees with
quantitative conversion, indicating the high reactivity and
enantioselectivity of the catalyst system. As shown in
Table 4, the electronic and steric characteristics of substitu-

Table 4. Hydrogenation of various aryl ketones catalyzed by (R,R)-

3all
X O o} O
calheniNe e
X

17a: X = CH; 18a: X = CH, 19a; X = CHs

17b: X = Br 18b: X = Br 19b: X = OCHs

17¢c: X =Cl 18c: X=Cl 19¢c: X = Br

17d: X=F 19d: X =F

17e: X=CF3

20 21 22

Entry Aryl ketone ¢ [h] eel’!
1 11 4 91 (S)
2 17al¢! 5 97 (S)
3 17b 4 94 (S)
4 17c 5 90 (S)
5 17d 4 85 ()
6 17e 4 91 (S)
7 18a 4 91 (S)
8 18b 4 87 ()
9 18¢ 5 84 (S)
10 19al! 5 92 (S)
1 19 6 89 (S)
12 19¢ 6 86 (S)
13 19d 5 87 ()
14 10 4 92 (S)
15 21 5 95 (S)
16 218l 5 97 (S)
17 2 6 91 ()

[a] Conditions: [3a] = 1.5mM, [ketone] = 1.5M (S/C = 1000),
[KO7Bu] = 30 mm, P(H,) = 20 atm, 7 = 6 h, T'= 25 °C. The conver-
sion (>99%) was determined by 'H NMR spectroscopy. [b] Deter-
mined by GC (Supelco BETA-DEX 120). The configurations of
products were determined by [a]p. [c] iPrOH was used as solvent.
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ents in the substrates had a dramatic influence on the
enantioselectivity of the reaction. Sterically more de-
manding substituents on aromatic rings of ketones are obvi-
ously favorable for enantioselective control, while electron-
withdrawing substituents generally have an adverse influ-
ence on product ee. The hydrogenations of 2-methylace-
tophenone (17a) and 1-acetonaphthone (21), for example,
afforded the corresponding secondary alcohols with
97% ees (Entries 2 and 16). Overall, the catalyst is superior
to [RuCl,{BIPHEP} {(S,S)-DPEN}] (2) "4l and comparable
to the original Noyori catalyst [RuCl,{(R)-BINAP} {(R,R)-
DPEN}] (1) in the hydrogenation of a variety of ketonic
substrates.!?

Kinetics and Chiral Induction

In order to provide insight into the hydrogenation sys-
tem, reaction profiles were collected for catalysts formed in
situ [13 + (R,R)-14a] and for preformed catalysts (3a) under
the analogous conditions indicated in Figure 2. The hydro-
genations were conducted in a glass autoclave fitted with a
sampling needle connected to a stop valve, allowing for
sample aliquots from the reaction mixture to be analyzed.

It was found that the substrate consumption as a func-
tion of time is sigmoidal in nature, due to the existence of
an incubation period (Figure 2, a), which shows that pre-
formed catalyst has a shorter incubation time and achieves
its maximum reaction rate much more rapidly than the cat-
alyst formed in situ. As shown in Figure 2 (b), the reaction
profile with 3a shows that the product (S)-12 is generated
with a constant ee value of 90% during the entire course of
the reaction following the initial incubation period, which
suggests that the active catalyst does not change during the
catalysis under the reaction conditions and implies that the
carbonyl moiety of the ligand in the catalyst is not reduced
in the catalytic process.l'® Additionally, hydrogenation with
the benzophenone-based bisphosphane ligand 9a as sub-
strate in the presence of complex 3a under identical experi-
mental conditions did not afford any hydrogenation prod-
uct. Importantly, consumption of 11 in the system followed
pseudo-first order kinetics after the incubation period,
thanks to which the linearity of the expression In[11], =
kops(?)+1In[11]y ([11]p = [11] at ¢ = 0) allowed for determi-
nation of kg, (Figure 2c). This observation is consistent
with that found in Noyori’s catalyst system.4] The hydro-
genation was found to be twice as fast for preformed cata-
lyst (3a) than for the in situ catalyst [13 + (R,R)-14a].

