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The aminophosphine ligands R,P(CH,),NH, and R,P(CH,);NH, (R = Ph, ‘Pr, 'Bu) were isolated in
good to excellent yields from the reaction of LiPR, with CI(CH,),N(TMS), and CI(CH,);N(TMS),,
respectively, followed by hydrolysis. This approach allows fine tuning of the ligands’ stereoelectronic
properties through the variation of the substituents on the phosphine. The aminophosphine ligands
were used to prepare the ruthenium complexes RuCl,(R,P(CH,),NH,), and RuCl,(R,P(CH,);NH,), by
reacting a 2:1 mixture of the respective ligand and [RuCl,(cod)], in an appropriate solvent. The
resulting complexes were found to be excellent catalysts for the hydrogenation of ketones and imines.

Introduction

The hydrogenation of ketones and imines represents one of
the fundamental processes in synthetic organic chemistry and,
as a result, significant effort has been devoted towards the
development of practical protocols for this transformation.'™
This has led to a variety of notable chiral and achiral catalysts.
The most well-known are the Noyori type RuCl,(diphosphine)-
(diamine) and RuClL(PR;),(diamine) complexes.* We have
demonstrated that ruthenium aminophosphine catalysts of
the type RuCly(aminophosphine), and RuCl,(diphosphine)-
(aminophosphine) are also very effective for the hydrogenation of
carbonyl (ketones and aldehydes) and imine substrates.*> Both
the Noyori type and aminophosphine catalysts share a common
mechanistic pathway during ketone hydrogenation: the presence of
a mutually cis Ru-H - - - H-N moiety in the active ruthenium dihy-
dride catalysts which is generated from the dichloride compounds
in the presence of a base and hydrogen gas.**

Recently, metal complexes containing protic aminophosphine
ligands have been shown to be very versatile in a variety of
other catalytic reductions such as the hydrogenation of esters,’
epoxides,® imides,®* N-acylcarbamates®®¢ and N-acylsul-
fonamides.** Other applications include transfer hydrogen-
ation® and carbon-carbon' bond formation, including a variety
of asymmetric processes.>''? One of the drawbacks to the use
of aminophosphines for large scale applications is the lack of
readily available ligands in commercial and industrial quantities.
As part of our research endeavour to develop practical and
facile large scale processes for the synthesis of aminophos-
phine ligands we discovered that the achiral aminophosphine
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ligands R,P(CH,),NH, and R,P(CH,);NH, can be prepared
and isolated in high yields from the reaction of a metal
phosphide (MPR,, M = Li, Na, K; R = alkyl, aryl) with
CI(CH,),N(TMS), and CI(CH,);N(TMS),.”* The latter com-
pounds are derived from commercially available chloroalkylam-
monium salts. The preparation of RuCl,(Ph,P(CH,),NH,), was
reported previously.”**® Here we report the synthesis of the
related compounds RuCl,(R,P(CH,),NH,), (R = 'Pr, '‘Bu) and
RuClL,(R,P(CH,);NH,), (R = Ph, 'Pr, 'Bu) and their use for the
hydrogenation of a variety of carbonyl and imine substrates.

Results and discussion

A variety of procedures are reported in the literature for the
preparation of aminophosphine ligands."* The procedure outlined
in Scheme 1 represents a general and efficient procedure for the
synthesis of aminophosphine ligands of the type R,P(CH,),NH,
and R,P(CH,);NH, (R = alkyl, aryl).

;' #llatssm
ol /\M,nNH30I 'CH2012 ol /\MHN(TMS)2
n=12 l LiPR,
e it i ne T
R = Ph, iPr, 'Bu

Scheme 1 Preparation of R,P(CH,),NH, and R,P(CH,);NH,.

The precursor compounds N,N’-bis(trimethylsilyl)-2-chloro-
ethanamine and N,N’-bis(trimethylsilyl)-3-chloropropanamine
were prepared from chloroethylammonium chloride and chloro-
propylammonium chloride, respectively.’* A solution of the pre-
cursor in THF was added dropwise to an ice-cold solution of
lithium phosphide in THF. The mixture was brought to reflux
and after cooling to room temperature, hydrolysis with dilute
sulfuric acid solution and neutralization with sodium hydroxide
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solution, the crude aminophosphine was obtained by partitioning
in hexanes and removal of the solvent under vacuum. The pure
ligands were obtained by vacuum distillation and isolated as
colourless to pale yellow viscous oils.

The ruthenium complexes RuCl(R,P(CH,),NH,), and
RuCl,(R,P(CH,);NH,), were prepared by reacting a mixture of
the respective ligand and [RuCl,(cod)], in an appropriate solvent
and were isolated as yellow to yellow-brown solids (Scheme 2).

NH, Rz Rz
2 RZP/\Mh Solvent PI,“"RU'"‘\\PQ
. .,
RTorreflux | N"" \ SN n

[RuCly(cod)In Hy g M2
1:R=Ph,n=1 4 R=Phn=2
2:R=Pr,n=1 5 R=Pr,n=2
3R=Bu,n=1 6:R=Bun=2

Scheme 2 Preparation of RuClL(R,P(CH,),NH,), and RuCL(R,P-
(CH,);NH,),.

A range of isomers are obtained depending on the ligand, the
solvent used and the reaction conditions employed. The proce-
dures described in this study focussed on selectively obtaining the
trans-dichloride compounds. Complex 1 was obtained by stirring
a 2:1 mixture of Ph,P(CH,),NH, and [RuCl,(cod)], in methylene
chloride at room temperature. Refluxing in THF or toluene results
in a mixture of the frans-dichloride and cis-dichloride isomers that
are difficult to quantify and characterize because of their insolu-
bility in most common organic solvents. Refluxing a 2:1 mixture
of 'Pr,P(CH,),NH, and [RuCl,(cod)], or '‘Bu,P(CH,),NH, and
[RuCl,(cod)], in toluene results exclusively in the trans-dichloride
complexes 2 and 3, whereas if the reactions are conducted in
THF a mixture of cis- and trans-dichloride isomers resulted.
Complexes 4 and 5 were obtained by refluxing a 2:1 mixture
of the ligands Ph,P(CH,);NH, and 'Pr,P(CH,);NH,, respectively,
and [RuCl,(cod)], in toluene. The synthesis of complex 6 required
refluxing a 2:1 mixture of ‘Bu,P(CH,);NH, and [RuCl,(cod)], in
methylene chloride.

