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Abstract

Rhodium complexes with the planar chiral phosphinoferrocenyl thioether ligands
[Rh(P,SR)(diene)X] (R = Me, Bu', Ph, Bn, diene is cyclooctadiene (COD) or norbornadiene
(NBD), X = CI, BF4) catalyze hydrogenation of ketones, imines, and heteroaromatic
compounds; in the case of acetophenone, the enantioselectivity reached 60% ee. Similar
iridium complexes demonstrate a good activity in the hydrogenation of imines, the maximal

enantioselectivity in the case of N-phenyl-N-(1-phenylethylidene)amine was about 40% ee.

Introduction

Over the last decades, metal catalyzed asymmetric hydrogenation has become a
method of choice for obtaining chiral molecules.® Starting from the pioneering work,®
ruthenium complexes are generally accepted as the most efficient catalysts. Nonetheless,
iridium, rhodium, and more recently, iron complexes, attract growing interest of researches.’
Recently, we have shown® that iridium complexes with the planar chiral
diphenylphosphinoferrocenyl thioether ligands, viz., [Ir(P,SR)(diene)X], are highly efficient
precatalysts of hydrogenation of acetophenone, exhibiting a high activity and
enantioselectivity.® Some peculiarities of this catalytic system (a necessity to simultaneously
use a base and increased hydrogen pressure) pose a number of questions about the mechanism
of this reaction. Rhodium complexes of the type [M(diene)(L)2]* (L2 is the diphosphine
ligand) are well known as catalysts of alkene hydrogenation.'® In this connection, the use of
the corresponding rhodium complexes, [Rh(P,SR)(diene)X], as the models for the studies of
the mechanism of ketone hydrogenation seems promising. The preliminary results'! showed
that the rhodium complexes [Rh(P,SR)(diene)X] synthesized by us earlier exhibited catalytic
activity in hydrogenation of acetophenone. In the present work, we report the results of the
studies on the influence of different factors on the course of this reaction, as well as on the

activity of rhodium complexes in the catalytic hydrogenation of a wide range of substrates.



Results and discussion

Rhodium complexes with the tert-bulyl substituent at the sulfur atom were used for the
studies of the ligand effect (diene, X) on the outcome of asymmetric hydrogenation of
acetophenone 1 (Scheme 1). Four different complexes were obtained for this ligand: with
chloride and tetrafluoroborate anions, as well as with cyclooctadiene (COD) and
norbornadiene (NBD) as the leaving diene.!! For comparison, the behavior of the iridium
complex containing the (P,SBut) and COD ligands and the CI~ anion was studied under
similar conditions. The reaction was carried out under the conditions (hydrogen pressure,

temperature, reagent ratios) optimized earlier for the iridium complex.® The results of the

studies are given in Table 1 and in Fig. 1.
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Reagents: [M(P,SR)(diene)X], Hz, Pr'OH, MeONa.



Under these conditions, the iridium complex [Ir(P,SBu‘)(COD)CI] possesses high
activity and enantioselectivity and gives the quantitative conversion of acetophenone already
after 2 h (see Table 1, entry 1). The initial activity (conversion of 1 after 1 h) of all four
rhodium precatalysts was similar, however, it was much lower than the activity of the
complex [Ir(P,SBut)(COD)CI] (see Fig. 1). It is interesting that the activity of the complexes
with COD is higher than that of the complexes with NBD, which becomes especially
noticeable after 5-7 h of the process. In the case of the COD derivatives, the complexes with
CI~ anions are more active than those with BF4 anions (cf. pairs of entries 2 and 4, 7 and 9, 12
and 14), while for the NBD derivatives the situation is reverse (cf. pairs of entries 3 and 5, 8
and 10, 13 and 15). The substrate was completely converted after 72 h for all the rhodium

catalysts.

Conversion (%) a

100 |

80 |

60 |

40 |

20

t/h

e |
0F Ve

e e e o —— - -

0r

Fig. 1. Conversion of acetophenone 1 (a) and ee values of (R)-1-phenylethanol 2 (b)
versus hydrogenation time for different complexes with the ligand (R)-(P,SBUY):
[Ir(P,SBu’)(COD)CI] (1); [Rh(P,SBu')(COD)CI] (2); [Rh(P,SBuY)(NBD)CI] (3);

[Rh(P,SBU")(COD)]BF4 (4), and [Rh(P,SBu")(NBD)]BF4 (5).



Table 1. Asymmetric hydrogenation of acetophenone 1 in the presence of the complexes (R)-
[M(P,SBu')(diene)X] depending on the reaction time?