As shown in the crystal structure of complex 3a (Fig-
ure 1c), (R,R)-DPEN has induced an (M) conformation
(right-handed) chirality for ligand 9a in the complex. The
'H and 3'P NMR of 3a—d also each confirmed the presence
of only one diastereomer for the complex in solution. The
absolute configuration of the hydrogenation product ob-
tained with this catalyst is (S), as described above. From
the relationship between the absolute structures of Ru'! cat-
alysts and the sense of asymmetric induction in the product
reported by Noyori in BINAP-based catalysts”! and by Mi-
kami in BIPHEP-based catalysts,? it can be concluded
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Figure 2. a) Reaction profiles for asymmetric hydrogenation of ace-
tophenone (11) catalyzed by preformed 3a and analogous catalyst
generated in situ (13 + 14a). Conditions: [3] = 0.86 mM (or [13] =
0.86 mM + [14a] = 1.03 mwm), [11] = 0.86 M, [KO7Bu] = 17.2 mm,
P(H,) = 15 atm, T = 25 °C, ethanol solvent. b) Enantiomeric excess
(ee) for product (S)-12 in part a. ¢) Determination of rate constants
(kops) for data in Part a. Only data points beyond the observed
incubation period that resulted in linearity were used in calculation.

that the induced chirality for 9a by (R,R)-DPEN (14a) in
3a should be pseudo-(R), consistent with the structure ob-
served in the solid-state investigation of 3a. CD spectra of
complexes 3a generated with (R,R)-DPEN and (S,S)-
DPEN show clear chiral signatures dependant on the chi-
rality of the constituent 1,2-diamine, but distinct from those
of the free 1,2-diamine enantiomers themselves. In contrast,
the analogous complex with achiral ethylenediamine shows
negligible absorbance (see Figure S2 in the Supporting In-
formation).

In conjunction with the structure of the precatalyst 3a
and the observed sense of asymmetric induction, the forma-
tion of (S) product is believed to be the result of the A-
configuration of (R,R)-1,2-diamine around the Ru'' cen-
ter and the consequently induced chirality of the con-
stituent bisphosphane ligand. A proposed mode of asym-
metric induction for the catalyst system, based on the mo-
lecular structure of the catalyst precursor 3a (Figure 1c), is
thus depicted in Figure 3. Here it is assumed that the (C=0)
Ru'' interaction itself persists during the hydrogenation
step, keeping the configuration of the potentially flexible 9
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(and 10) “locked”. This is reasonable in view of the higher
observed ee values in relation to the BINAP analogue 1. A
comparison of the two transition structures TS-Re and TS-
Si shows that the bulkier phenyl ring in the substrate should
be suitable for orientation in the less hindered space and
should form a preferential transition state (TS-Re) to pro-
vide the hydrogenation product in the (S) configuration,
which is consistent with the observed hydrogenation out-

come.
AP §He PAr, Ar,P PAr,
top s @ ~ @
view Hgﬂ @ Hzﬂ w"z
PH Ph Y Ph
H3({
Y
P c
side D7 04 \\\CH3
view ' H ! '
I'|'|ax H H H
eq |'ax H
N N N N
Hed’ ! Heq” |
0 ax ? (@] Hax

Ts-Re (favored) Ts-Si (unfavored)

Figure 3. Schematic representation of asymmetric induction mode
in asymmetric hydrogenation of acetophenone with 3.

Conclusions

In summary, we have developed a new type of Ru'! cata-
lysts (3) composed of benzophenone-based achiral bisphos-
phane ligands and enantiopure 1,2-diamines for asymmetric
hydrogenation of aryl ketones. The catalysts exhibited excel-
lent enantioselectivities (up to 97% ee) and activities (up to
S/C =10,000) in the hydrogenation of a variety of aromatic
ketones. Complete chirality induction from the enantiopure
1,2-diamine to the flexible benzophenone-based achiral bis-
phosphane ligand was demonstrated. The coordination of
C=0 to the cationic Ru'' center is believed to be the key
feature in providing the thermodynamic and kinetic bias
for single diastereomer formation. Such a strategy greatly
improves the potential for the design of enantiopure cata-
lysts incorporating chirally flexible chiral ligands and
enantiopure 1,2-diamines. The results obtained in this work
should stimulate further research on the development of
practical catalysts for enantioselective hydrogenation of
ketones in the presence of achiral bisphosphane ligands.