Complex 1 is very sparingly soluble in dichloromethane and
DMSO. 1t is insoluble in most other solvents including THEF,
toluene, ethanol, 2-propanol, ether and hexanes. Complexes 2
and 3 are sparingly soluble in THF and toluene; slightly soluble
in methylene chloride, ethanol and 2-propanol; and insoluble in
diethyl ether and hexanes. Complexes 4-6 are more soluble than
their RuCL,(R,P(CH,),NH,), analogues and dissolve in toluene,
methylene chloride, ethanol and 2-propanol. They are insoluble
in diethyl ether and hexanes. All of the complexes are air stable
as dry solids and can be stored in air for several months. On the
other hand, their solutions are susceptible to slow oxidation in air
and are best stored and handled under inert atmosphere.

The single crystal X-ray structure of 2 is shown in Fig. 1.
The complex crystallizes as a distorted octahedron with trans
chlorides and mutually cis phosphines and NH, moieties. The
chloride ligands are bent towards the nitrogen atoms (Cl1-Ru-
CI2 = 166.31(4)°), possibly due to hydrogen bonding to the NH,
moieties.

Ruthenium aminophosphine complexes of the type
RuCl,(aminophosphine), can be used as catalysts for the
hydrogenation of ketones, imines and aldehydes. Table 1 shows

Fig. 1 X-Ray structure of trans-RuCl,('Pr,P(CH,),NH,),, (2). Displace-
ment ellipsoids are shown at 30% probability and the hydrogen atoms
(except for NH,) are omitted for clarity. Selected bond distances (A) and
angles (°): Rul-ClIl = 2.407(1); Rul-CI2 = 2.437(1); Rul-P1 = 2.297(1);
Rul-P2 = 2.277(1); Rul-N1 = 2.174(3); Rul-N2 = 2.179(3);
P1-Rul-N1 = 83.46(9); P2-Ru2-N2 = 83.91(8); P2-Rul-P1 = 106.39(4);
N2-Rul-N1 = 86.19(12); Cl1-Rul-P1 = 86.84(4); CI2-Rul-P1 = 92.63(4);
CI2-Rul-N1 = 86.55(9); CI12-Rul-N2 = 87.22(9); C12-Rul-P2 = 96.61(4);
CI1-Rul-CI2 = 166.31(4).

the results of the hydrogenation of a variety of ketones including
o,B-unsaturated ketones, and imines catalyzed by complexes
1to6.

Complexes 1, 2, 4 and 5 are far more active than 3 and
6 (Table 1), hence a more limited range of substrates were
investigated for the latter two. The lower activities of these tert-
butyl complexes indicate that steric inhibitions are more significant
than nucleophilicity of the ligands for this class of catalysts.

Chemoselective hydrogenation of ketones is important for a
variety of industrial applications, and is valuable for the produc-
tion of pharmaceuticals, flavours and fragrances. The catalysts
are excellent for the chemoselective hydrogenation of alkenones
yielding the unsaturated alcohols (entries 22-36, Table 1) as the
only detectable products. The chemoselective hydrogenation of
benzalacetone (entries 29-32, Table 1) and B-ionone (entries 33—
36, Table 1) are important in the flavour and fragrance industry.

The hydrogenation of 4-tert-butylcyclohexanone is also a valu-
able process in the fragrance industry since the alcohol product
4-tert-butyl-cyclohexanol is the precursor for the fragrance 4-tert-
butylcyclohexyl acetate (Woody acetate), which is produced on
a 15000 ton per year scale (Scheme 3, Table 2). Stoichiometric
reduction of 4-tert-butylcyclohexanone with borohydride reagents
produces an alcohol that contains mainly the trans-alcohol (70%)
relative to the cis-alcohol (30%)."* The acetate fragrance derived
from this alcohol is an inferior product relative to those derived

Ng=)
0 catalyst cis-
- - 5 +
H,, Base
OH
trans-

Scheme 3 Hydrogenation of 4-tert-butylcyclohexanone.
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Table 1 Hydrogenation of ketones and imines in the presence of KO'Bu
in 2-propanol (10 atm H,)*

Table 2 Hydrogenation of 4-tert-butylcyclohexanone in the presence of
KO'Bu in 2-propanol (10 atm H,)*