Experimental Section

General Methods: All manipulations involving air- and moisture-
sensitive compounds were carried out by use of standard Schlenk
technique under argon or in a Braun Labmaster glove box. Unless
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otherwise noted, NMR spectra were recorded in CDCl; on a Var-
ian Mercury 300 (*H 300 MHz; '*C 75 MHz. '°F NMR 282 MHz.
3P NMR 121 MHz) spectrometer at room temperature. Chemical
shifts are reported in ppm with TMS (J =0 ppm) for 'H and CDCl;
(6 =77.0 ppm) for '3C as internal standards. 3'P NMR spectra were
recorded with 85% H;PO, as an external reference. The FT-IR
spectra were measured with a Rio-Rad FTS-185 spectrometer in
KBr pellets. EI-MS (70 eV) and ESI-MS spectra were obtained
with HP5989A and Mariner LC-TOF spectrometers, respectively.
MALDI-TOF mass spectra were measured with a MATRIX
VOYAGR-DE STR fitted with a 337 nm nitrogen laser, with a-
cyano-4-hydroxycinnamic acid (0-CHCA) as the matrix and so-
dium trifluoroacetate as the ionization agent. HRMS were deter-
mined on an IonSpect 4.7 TESLA FTMS instrument. Elemental
analyses were performed with an Elemental VARIO EL apparatus.
GC analyses were measured with an Agilent 6890N system. Optical
rotations were measured with a Perkin—Elmer 341 automatic polar-
imeter, and CD spectra were taken with a JASCO 810 spectropolar-
imeter. The X-ray diffraction intensity data were collected with a
Bruker CCD Smart APEX diffractometer at 20 °C. Dichlorometh-
ane, chloroform, and tetrachloromethane were freshly distilled
from calcium hydride, THF and toluene from sodium benzophe-
none ketyl, and ethyl acetate from P,0s. 2-Methoxybenzaldehyde
and 2-methoxyphenyl bromide were purchased from Acros and
were used without further purification.

Ligand Synthesis: Compounds 4b—¢,!'7! 5a,11% 6a,!'!] 7a—b,1?! and 4-
tert-butyl-2-methoxybenzaldehyde and  5-tert-butyl-2-methoxy-
benzaldehydel'®! were prepared by the corresponding literature pro-
cedures.

Bis(5-tert-butyl-2-methoxyphenyl)methanol (Sb): Treatment of 4b
with magnesium powder and 5-fert-butyl-2-methoxybenzaldehyde
in anhydrous THF by a procedure similar to that used for prepara-
tion of 5al'% afforded 5b as a white solid in 73% yield. M.p. 85—
86 °C [ref.['%® 84-86 °C]. '"H NMR (300 MHz, CDCls): § = 7.34
(d, J=24Hz 2 H), 7.22 (dd, J = 8.7, 24 Hz, 2 H), 6.79 (d, J =
8.7Hz, 2 H), 6.26 (d, J = 6.0 Hz, 1 H), 3.79 (s, 6 H), 1.27 (s, 18
H) ppm. 3C NMR (75 MHz, CDCly): 6 = 154.5, 142.8, 130.1,
125.3, 124.6, 109.8, 68.9, 55.2, 34.0, 31.4 ppm.

Bis(4-tert-butyl-2-methoxyphenyl)methanol (5¢): Treatment of 4c
with magnesium powder and 4-fert-butyl-2-methoxybenzaldehyde
in anhydrous THF by a procedure similar to that used for prepara-
tion of 5al'% afforded Sc as a white solid in 84% yield. M.p. 91—
92 °C [ref.1941 89-90 °C]. 'TH NMR (300 MHz, CDCls): § = 7.13 (d,
J =7.8Hz 2 H), 694 (dd, J = 7.8, 1.8 Hz, 2 H), 691 (d, J =
1.8 Hz, 2 H), 6.29 (d, J = 5.1 Hz, 1 H), 3.82 (s, 6 H), 3.63 (d, J =
5.1 Hz, 1 H), 1.32 (s, 18 H) ppm.

Bis(5-tert-butyl-2-methoxyphenyl)methanone (6b): Oxidation of Sb
with K,Cr,O; in DMF at 100 °C for 8 hours by a procedure similar
to that used for preparation of 6al' !l afforded 6b as a yellow solid in
88% yield. M.p. 88-90 °C [ref.l''®1 90-92 °C]. '"H NMR (300 MHz,
CDCly): 6 = 7.52 (d, J = 2.7 Hz, 2 H), 7.44 (dd, J = 8.4, 2.7 Hz, 2
H), 6.84 (d, J = 8.4 Hz, 2 H), 3.65 (s, 6 H), 1.24 (s, 18 H) ppm. 13C
NMR (75 MHz, CDCls): 6 = 195.8, 156.2, 142.8, 129.4, 129.2,
127.4, 111.2, 55.8, 34.0, 31.3 ppm.

Bis(4-tert-butyl-2-methoxyphenyl)methanone (6¢): Oxidation of 5c¢
with K,Cr,O7 in DMF at 100 °C for 10 hours by a procedure sim-
ilar to that used for preparation of 6al'!l afforded 6¢ as a yellow
solid in 91% yield. M.p. 90-91 °C. 'H NMR (300 MHz, CDCls):
0=1742(d,J=8.1Hz 2 H), 7.00 (dd, J = 8.1, 1.8 Hz, 2 H), 6.92
(d, J = 1.8 Hz, 2 H), 3.71 (s, 6 H), 1.33 (s, 18 H) ppm. '*C NMR
(75 MHz, CDCly): 0 = 194.9, 158.2, 156.4, 130.4, 127.5, 117.3,
108.9, 55.8, 35.2, 31.1 ppm. FT-IR (KBr pellet): ¥ = 2963, 2868,
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1641, 1608, 1410, 1309, 1236, 1038, 941, 822, 686, 597 cm™!. EI-
MS (70 ev): m/z 354 [M]* (40.4), 337 (47.2), 323 (36.9), 297 (59.3),
281 (46.2), 191 (100), 177 (73.9), 57 (89.6). Elemental analysis (%0)
caled. for Cy3H3005 (354.22): C 77.93, H 8.53; found C 77.74, H
8.55.

Bis(5-tert-butyl-2-hydroxyphenyl)methanone (7b): Demethylation of
6b with BBr; in dichloromethane and subsequent hydrolysis, by a
procedure similar to that used for preparation of 7a,l'?! afforded 7b
as a yellow solid in 92% yield. M.p. 102-103 °C [ref.l''®! 104
106 °C]. 'H NMR (300 MHz, CDCLy): § = 10.50 (s, 2 H), 7.62-7.58
(m, 4 H), 7.05 (d, J = 9.0 Hz, 2 H), 1.31 (s, 18 H) ppm. *C NMR
(75 MHz, CDCly): 6 = 202.8, 159.5, 141.4, 133.4, 129.1, 119.3,
118.1, 34.2, 31.3 ppm.

Bis(4-tert-butyl-2-hydroxyphenyl)methanone (7¢): Demethylation of
6¢ with BBrj in dichloromethane and subsequent hydrolysis, by a
procedure similar to that used for preparation of 7a,l'?! afforded 7¢
as a yellow solid in 90% yield. M.p. 135-136°C. '"H NMR
(300 MHz, CDCls): 6 = 10.80 (s, 2 H), 7.59 (d, J = 8.7 Hz, 2 H),
7.09 (d, J = 1.8 Hz, 2 H), 6.95 (dd, J = 8.7, 1.8 Hz, 2 H), 1.32 (s,
18 H) ppm. '*C NMR (75 MHz, CDCl;): § = 201.1, 161.8, 160.3,
132.7, 117.3, 116.4, 115.2, 35.3, 30.8 ppm. FT-IR (KBr pellet): ¥ =
3243, 2958, 2866, 1623, 1581, 1500, 1350, 1193, 942, 880, 794, 693,
470 cm™'. EI-MS (70 ev): m/z 326 [M]* (28.7), 325 (14.5), 310
(17.1), 309 (70.2), 269 (38.9), 177 (100), 176 (14.4), 134 (20.7). Ele-
mental analysis (%) calcd. for C, H,¢O05 (326.19): C 77.27, H 8.03;
found C 77.57, H 7.87.

Bis(2-trifluoromethylsulfonyloxyphenyl)methanone (8a): Trifluoro-
methanesulfonic anhydride (6.0 mL, 34.7 mmol) was added drop-
wise at —78 °C over a 30 minute period to a stirred solution of 7a
(1.8 g, 8.4 mmol) and EtsN (5 mL) in anhydrous dichloromethane
(50 mL). The reaction mixture was allowed to warm to room tem-
perature and stirred overnight. After removal of the solvent in
vacuo, the residue was diluted with EtOAc (30 mL) and was then
washed with aqueous HCI (5%), saturated NaHCO;, and brine
(once each). The organic layer was dried with Na,SO, and concen-
trated under reduced pressure. The residue was purified by silica
gel column chromatography with hexane/EtOAc (5:1) as eluent to
give compound 8a as a yellowish solid (3.6 g, 90% yield). M.p. 55—
57°C. '"H NMR (300 MHz, CDCls): § = 7.74-7.69 (m, 4 H), 7.54
(t, J = 8.1Hz, 2 H), 742 (d, J = 8.1 Hz, 2 H) ppm. '*C NMR
(75 MHz, CDCly): ¢ = 189.1, 147.2, 134.2, 132.4, 131.5, 128.4,
122.4, 120.5, 116.3 ppm. '"F NMR (282 MHz, CDCls): § =
~73.5 ppm. FT-IR (KBr pellet): ¥ = 3084, 1685, 1610, 1488, 1421,
1305, 1214, 1137, 1108, 1082, 948, 868, 767, 685, 603, 526 cm™!.
EI-MS (70 ev) m/z: 478 [M]* (56.6), 329 (47.5), 281 (17.8), 265
(70.7), 253 (100), 212 (65.0), 120 (53.4), 69 (55.1). HRMS
(MALDI) m/z caled. for C;sHgFs04S,: 477.9616; found 477.9615.