Entry  Substrate Cat. S:C T/°C Time/h  Conv. (%) Entry Cat. S:C T/°C Time/h Conv. (%) cis/ trans
1 0 1 5000 25 2 100 1 1 650 25 2 100 86:14
2 2 1800 25 2 100 2 2 1000 25 3 100 96:4
3 3 1000 25 24 40 3 3 1000 25 24 58 23:77
4 3 1000 50 2 78 4 3 1000 50 2 100 22:78
5 4 5000 25 2 100 5 4 1000 25 3 100 98:2
6 5 2000 25 2 100 6 5 1000 25 3 20 83:17
7 6 1000 25 24 90 7 6 1000 25 24 90 60:40
8 o] 1 1500 25 2 100 “ A weighed amount of the catalyst was added to a solution of the substrate
9 2 1500 25 2 100 in 2-propanol and the mixture was stirred for the allotted time under
10 O O 3 1000 25 24 12 hydrogen gas. ® Determined by NMR.
11 3 1000 50 2 96
12 4 1500 25 2 100
13 5 2000 25 2 100 ) , )
14 6 1000 25 24 33 Table 3 Hydrogenation of norcamphor in the presence of KO'Bu in
2-propanol (10 atm H,)*
15 o] 1 2000 25 4 100
16 /\/\)J\ 2 2000 25 4 100 Entry Cat. S:C T/°C Time/h Conv. (%)° endo/exo
17 3 1000 25 24 46
18 3 1000 50 2 95 1 1 700 25 2 100 99:1
19 4 2000 25 4 100 2 2 650 25 17 100 87:13
20 5 2000 25 5 100 3 3 1000 25 24 17 62:38
21 6 1000 25 24 81 4 3 1000 50 2 74 56:44
5 4 1000 25 2 100 99:1
22¢ o] 1 1000 25 2 100 6 5 1000 25 2 10 87:13
23¢ ‘\\/\)K 2 1000 25 4 100 7 6 1000 25 24 90 46:54
24¢ 3 1000 25 24 17
25¢ 3 1000 50 2 58 “ A weighed amount of the catalyst was added to a solution of the substrate
26¢ 4 1000 25 2 100 in 2-propanol and the mixture was stirred for the allotted time under
27¢ 5 1000 25 2 100 hydrogen gas. * Determined by NMR.
28¢ 6 1000 25 24 34
29¢ o] 1 1000 25 2 100 . . .
30¢ - 2 1000 25 D 100 Table 4 Hydrogenation of acetophenone using 2/KO'Bu as catalyst in
3¢ 4 1000 25 2 100 Z-propanol (10 atm Hg)a
32¢ 5 1000 25 2 100
Entry S:C T/°C Time/h Conv. (%)*
33¢ o 1 1000 25 2 100
34¢ . 2 500 25 2 100 1 10000 20 4 100
35¢ 4 500 25 2 100 2 100 000 50 2 100
36¢ 5 500 25 2 100 3 500000 50 12 100
4 1000 000 50 24 98
o]
gg . V| ; 1288 52 451 188 “ A weighed amount of the catalyst was added to a solution of the substrate
39 3 1000 25 24 0 in 2-propanol and the mixture was stirred for the allotted time under
40 Fe 3 1000 50 2 6 hydrogen gas. * Determined by GC analysis.
41 < 4 1000 25 5 100
42 5 500 25 4 100
3 6 1000°23 24 >3 and 4 produce alcohol in an excellent cis/ trans ratio (entries 2 and
44 /@ 1 500 25 12 100 5, Table 2).
45 N 2 500 25 12 100 Stereoselective hydrogenation of norcamphor is important in
46 I 4 0025 12 100 the pharmaceutical industry si do-norb li d t
47 5 500 25 b 100 p y since endo-norborneol 1s used to
prepare a variety of anti-asthmatic and anti-inflammatory drugs
43 {\Q 1 500 25 12 100 (Scheme 4, Table 3).' Unfortunately, stoichiometric reduction of
49 @ 2 25025 24 73 norcamphor with various borohydride reagents only gives good
50 4 500 25 12 100

“ A weighed amount of the catalyst was added to a solution of the substrate
in 2-propanol and the mixture was stirred for the allotted time under
hydrogen gas. * Determined by GC or HPLC analysis. < Only C=0 bond
reduced.

from alcohols with a high cis-content. Hence, there is a desire
for catalysts that are effective for the stereoselective formation of a
product high in the cis-component. The ruthenium catalysts enable
the hydrogenation of 4-tert-butylcyclohexanone and complexes 2

to moderate yields (60-80%) of the desired endo-norborneol.”
@AOH
0] catalyst endo-
, +
@ H,, Base OH
@/ exo-

Scheme 4 Hydrogenation of norcamphor.
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Table 5 Hydrogenation of 4-tert-butylcyclohexanone using 2/KO'Bu as
catalyst in 2-propanol (10 atm H,)*

Entry S:C T/°C Time/h Conv. (%)* cis:trans
1 10000 20 4 100 96:4
2 100 000 50 2 100 95:5
3 500000 50 12 100 95:5
4 1000000 50 24 80 95:5

“ A weighed amount of the catalyst was added to a solution of the substrate
in 2-propanol and the mixture was stirred for the allotted time under
hydrogen gas. * Determined by NMR.

Hydrogenation of norcamphor using catalysts 1-6 produces endo-
and exo-norborneol in an excellent ratio for complexes 1 and 4
(entries 1 and 5, Table 3). Interestingly, complex 4 is very effective
for producing both cis-tert-butylcyclohexanol (cis:trans = 98:2)
and endo-norborneol (endo:exo = 99:1).

In general, the hydrogenation reactions are very responsive to
temperature and pressure, which allows these reactions to be easily
scaled. The effect of temperature is illustrated in Table 2 and 3
for complex 3, which demonstrates higher reactivity at elevated
temperatures.

Highly active and efficient hydrogenation catalysts have the
advantage of scalability relative to other reduction protocols.
Tables 4 and 5 illustrate the optimization of the hydrogenation of
acetophenone and 4-tert-butylcyclohexanone, respectively using 2
as the catalyst. These results show that high substrate to catalyst
ratios of up to 1000 000 to 1 can be achieved under relatively mild
conditions, with retention of product selectivity even at elevated
temperatures.

Conclusions

This work outlines a general and scalable process for the
synthesis of a variety of aminophosphine ligands of the type
R,P(CH,),NH,. These ligands are easily converted to their respec-
tive ruthenium compounds RuCl,(Ph,P(CH,),NH,), by reacting
a mixture of the ligands and [RuCl,(cod)],. The ruthenium com-
pounds are excellent catalysts for the hydrogenation of a variety of
ketone and imine substrates. Chemoselective and stereoselective
hydrogenation of a variety of substrates were demonstrated.
The reactions have been optimized and enabled the achievement
of substrate to catalyst ratios of up to 1000000 to 1. The
demonstrated activity, chemoselectivity and diastereoselectivity of
these catalysts merit exploration of chiral aminophosphine ligands
and their catalysts as limited studies have been reported to date.
Our studies on the synthesis of a variety of chiral aminophosphine
ligands and their catalysts will be reported in due course.