Compounds 8b and 8¢ were synthesized by a procedure similar to
that used for 8a.

Bis(5-tert-butyl-2-trifluoromethylsulfonyloxyphenyl)methanone (8b):
Yield 89%. M.p. 98-101 °C. '"H NMR (300 MHz, CDCl5): 6 = 7.71
(d, J =2.1Hz, 2 H), 7.66 (dd, J = 8.7, 2.1 Hz, 2 H), 7.28 (d, J =
8.7 Hz, 2 H), 1.34 (s, 18 H) ppm. 3C NMR (75 MHz, CDCls): &
=189.9, 151.9, 144.8, 131.1, 131.0, 129.7, 121.7, 120.5, 116.3, 34.9,
31.0 ppm. "F NMR (282 MHz, CDCls): 6 = -73.6 ppm. FT-IR
(KBr pellet): v = 2972, 2877, 1680, 1490, 1421, 1250, 1221, 1139,
881, 618, 586 cm!. ESI-MS: m/z: 591 [M +H]*. Elemental analysis
(%) caled. for Cy3H,4F¢O5S, (590.09): C 46.78, H 4.10; found C
46.68, H 4.42.

Bis(4-tert-butyl-2-trifluoromethylsulfonyloxyphenyl)methanone (8c):
Yield 94%. M.p. 105-107 °C. 'H NMR (300 MHz, CDCls): 6 =
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7.60 (d, J = 8.1 Hz, 2 H), 7.47 (d, J = 8.1 Hz, 2 H), 7.26 (s, 2 H),
1.36 (s, 18 H) ppm. '3C NMR (75 MHz, CDCl;): § = 188.8, 158.9,
147.2, 132.2, 128.7, 125.1, 120.6, 119.6, 116.3, 35.4, 30.7 ppm. °F
NMR (282 MHz, CDCl;): 6 = —=73.6 ppm. FT-IR (KBr pellet): ¥ =
2969, 2876, 1680, 1617, 1426, 1221, 1136, 969, 892, 844, 790, 603,
515cm!. ESI-MS: m/z: 613 [M+Na]*. Elemental analysis (%)
caled. for Cy3HpFsO4S; (590.09): C 46.78, H 4.10; found C 46.80,
H 4.16.

Bis(2-diphenylphosphanylphenyl)methanone (9a): Degassed DMF
(6 mL), Ph,PH (700 mg, 3.76 mmol), and diisopropylethylamine
(1.5 mL) were added to a mixture of 8a (600 mg, 1.26 mmol) and
NiCly(dppp) (66 mg, 0.126 mmol) in a vial. The resulting mixture
was heated with stirring at 100 °C for 20 min, after which another
aliquot of Ph,PH (200 mg) was added, and was then stirred at the
same temperature for 10 hours. After completion of the reaction,
the mixture was cooled to room temperature and the reaction was
quenched with HCI (1 N). The resultant mixture was extracted with
ethyl acetate, and the organic phase was washed with brine, dried
with anhydrous Na,SO,, and concentrated in vacuo. The residue
was purified by silica gel column chromatography with hexane/
EtOAc (10:1) as eluent to afford 9a as a yellow powder (690 mg,
45% yield). M.p. 135-138 °C. '"H NMR (300 MHz, CDCls): 6 =
7.32-7.22 (m, 28 H) ppm. '3C NMR (75 MHz, CDCl,): § = 198.0,
143.6, 143.3 139.3, 139.0, 137.7, 137.5, 134.6, 134.0, 133.8, 133.7,
130.8, 128.3, 128.2, 127.9 ppm. *'P NMR (121 MHz, CDCls): 6 =
~7.3 ppm. FT-IR (KBr pellet): v = 3049, 1652, 1608, 1582, 1479,
1296, 1275, 1241, 1125, 929, 746, 693, 498 cm™!. EI-MS (70ev) m/z:
550 [M]* (63.0), 473 (58.0), 349 (73.8), 270 (100), 201 (65.5), 183
(74.5), 77 (29.5). Elemental analysis (%) calcd. for Cs;HpsOP,
(550.16): C 80.72, H 5.12; found C 80.60, H 5.13.