Experimental
General comments

Unless otherwise stated, all preparations and manipulations
were carried out under purified argon atmosphere with the use
of standard Schlenk, vacuum line, and glovebox techniques in
dry, oxygen-free solvents. Tetrahydrofuran (THF), diethyl ether,
toluene, dichloromethane and hexanes were dried and purified
using an Innovative Technologies solvent purification system.

Deuterated solvents were obtained from Cambridge Isotope
Laboratories, and were degassed with argon and dried over
molecular sieves (3 A, beads, 8-12 mesh, Sigma Aldrich). Varian
Gemini 400 MHz and 300 MHz spectrometers were employed
for recording 'H (400 MHz and 300 MHz), “C{'H} (100 MHz
and 75 MHz), and *'P{'H} (161 MHz and 121 MHz) NMR
spectra at ambient temperature. All *' P spectra were recorded with
proton decoupling, and *'P chemical shifts were measured relative
to 85% H;PO, as an external reference. All 'H chemical shifts
were measured relative to partially deuterated solvent peaks but
are reported relative to tetramethylsilane. Reaction progress and
products were also analyzed using either an Agilent Technologies
7890A GC system or an Agilent Technologies 1200 Series HPLC.

Unless otherwise stated all chemicals were purchased from
Sigma Aldrich. The ruthenium precursor [RuCly(cod)], was
prepared by a literature procedure.”” Ruthenium trichloride
was purchased from Pressure Chemicals. Imines were prepared
from the corresponding ketones and amines using established
literature methods.”® The precursor compounds 2-[N,N-bis-
(trimethylsilyl)amino]-1-chloroethane and 3-[N,N-bis-
(trimethylsilyl)amino]-1-chloropropane were prepared according
to reported procedures.’* The ligands 2-(diphenylphosphino)-
ethanamine,” 2-(diisopropylphosphino)ethanamine,*  2-(di-
tert-butylphosphino)ethanamine,'** 3-(diphenylphosphino)-
propanamine,' were previously reported. Argon gas (ultra high
purity grade) and hydrogen gas (grade 4.8) were obtained from
BOC Gases Canada and used without further purification.

Small scale hydrogenation screening reactions were conducted
in a Parr Series 5000 Multireactor apparatus. Larger scale
hydrogenation reactions were conducted in a Parr 100 ml pressure
reactor.

Preparation of aminophosphine ligands
2-(Diphenylphosphino)ethanamine

Butyllithium (155 ml of a 1.6 M solution in hexane) was added
dropwise to a cold (0 °C) solution of diphenylphosphine (45 g,
0.24 mol) in THF (200 ml). The mixture was stirred for 2 hours
at room temperature and a solution of N,N’-bis(trimethylsilyl)-
2-chloroethanamine (54 g, 0.24 mol) added slowly at 0 °C. The
mixture was refluxed for 4 hours then cooled to room temperature.
Water (50 ml) was added, followed by 2.0 M H,SO, solution (200
ml). After stirring for 1 hour at room temperature a solution
of 4.0 M NaOH solution (220 ml) was then added, and the
mixture stirred for 1 hour. Hexane (200 ml) was added and the
aqueous phase was separated and removed. The organic layer
was dried (Na,SO,), filtered through a pad of silica gel, and
evaporated to yield the aminophosphine, which was purified by
vacuum distillation. Yield: 52.3 g, 94%. 6y (400 MHz; CDCl;)
1.17 (2 H, s, NH,), 2.23 2 H, t, J 3.8, CH,), 2.81-2.87 (2 H,
m, CH,), 7.30-7.31 and 7.41-7.43 (10 H, m, Ph); 8. (100 MHz;
CDCl;) 33.3, 39.6, 128.7, 132.9 and 138.7; &, (121 MHz, CDCl;)
=20.7 (s).

2-(Diisopropylphosphino)ethanamine

A THF (100 ml) solution of chlorodiisopropylphosphine (30 g,
0.20 mol) was added dropwise at 0 °C to a suspension of lithium
granules (5.0 g, 0.72 mol) in THF (100 ml), and the mixture stirred
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for 72 hours at room temperature. The mixture was filtered and the
filtrate cooled to 0 °C and a solution of N,N"-bis(trimethylsilyl)-
2-chloroethanamine (44.2 g, 0.20 mol) added slowly. The mixture
was refluxed for 4 hours then cooled to room temperature. Water
(50 ml) was added, followed by 2.0 M H,SO, solution (160 ml).
After stirring for 1 hour at room temperature a solution of 4.0 M
NaOH solution (180 ml) was then added, and the mixture stirred
for 1 hour. Hexane (200 ml) was added and the aqueous phase was
separated and removed. The organic layer was dried (Na,SO,),
filtered through a pad of silica gel, and evaporated to yield the
aminophosphine, which was purified by vacuum distillation. Yield:
28.2 g, 89%. 6y (300 MHz; CDCl;) 0.85-0.94 (12 H, m, CH}), 1.07
(2H,s,NH,), 1.35(2H, td, J 8.1 and 3.3, CH,), 1.57 (2 H, septet
of doublet, J 7.1 and 2.4, CH), 2.68 (2H, quartet, J 7.8 Hz, CH,);
dc (75 MHz; CDCl;) 18.7, 20.1, 23.2, 26.6 and 41.4; 6, (121 MHz,
CDCl;) -2.0 (s).