Single-Crystal X-ray Analysis of 9a: Single crystals of 9a were ob-
tained by recrystallization from CH,Cly/hexane (1:3). The X-ray
diffraction intensity data were collected with a Bruker CCD Smart
diffractometer at 20°C with use of Mo-K, radiation (4 =
0.71073 A). Crystallographic data: formula Cs;H,3OP,, The struc-
ture was solved by direct method by use of the SHELXTL-97 soft-
ware package with monoclinic space group Pbca, with unit cell
dimensions, Z = 8, peae = 1.263 gcm 3. The integration of the data
yielded a total of 32952 reflections, of which 6607 were independent
and 3415 were greater than 2c(/). The structure was refined to R,
= 0.0462, wR, = 0.1012, and Goodness of Fit = 0.854.

Compounds 9b and 9¢ were synthesized by a procedure similar to
that used for 9a.

Bis[5-tert-butyl-2-(diphenylphosphanyl)phenyljmethanone (9b): Yield
38%. M.p. 197-198 °C. 'H NMR (300 MHz, CDCl,): 6 = 8.33 (d,
J=24Hz 2 H),7.79 (dd, J = 8.7, 2.4 Hz, 2 H), 7.43-7.36 (m, 4
H), 7.29-7.23 (m, 16 H), 7.03 (dd, J = 8.1, 3.6 Hz, 2 H), 1.19 (s,
18 H) ppm. '*C NMR (75 MHz, CDCl;): 6 = 198.7, 154.3, 150.8,
146.7, 138.2, 138.0, 134.3, 133.7, 312.5, 128.1, 127.90, 122.4, 121.0,
117.5, 34.7, 34.5, 31.3, 31.1 ppm. 3'P NMR (121 MHz, CDCl): §
=-7.8 ppm. FT-IR (KBr pellet): ¥ = 2962, 2868, 1660, 1471, 1434,
1239, 975, 741, 695, 502 cm™!'. ESI-MS: m/z: 663 [M + H]*. Elemen-
tal analysis (%) caled. for C4sHy44OP, (662.29): C 81.55, H 6.69;
found C 81.39, H 6.45.

Bis|4-tert-butyl-2-(diphenylphosphanyl)phenyljmethanone (9¢): Yield
50%. M.p. 169-172 °C. '"H NMR (300 MHz, CDCly): 6 = 7.29-
7.20 (m, 22 H), 7.15-7.08 (m, 4 H), 1.07 (s, 18 H) ppm. '*C NMR
(75 MHz, CDCl3): 0 = 197.7, 153.5, 141.19, 140.8, 138.6, 138.3,
138.1, 138.0, 133.9, 133.8, 133.6, 132.3, 130.8, 128.2, 128.1, 128.0,
124.5, 34.8, 30.8 ppm. *'P NMR (121 MHz, CDCls): § = 6.3 ppm.
FT-IR (KBr pellet): ¥ = 2962, 2866, 1653, 1585, 1433, 1307, 1261,
1118, 936, 745, 694, 500 cm™'. MS (MALDI-TOF) m/z: 663
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[M+H]". Elemental analysis (%) calcd. for C4sH440P, (662.29): C
81.55, H 6.69; found C 81.50, H 6.52.

Bis{2-|bis(3,5-dimethylphenyl)phosphanyl|phenyl}methanone  (10):
Compound 10 was prepared by a procedure similar to that used
for 9a, with 1:1-bis(3,5-dimethylphenyl)phosphane/borane complex
as the phosphanylation reagent. Yield 25%. M.p. 186-188 °C. 'H
NMR (300 MHz, CDCl;): 6 = 7.16-7.06 (m, 6 H), 6.93-6.83 (m,
10 H), 6.74 (d, J = 6.0 Hz, 4 H), 2.25 (s, 12 H, CH3), 2.15 (s, 12
H, CH3) ppm. '*C NMR (75 MHz, CDCl;): § = 199.6, 147.3,
137.7, 137.6, 137.1, 135.8, 134.5, 134.1, 131.8, 131.6, 131.4, 131.3,
131.1, 130.3, 130.1, 130.0, 128.4, 127.5, 127.4, 127.2, 21.1 ppm. 3'P
NMR (121 MHz, CDCly): 0 = —-16.9 ppm. FT-IR (KBr pellet): ¥ =
2912, 2855, 1663, 1582, 1438, 1299, 1126, 1005, 928, 846, 758,
692 cm!. MS(MALDI) m/z: 663 [M+H]*. HRMS (MALDI)
mlz caled. for C4sHyqOP, [M +H]" 663.2946; found 663.2928.

Typical Procedure for the Preparation of Precatalyst trans-Ru-
CL,|9a][(R,R)-14a] (3a): Anhydrous DMF (4 mL) was added at
room temperature under argon to a mixture of ligand 9a (200 mg,
0.363 mmol) and [RuCl,(C¢Hpg)]> (90 mg, 0.181 mmol) in a Schlenk
tube. After being stirred at 100 °C for 25 minutes, the mixture was
cooled to 50 °C and the solvent was removed in vacuo. Anhydrous
CH,Cl, (3 mL) and (R,R)-DPEN (93 mg, 0.436 mmol) were added
to the residue and the solution was stirred at room temp. for
6 hours. Reduction of the volume to ca 1.0 mL and addition of
hexane (6 mL) yielded a yellow precipitate. The supernatant was
removed by filtration and the resulting powder was dried in vacuo
to give a 82% yield (278 mg) of 3a, which was used for hydrogena-
tion without further purification. M.p. 170 °C (dec.). '"H NMR
(300 MHz, CDCl;): 6 = 8.15 (d, J = 7.5Hz, 1 H), 8.06 (d, J =
7.5Hz, 1 H), 7.81 (t, J = 7.8 Hz, 1 H), 7.69 (t, J = 7.8 Hz, 1 H),
7.53 (t, J = 17.5Hz, | H), 744 (t, J = 7.5Hz, 1 H), 7.33-7.27 (m,
10 H), 7.23-7.09 (m, 14 H), 7.05-6.99 (m, 6 H), 6.95-6.90 (m, 2
H), 4.67 (m, 1 H), 4.53 (m, 1 H), 3.52 (br., 1 H), 3.21 (br., 1 H),
3.09-3.01 (m, 2 H) ppm. 3'P NMR (121 MHz, CDCls): § = 47.7
(d, J =22.8 Hz), 47.2 (d, J = 23.6 Hz) ppm. FT-IR (KBr pellet): ¥
= 3314, 3207, 3057, 1665, 1435, 1387, 1096, 1029, 724, 699,
528 cm™!. MS (MALDI) m/z: 899 [M — CI]*. Elemental analysis
(%) caled. for Cs;Hy4CLN,OP,Ru-2H,0 (970.16): C 63.09, H 4.98,
N 2.89; found C 62.76, H 5.14, N 2.93.

X-ray Single Crystallographic Analysis of 3a: Single crystals of 3a
were obtained by recrystallization from CH,Cly/hexane (1:2). The
X-ray diffraction intensity data were collected with a Bruker CCD
Smart diffractometer at 20 °C with use of Mo-K|, radiation (4 =
0.71073 A). Crystallographic data: formula C;ogH;0¢ClgN4O1o-
P,Ru,. The structure was solved by direct methods with use of the
SHELXTL-97 software package using monoclinic space group C,,
with unit cell dimensions, Z = 4, p, = 1.308 g'em . The integra-
tion of the data yielded a total of 33023 reflections, of which 22198
were independent and 16076 were greater than 2o([). The structure
was refined to R; = 0.0795, wR, = 0.2073, and Goodness of Fit =
1.067. Absolute structural parameter was —0.03(4).

CCDC-602529 and -602530 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Complexes 3b, 3¢ and 3d were synthesized by a procedure similar
to that used for 3a.

trans-RuClL,[9b][(R,R)-14a] (3b): Yield 82%. M.p. 218 °C (dec.). 'H
NMR (300 MHz, CDCly): 6 = 8.00 (s, 2 H), 7.57 (d, J = 8.1 Hz, 2
H), 7.50 (d, J = 8.1 Hz, 2 H), 7.46-7.35 (m, 12 H), 7.23-7.16 (m,
10 H), 7.08-6.96 (m, 8 H), 4.59-4.50 (m, 2 H), 3.35-3.31 (m, 1 H),
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3.19 (br., 1 H), 3.09 (br., 1 H), 2.76-2.73 (m, 1 H), 1.45 (s, 9 H),
1.42 (s, 9 H) ppm. *'P NMR (121 MHz, CDCly): 6 = 46.4 (d, J =
23.5 Hz), 53.2 (d, J = 23.0 Hz) ppm. FT-IR (KBr pellet): v = 3312,
3192, 2960, 1667, 1481, 1435, 1150, 1028, 738, 698 cm™'. MS
(MALDI) m/z: 1011 [M — CIJ*.

trans-RuCl,[9¢][(R,R)-14a] (3c): Yield 80%. M.p. 202 °C (dec.). 'H
NMR (300 MHz, CDCl;): 6 = 8.07-7.98 (m, 2 H), 7.78 (d, J =
7.8 Hz, 1 H), 7.70 (d, J = 7.8 Hz, 1 H), 7.32-7.27 (m, 14 H), 7.23~
7.19 (m, 10 H), 7.05-6.92 (m, 8 H), 4.58-4.53 (m, 1 H), 4.44-4.41
(m, 1 H), 4.30 (br., 1 H), 3.08-3.01 (m, 2 H), 2.74 (br., 1 H), 1.24
(s, 9 H), 1.20 (s, 9 H) ppm. *'P NMR (121 MHz, CDCl,): § = 47.8
(d, J = 23.6 Hz), 47.4 (d, J = 23.4 Hz) ppm. FT-IR (KBr pellet): ¥
= 3315, 3259, 2960, 2868, 1669, 1483, 1388, 1246, 1094, 1029,
698 cm!. MS (MALDI) m/z: 1011 [M - CIJ*.