2-(Di-tert-butylphosphino)ethanamine

A THF (100 ml) solution of chlorodi-tert-butylphosphine (42 g,
0.23 mol) was added dropwise at 0 °C to a suspension of lithium
granules (5.0 g, 0.72 mol) in THF (100 ml), and the mixture stirred
for 72 hours at room temperature. The mixture was filtered and the
filtrate cooled to 0 °C and a solution of N,N"-bis(trimethylsilyl)-
2-chloroethanamine (51.7 g, 0.23 mol) added slowly. The mixture
was refluxed for 4 hours then cooled to room temperature. Water
(50 ml) was added, followed by 2.0 M H,SO, solution (200 ml).
After stirring for 1 hour at room temperature a solution of 4.0 M
NaOH solution (220 ml) was then added, and the mixture stirred
for 1 hour. Hexane (200 ml) was added and the aqueous phase was
separated and removed. The organic layer was dried (Na,SO,),
filtered through a pad of silica gel, and evaporated to yield the
aminophosphine, which was purified by vacuum distillation. Yield:
40.3 g, 91%. 6y (300 MHz; CDCl;) 0.94 (18 H, d, J 11.1, CH,),
1.08 (2 H, s, NH,), 1.36 (2 H, td, J 7.5 and 4.5, CH,), 2.67 (2H,
quartet, J 7.5 Hz, CH,); 6. (75 MHz; CDCl;) 26.3, 29.6, 31.0 and
42.9; 6, (121 MHz, CDCl;) 21.2 (5).

3-(Diphenylphosphino)propanamine. This was prepared as out-
lined above for 2-(diphenylphosphino)ethanamine, by using
N,N’-bis(trimethylsilyl)-3-chloropropanamine. Yield: 91%. &y
(400 MHz; CDCl;) 1.0 (2 H, s, NH,), 1.53-1.61 (2 H, m, CH,),
2.04-2.08 (2 H, m, CH,), 2.75 2H, t, J 7.0 Hz, CH,), 7.29-7.41
(10H, m, Ph); é.c (75 MHz; CDCl;) 25.5, 30.4, 43.6, 128.6, 132.9
and 139.0; 6, (121 MHz, CDCl;) —15.1 (s).

3-(Diisopropylphosphino)propanamine. This was prepared as
outlined above for 2-(diisopropylphosphino)ethanamine, by using
N,N’-bis(trimethylsilyl)-3-chloro-propanamine. Yield: 85%. &y
(300 MHz; C4Dy) 0.59 (2 H, s, NH,), 0.89-0.99 (12 H, m, CH),
1.16-1.22 (2 H, m, CH,), 1.22-1.55 (4H, m, CH and CH,), 2.51
(2H,t,J 6.8, CH,); 8 (75 MHz; CDCl;) 18.1, 20.1, 23.5, 32.6 and
43.7; 8 (121 MHz, C4Dy) 3.6 (s).

3-(Di-tert-butylphosphino)propanamine. This was prepared as
outlined above for 2-(di-tert-butylphosphino)ethanamine, by us-
ing N,N’-bis(trimethylsilyl)-3-chloro-propanamine. Yield: 78%.
du (300 MHz; C4Dy) 0.54 (2 H, s, NH,), 1.03 (18 H, d, J 10.5
CH;), 1.23-1.30 and 1.47-1.60 (4 H, m, CH,), 2.57 2H, t, J
6.8, CH,); oc (75 MHz; C4Dy) 18.3, 29.6, 31.0, 34.8 and 43.5; dp
(121 MHz, C,Dy) 28.3 (s).

Preparation of ruthenium aminophosphine catalysts

Trans-RuCl,(Ph,P(CH,),NH,),,1. A mixture of [RuCl,(cod)],
(0.60 g, 2.1 mmol) and Ph,P(CH,),NH,), (1.0 g, 4.4 mmol) was
stirred in methylene chloride (5 ml) under argon for 3 hours. The
mixture was concentrated under vacuum and hexane (50 ml) was
added and the resulting suspension stirred for an additional 30
minutes. The product was filtered, washed with hexane (3 x 10 ml)
and dried under vacuum. Yield: 0.50 g, 37%. (Found: C, 53.61;
H, 5.39; N, 4.37%. C»xH3,Cl,N,P,Ru requires C, 53.34; H, 5.12;
N, 4.44%). The NMR spectra of 1 correspond to those previously
reported.>®

Trans-RuClL,('Pr,P(CH,),NH,),, 2. A mixture of
[RuCl,(cod)], (15.8 g, 56.6 mmol) and Pr,P(CH,),NH,),
(18.1 g, 112 mmol) was refluxed in toluene (200 ml) under argon
for 6 hours. The mixture was cooled to room temperature and
ether (300 ml) was added and the suspension stirred for 1 hour.
The product was filtered, washed with ether (3 x 50 ml) and dried
under vacuum. Yield = 20.2 g, 81%. (Found: C, 39.15; H, 8.40; N,
5.63%. CsH4CLN,P,Ru requires C, 38.87; H, 8.15; N, 5.67%).
6y (CD,CL) 1.17-1.38 (24 H, m, CH), 2.00 (4 H, m, CH,), 2.52
(4 H, d of septet, Jyp 9.3 and Jyy 10.5, CH), 3.06-3.19 (4 H, m,
CH,), 3.65 (4 H, br, NH,); 6, (CD,Cl,) 64.2 (s).

Trans-RuCl,(‘Bu,P(CH,),NH,),, 3. A mixture of
[RuCl,(cod)], (11.5 grams, 41.2 mmol) and '‘Bu,P(CH,),NH,),
(15.6 grams, 82.5 mmol) was refluxed in toluene (120 ml) under
argon for 8 hours. The mixture was cooled to room temperature
and ether (250 ml) was added and the suspension stirred for
1 hour. The product was filtered, washed with ether (3 x 50 ml)
and dried under vacuum. Yield: 20.1 g, 88%. (Found: C, 43.66;
H, 9.06; N, 5.08%. C,H,CLN,P,Ru requires C, 43.63; H, 8.79;
N, 5.09%). 6y (CD,Cl,), 1.35 (36 H, d, Jup 16.2, CH;), 2.11-2.20
(4 H, m, CH,), 3.12-3.23 (4 H, m, CH,), 3.95 (4 H, br, NH,); 6
(CD,Cl,) 66.8 (s).

Trans-RuCl,(Ph,P(CH,);NH,),,4. A mixture of [RuCl,(cod)],
(1.41 g, 5.04 mmol) and Ph,P(CH,);NH, (2.5 g, 10.3 mmol) was
refluxed in toluene (15 ml) for 4 hours. The mixture was cooled to
room temperature and ether (60 ml) was added. After stirring for
another 30 minutes the yellow-brown solid was filtered, washed
with ether and dried under vacuum. Yield = 2.9 g (86%). (Found:
C, 54.92; H, 5.87; N, 4.27%. C;,H3,Cl,N,P,Ru requires C, 54.71;
H, 5.51; N, 4.25%). 64 (CD,Cl,), 1.83-1.87 (2 H, m, CH,), 1.99-
2.04 (2 H, m, CH,), 2.22-2.29 2 H, m, CH,), 2.64-2.70 (4 H, m,
CH,),2.97 (4 H, br, NH,), 3.27-3.34 2 H, m, CH,), 7.06-7.82 (20
H, m, Ph); 6, (CD,Cl,) 33.8 (s).

Trans-RuClL,(‘Pr,P(CH,);NH,),, 5. A mixture of
[RuCl,(cod)], (1.88 g, 6.72 mmol) and ‘Pr,P(CH,);NH, (2.4 g,
13.7 mmol) was refluxed in toluene (15 ml) for 4 hours. The
mixture was cooled to room temperature and ether (80 ml) was
added. After stirring for another 30 minutes the yellow solid was
filtered, washed with ether and dried under vacuum. Yield =3.0 g
(86%). (Found: C, 41.60; H, 8.72; N, 5.38%. C,;H,CLN,P,Ru
requires C, 41.38; H, 8.49; N, 5.36%). 8,; (CD,Cl,), 1.22-1.28 (24
H, m, CH;), 2.47-2.60 (4 H, m, CH,), 2.59-2.65 (4 H, m, CH,),
2.72-2.90 (4 H, m, CH,), 3.16 (4 H, br, NH,), 3.36-3.45 (2 H, m,
CH), 3.87-3.92 (2 H, m, CH); 6y (CD,Cl,) 43.2 (s).
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Trans-RuCl,(‘Bu,P(CH,);NH,),, 6. A mixture of
[RuCly(cod)], (1.47 g, 5.25 mmol) and ‘Bu,P(CH,);NH,
(2.20 g, 10.8 mmol) in methylene chloride (5 ml) was stirred
for 2 hours at room temperature then refluxed for 3 hours. The
mixture was cooled to room temperature and hexanes (50 ml) was
added. After stirring for an additional hour, the yellow-brown
solid was filtered, washed with hexanes and dried under vacuum.
Yield = 1.0 g (33%). (Found: C, 45.84; H, 9.36; N, 5.10%.
C,,H,,CLLN,P,Ru requires C, 45.67; H, 9.06; N, 4.84%). Oy
(CD,Cl,), 1.15 (36 H, d, Ju» 10.0, CH;), 1.48-1.53 (4H, m, CH,),
1.94 (4 H, d of quintet, Jyp 7.8 and Juy 7.9, CH,), 3.10 (4 H, d
of t, J 15.0 and J 7.5, CH,), 3.61 (2 H, br, NH,), 4.20 (2 H, br,
NH,); 6, (DMSO) 28.1 (s).

General procedure for the hydrogenation of ketones and imines

In a typical hydrogenation procedure weighed amounts of the
respective catalyst and KO'Bu were added to a solution of the
substrate in the desired solvent under hydrogen gas. The pressure
and temperature were adjusted to the desired values and the
reaction progress was monitored by the change in pressure or
by withdrawing a sample of the reaction mixture and assaying
the conversion by NMR, GC or HPLC. After completion of
the reaction, the solvent was removed from the crude product by
evaporation under reduced pressure. The products were purified
by filtering a hexane solution of the crude product through a pad
of silica gel, then removing the hexane under reduced pressure. The
conversion and purity of the products were assessed using NMR.

Example: hydrogenation of acetophenone. A weighed amount
of 2 (5.0 mg, 0.01 mmol) and KO'Bu (10 mg) were added to a
solution of acetophenone (2.0 g, 16.6 mmol) in 2-propanol in a
100 ml Parr pressure reactor under a flow of argon. The mixture
was degassed with argon and then with hydrogen. It was finally
pressurized to 10 atm of hydrogen and stirred at room temperature.
After completion of the reaction, the solvent was removed from
the crude product by evaporation under reduced pressure. Hexanes
(5 ml) was added and the solution was filtered through a pad of
silica gel. The solvent was then removed under reduced pressure to
yield the pure product. The NMR and GC spectra of the product
showed 100 percent conversion of the ketone to phenylethanol.
Yield = 1.98 g, 97%.

S:C ratio = 10000:1. A weighed amount of 2 (3.2 mg,
0.0065 mmol) and KO'Bu (100 mg) were added to a solution
of the substrate (7.80 g, 65 mmol) in 2-propanol in a 100 ml Parr
pressure reactor under a flow of argon. The mixture was de-gassed
with argon and then with hydrogen. It was finally pressurized to
10 atm of hydrogen and stirred at room temperature for 4 hours.
The NMR and GC spectra showed complete conversion of the
ketone to the alcohol.

S:C ratio = 100000:1. A weighed amount of 2 (5 mg) was
dissolved in 10.0 ml of 2-propanol. An aliquot of 1.0 ml of
the diluted catalyst solution (0.5 mg of catalyst, 0.001 mmol)
and KO'Bu (150 mg) were added to a solution of the substrate
(12.15 g, 101 mmol) in 2-propanol in a 100 ml Parr pressure
reactor under a flow of argon. The mixture was degassed with
argon and then with hydrogen. It was finally pressurized to 10 atm
of hydrogen and stirred at 50 °C for 2 hours. The NMR and GC
spectra showed complete conversion of the ketone to the alcohol.