trans-RuCL{10][(R,R)-14a] (3d): Yield 84%. M.p. 165-168 °C. 3'P
NMR (121 MHz, CDCL): § = 54.1 (d, J = 37.2 Hz), 53.2 (d, J =
36.4 Hz) ppm. FT-IR (KBr pellet): v = 3059, 3030, 2918, 1670,
1454, 1383, 1128, 1028, 698, 566 cm '. MS (MALDI) m/z: 1011
M - CIJ*.

General Procedure for Ru-Catalyzed Asymmetric Hydrogenation of
Ketones (Method A): EtOH (2.0 mL) was introduced under argon
into a test tube containing the precatalyst (0.003 mmol), KOzBu
(6.7mg, 0.06 mmol), and a stirring bar. Aromatic ketone
(3.0 mmol) was added after the mixture had been stirred for
10 minutes. The resulting mixture was placed in an autoclave under
argon. After purging with hydrogen (5 times), the final H, pressure
was adjusted to 300 psi (20 atm). After the desired reaction time
(typically 6 hours) at room temperature, the reaction was stopped
by releasing the hydrogen gas. The solvent was removed and the
degree of conversion was determined by 'H NMR analysis. The
residue was filtered through a short silica gel column (5 cm, hexane/
EtOAc 2:1), and the enantiomeric excess of the product was deter-
mined by chiral GC (Supelco BETA™ 120 column).

General Procedure for Ru-Catalyzed Asymmetric Hydrogenation of
Ketones (Method B): EtOH (2.0 mL) was introduced under argon
into a test tube containing the complex RuCl,[9a](dmf), (13)
(2.2mg, 0.003 mmol), KOrBu (6.7mg, 0.06 mmol), diamine
(0.0036 mol), and a stirring bar. The aromatic ketone (3.0 mmol)
was added after the mixture had been stirred for 20 minutes. The
resulting mixture was placed in an autoclave under argon. After
purging with hydrogen (5 times), the final H, pressure was adjusted
to 300 psi (20 atm). After a reaction time of 10 hours, the reaction
was stopped by releasing the hydrogen gas. The solvent was re-
moved and the degree of conversion was determined by '"H NMR
analysis. The residue was filtered through a short silica gel column
(5 cm, hexane/EtOAc 2:1), and the enantiomeric excess of the prod-
uct was determined by chiral GC (Supelco BETA™ 120 column).

Reaction Profile Measurement and Determination of k,,, for trans-
RuCl,|9a][(R,R)-14a] (3a) Catalyzed Hydrogenation of Acetophe-
none: Hydrogenations were conducted in a glass autoclave fitted
with a sampling needle attached to a three-way stop valve. This
setup allowed for sample aliquots to be taken from the active reac-
tion mixture for analysis ('H NMR, GC). An accurately measured
mass of 3a [or 13 and (R,R)-14a], together with solid KOrC4Ho,
were added to a predried glass autoclave containing a magnetic
stirring bar, and the system was then maintained under vacuum for
5 minutes prior to purging with argon. A degassed ethanol solution
of substrate 11 (0.86 M) was then added to the autoclave under
argon. Hydrogen was introduced at 5 atmospheres pressure, with
several quick release-fill cycles before being set to the desired pres-
sure. Stirring and timing (¢ = 0) were immediately commenced. Re-
action samples were obtained at specified time intervals for analy-
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sis. Conditions: [3a] = 0.86 mm (or [13] = 0.86 mMm + [14a] =
1.03 mm), [11] = 0.86 M, [KO7Bu] = 17.2 mm, P(H,) = 15 atm, T =
25 °C, ethanol solvent. Determination of rate constants (kgps) wWas
calculated from reaction profile data. Only data points beyond the
observed incubation period that resulted in linearity were used in
calculation. The values of ks were determined from the gradient
of: In[11], = kypy()+In[11], ([11]o = [11] at ¢ = 0).

Supporting Information (see footnote on the first page of this arti-
cle): Mass spectra of 3a—d, CD spectra of 3a, Table S1 (conversion/
time relationship), '"H NMR and GC analysis of hydrogenation
products.
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