S:C ratio = 500 000:1. A weighed amount of 2 (5 mg) was dis-
solved in 10.0 ml of 2-propanol. An aliquot of 1.0 ml of this catalyst
solution was further diluted to 10.0 ml with 2-propanol. An aliquot
of 2.0 ml of the dilute catalyst solution (0.1 mg, 0.0002 mmol) and
KO'Bu (150 mg) were added to a solution of the substrate (12.15 g,
101 mmol) in 2-propanol in a 100 ml Parr pressure reactor under
a flow of argon. The mixture was degassed with argon and then
with hydrogen. It was finally pressurized to 10 atm of hydrogen
and stirred at 50 °C for 12 hours. The NMR and GC spectra
showed complete conversion of the ketone to the alcohol.

S:C ratio = 1000000:1. A weighed amount of 2 (5 mg) was
dissolved in 10.0 ml of 2-propanol. An aliquot of 1.0 ml of this
catalyst solution was further diluted to 10.0 ml with 2-propanol.
An aliquot of 1.0 ml of the dilute catalyst solution (0.05 mg,
0.0001 mmol) and KO'Bu (150 mg) were added to a solution of
the substrate (12.15 g, 101 mmol) in 2-propanol in a 100 ml Parr
pressure reactor under a flow of argon. The mixture was degassed
with argon and then with hydrogen. It was finally pressurized
to 10 atm of hydrogen and stirred at 50 °C for 24 hours. The
NMR and GC spectra showed 98% conversion of the ketone to the
alcohol.

X-Ray structure determination of complex 2

Crystals suitable for single crystal X-ray diffraction studies were
obtained by slowly cooling a hot solution of the compound in
toluene to room temperature. The X-ray diffraction data were
collected using a Nonius Kappa-CCD diffractometer with MoKo
radiation (A = 0.71073 A). The CCD data were integrated and
scaled using the Denzo-SMN package. The structures were solved
and refined using SHELXTL V5.1. Refinement was by full-matrix

Table 6 Summary of crystal data, details of intensity collection and least-
squares refinement parameters for 2

Empirical formula C,¢H4CLN,P,Ru

Formula weight 494.41
Crystal size/mm 0.12x0.17x0.37

Crystal class Monoclinic
Space group P2/c
T/K 150.0

a/A 11.4627(3)
b/A 13.1649(6)
c/A 15.2297(5)
o/ 90

B/° 104.992(2)
v/° 90

v /A3 2220.0(1)
Peac/ Mg m™ 1.479

4 (Mo Ko)/mm™ 1.093
F(000) 1032
Range 6 collected/° 2.77t027.51
No. of reflections 13589
Independent reflections 5063

R, (I >20()) 0.0466
wR, (all data)” 0.1022
Goodness of fit 1.079
Parameters refined 216
Maximum peak in final AF map/e A= 1.617

“ Definition of R indices: R, = Y (F, — F.)/Y_(F,); wR, = [Y_[W(F,* —
F2)21/ 3 [w(F )12
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least-squares on F? using all data (negative intensities included).?
Crystallographic data for compound 2 is given in Table 6.

CCDC reference number 733474.+

Notes and References

1 (@) R. Noyori, M. Koizumi, D. Ishii and T. Ohkuma, Pure Appl. Chem.,
2001, 73, 227-232; (b) H.-U. Blaser, C. Malan, B. Pugin, F. Spindler,
H. Steiner and M. Studer, Adv. Synth. Catal., 2003, 345, 103-151; (c) K.
Mikami, T. Korenaga, M. Terada, T. Ohkuma, T. Pham and R. Noyori,
Angew. Chem., Int. Ed., 1999, 38, 495-497; (d) H. Doucet, T. Ohkuma,
K. Murata, T. Yokozawa, M. Kozawa, E. Katayama, A. F. England,
T. Ikariya and R. Noyori, Angew. Chem., Int. Ed., 1998, 37, 1703-1707,
(e) T. Ohkuma, H. Ooka, T. Ikariya and R. Noyori, J. Am. Chem. Soc.,
1995, 117, 10417-10418.

2 (a) K. Abdur-Rashid, A. J. Lough and R. H. Morris, Organometallics,
2001, 20, 1047-1049; (b) K. Abdur-Rashid, A. J. Lough and R. H.
Morris, Organometallics, 2000, 19, 2655-2657.

3 (a) T. Ohkuma, M. Koizumi, H. Doucet, T. Pham, M. Kozawa, K.
Murata, E. Katayama, T. Yokozawa, T. Ikariya and T. R. Noyori, J. Am.
Chem. Soc., 1998, 120, 13529-13530; (b) T. Ohkuma, H. Doucet, T.
Pham, K. Mikami, T. Korenaga, M. Terada and R. Noyori, J. Am.
Chem. Soc., 1998, 120, 1086-1087; (¢) T. Ohkuma, H. Ooka, M.
Yamakawa, T. Ikariya and R. Noyori, J. Org. Chem., 1996, 61, 4872—
4873.

4 (a) C.J. Cobley and J. P. Henschke, Adv. Synth. Catal., 2003, 345, 195—
201; (b) J. P. Henschke, M. J. Burk, C. G. Malan, D. Herzberg, J. A.
Peterson, A. J. Wildsmith, C. J. Cobley and G. Casy, Adv. Synth. Catal.,
2003, 345, 300-307; (c¢) C. J. Cobley, E. Foucher, J.-P. Lecouve, 1. C.
Lennon, J. A. Ramsden and G. Thominot, Tetrahedron: Asymmetry,
2003, 14, 3431-3433.

5 (a) K. Abdur-Rashid, R. Guo, A. J. Lough, R. H. Morris and D. Song,
Adv. Synth. Catal., 2005, 347, 571-579; (b) R. Guo, A. J. Lough, R. H.
Morris and D. Song, Organometallics, 2004, 23, 5524-5529; (¢) R. Guo,
R. H. Morrisand D. Song, J. Am. Chem. Soc.,2005,127,516-517; (d)R.
Morris, A. Habtemariam, Z. Guo, S. Parsons and P. J. Sadler, Inorg.
Chim. Acta, 2002, 339, 551-559.

6 (a) K. Abdur-Rashid, A. J. Lough and R. H. Morris, Organometallics,
2000, 19, 2655-2657; (b) K. Abdur-Rashid, M. Faatz, A. J. Lough
and R. H. Morris, J. Am. Chem. Soc., 2001, 123, 7473-7474; (c) K.
Abdur-Rashid, S. E. Clapham, A. Hadzovic, A. J. Lough and R. H.
Morris, J. Am. Chem. Soc., 2002, 124, 15104-15118; (d) R. Abbel,
K. Abdur-Rashid, M. Faatz, A. Hadzovic, A. J. Lough and R. H.
Morris, J. Am. Chem. Soc., 2005, 127, 1870-1882; (¢) R. Noyori and
T. Ohkuma, Angew. Chem., Int. Ed., 2001, 40, 40-73; (f) R. Noyori,
M. Yamakawa and S. Hashiguchi, J. Org. Chem., 2001, 66, 7931-7944;
(g) C. A. Sandoval, T. Ohkuma, T. K. Muniz and R. Noyori, J. Am.
Chem. Soc., 2003, 125, 13490-13503; (k) T. Ohkuma, M. Koizumi,

1

1

1

1

1

1

1

1

1

1

K. Muiiz, G. Hilt, C. Kabuto and R. Noyori, J. Am. Chem. Soc., 2002,
124, 6508-6509.

7 M. L. Clarke, M. B. Diaz-Valenzuela and A. M. Z. Slawin,
Organometallics, 2007, 26, 16-19.

8 (a) M. Ito, Asahi Garasu Zaidan Josei Kenkyu Seika Hokoku 2008,

26/1-26/4; (b) M. Ito, A. Osaku, C. Kobayashi, A. Shiibashi and

T. Ikariya, Organometallics, 2009, 28, 390-393; (¢) M. Ito, Pure Appl.

Chem., 2008, 80, 1047-1053; (d) M. Tto and T. Ikariya, Organometallic

News,2007,4,142-147; (e) M. Ito, L. W. Koo, A. Himizu, C. Kobayashi,

A. Sakaguchi and T. Ikariya, Angew. Chem., Int. Ed., 2009, 48, 1324

1327.

A. Del Zotto, W. Baratta, M. Ballico, E. Herdtweck and P. Rigo,

Organometallics, 2007, 26, 5636-5642.

0 (a) J. L. Bolliger and C. M. Frech, Adv. Synth. Catal., 2009, 351, 891—

902; (b) M. Guo, F. Jian and R. He, Tetrahedron Lett., 2006, 47, 2033.

(a) D. Amoroso, T. W. Graham, R. Guo, C.-W. Tsang and K. Abdur-

Rashid, Aldrichim. Acta, 2008, 41, 15-26; (b) M. Ito, L. W. Koo, A.

Himizu, C. Kobayashi, A. Sakaguchi and T. Ikariya, Angew. Chem.,

Int. Ed., 2009, 48, 1-5; (¢c) M. Ito, A. Osaku, C. Kobayashi, A. Shiibashi

and T. Ikariya, Organometallics, 2009, 28, 390-393; (d) L. Dahlenburg

and R. Gotz, J. Organomet. Chem., 2001, 619, 88; (¢) L. Dahlenburg
and R. Gotz, Inorg. Chem. Commun., 2003, 6, 443; (f) L. Dahlenburg

and R. Gotz, Eur. J. Inorg. Chem., 2004, 888.

2 (a) M. Ito, M. Hirakawa, K. Murata and T. Ikariya, Organometallics,
2001, 20, 379-381; (b) M. Ito, M. Hirakawa, A. Osaku and T. Ikariya,
Organometallics, 2003, 22, 4190-4192; (¢) M. Ito, A. Sakaguchi, C.
Kobayashi and T. Ikariya, J. Am. Chem. Soc., 2007, 129, 291-293.

3 (a) J.-D. Lee, Y.-J. Lee, H.-J. Jeong, J. S. Lee, C.-H. Lee, J. Ko and S. O.
Kang, Organometallics, 2003, 22, 445-449; (b) J. A. Schwindeman, E. J.
Granger, R. P. Quirk, R. W. Hall and R. J. Letchford, U.S. Patent,
No. 6,121,474, 2000.

4 ]. D. Lee, Y. J. Lee, H.-J. Jeong, J. S. Lee, C.-H. Lee, J. Ko and S. O.
Kang, Organometallics, 2003, 22, 445-449.

5 S. Krishnamurthy and H. C. Brown, J. Am. Chem. Soc., 1976, 98,
3383-3384.

6 C.R. Turner, V. L. Cohan, J. B. Cheng, H. J. Showell, C. J. Pazoles and
J. W. Watson, J. Pharm. Exp. Ther., 1996, 278, 1349-1355.

7 M. O. Albers, E. Singleton and J. E. Yates, Inorg. Synth., 1989, 26,
249-58.

8 (@) M. N. Cheemala and P. Knochel, Org. Lett., 2007, 9, 3089; (b) D.
Pei, Z. Wang, S. Wei, Y. Zhang and J. Sun, Org. Lett., 2006, 8, 5913;
(¢) J. S. M. Sannec and J.-E. Bickvall, Chem.—Eur. J., 2002, 8, 2955.

9 (a) K. Abdur-Rashid, R. Guo, X. Chen and W. Jia, PCT Int. Appl. WO,
2008, 148, 202; (b) P. R. Kumar, S. Upreti and A. K. Singh, Polyhedron,
2008, 27, 1610-1622; (¢) A. Habtemariam, B. Watchman, B. S. Potter,
R. Palmer, S. Parsons, A. Parkin and P. J. Sadler, J. Chem. Soc., Dalton
Trans., 2001, 1306-1318.

=]

—_

20 (a) Z. Otwinowski and W. Minor, Methods Enzymol., 1997, 276, 307—

326; (b) G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Crystallogr.,
2007, 64, 112-122.

This journal is © The Royal Society of Chemistry 2009

Dalton Trans., 2009, 8301-8307 | 8307


http://dx.doi.org/10.1039/b911459a