Entry Catalyst t/h Conv (%) | ee (%)°
1 [Ir(P,SBU)(COD)CI] 2 99 60
2 [Rh(P,SBu’)(COD)CI] 2 54 54
3 [Rh(P,SBU)(NBD)CI] 2 44 44
4 [Rh(P,SBU’)(COD)]BF4 2 32 32
5 [Rh(P,SBu’)(NBD)]BF; 2 31 31
6 [Ir(P,SBu)(COD)CI] 5 >99 63
7 [Rh(P,SBU’)(COD)CI] 5 57 48
8 [Rh(P,SBU)(NBD)CI] 5 22 42
9 [Rh(P,SBUY)(COD)]BF4 5 45 32
10 [Rh(P,SBUY)(NBD)]BF4 5 37 36
11 [Ir(P,SBU)(COD)CI] 16 >99 58
12 [Rh(P,SBU)(COD)CI] 16 90 33
13 [Rh(P,SBUY)(NBD)CI] 16 54 30
14 [Rh(P,SBUY)(COD)]BF4 16 77 35
15 [Rh(P,SBuY)(NBD)]BF; 16 51 33

2 Reaction condition: catalyst, 6.4-10° mmol; NaOMe, 3.2-102 mmol; acetophenone, 3.2 mmol, the ratio
catalyst:NaOMe:1 = 1:5:500, 25 °C, and P(H.;) = 30 bar. Conversion of acetophenone 1 and ee of 1-

phenylethanol 2 were determined by GC. ° The ee values are given with respect to the R configuration.

Earlier, the precatalysts of the type [M(diene)(L)2]" (L2 is the bisphosphine ligand)
were shown to be activated by Hz. When alcohols (ROH) were used as the solvent, the
complexes of the type [M(L)2(ROH).]" were formed, as well as the products of partial or total

hydrogenation of the diene (Scheme 2).1%0

In this case, each pair of precatalysts with different dienes and the same anionic
ligands, in principle, should give the same catalytically active complexes [M(L)2(ROH)2]".
The absence of the induction period and the similar initial (after 1 h) activity of all the
rhodium complexes indicate a high precatalyst activation rate and the formation of
catalytically active species of the same structure. In fact, the ongoing studies of the precatalyst
activation under stoichiometric conditions showed the high rate of the diene hydrogenation in

alcohol. The reactivity of the complexes [M(L)2(ROH).]*X" should depend only on the



coordinating ability of the anion (CI~ vs. BF4"). We studied the structures of precatalysts
M(diene)(L).X and found that the CI~ ion is in the coordination sphere of the metal,
successfully competing with the sulfur atom (P,SR) of the ligand for binding with the
rhodium atom in the solid state. This structure of the complexes is retained in the solutions in
low polar non-coordinating solvents like CDCls.'! A similar phenomenon (competitive
coordination of the Cl- ion) can also take place involving the catalytically active forms of the
complex, though the solvent used (Pr'OH) should better stabilize the ionic complexes. To sum
up, the different rate of hydrogenation for the CI~ and BFs derivatives can be due to the
difference in the strength of the interaction of the cationic catalytically active species with

anion affecting the interaction with the substrate.
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The symbol o indicates the free coordination site.

While for the iridium complex the enantiomeric excess of the forming 1-phenylethanol
2 remained essentially the same in the course of the reaction, in the case of the chloride
rhodium complexes the ee decreased as the conversion increased (see Fig. 1, b). Using
[Rh(P,SBU’)(COD)CI] as an example in the control experiment, we showed that 1-

phenylethanol did not racemize under the catalytic reaction conditions. Therefore, this change
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in enantioselectivity should be caused by the changes in the catalytically active form in the
course of the reaction. One of the possible explanations could be the coordination of the
reaction product 1-phenylethanol (when it is in excess) to the metal atom instead of PriOH.*?
However, additional data are required to draw a final conclusion on the mechanisms of the

catalyst action and the loss of enantioselectivity.

The influence of substituent R at the sulfur atom of the phosphinoferrocenyl thioether
ligand on the catalytic activity of rhodium complexes was studied on the series of NBD
chloride complexes. The complex with R = Bu' appeared to be much more active and possess
higher enantioselectivity than the complexes with Et, Ph, and Bn substituents (Table 2, Fig.
2). For these three complexes, the extent of conversion did not increase after 5 h of the
reaction, that indicated a low stability of the catalytically active species. The influence of
substituent R at the sulfur atom on the catalytic activity of similar iridium complexes was
studied earlier for the complexes with COD ligand.® Iridium complexes possess essentially
the same activity (conversion 92—99% after 2 h of reaction), however, enantioselectivity to a
greater extent depends on the substituent at the sulfur atom and changes from 77 to 43% in
the order Bn > Et > Bu' > Ph.°
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Fig. 2. Conversion of acetophenone 1 versus reaction time for the complexes: (R)-
[Rh(P,SBUY)(NBD)CI] (1), (S)-[Rh(P,SEt)(NBD)CI] (2), (S)-[Rh(P,SPh)(NBD)CI] (3), and
(S)-[Rh(P,SBNn)(NBD)CI] (4).



Table 2. Hydrogenation of acetophenone 1 depending on the substituent at the S atom in the
complexes (S)-[Rh(P,SR)(NBD)CI] and the reaction time?®

Entry Catalyst t/h Conv (%) | ee (%)®°
1 [Rh(P,SEt)(NBD)CI] 1 9 27
2 [Rh(P,SPh)(NBD)CI] 1 13 32
3 [Rh(P,SBn)(NBD)CI] 1 12 12
4 [Rh(P,SE?)(NBD)CI] 2 13 25
5 [Rh(P,SPh)(NBD)CI] 2 18 26
6 [Rh(P,SBn)(NBD)CI] 2 13 14
7 [Rh(P,SEt)(NBD)CI] 5 28 22
8 [Rh(P,SPh)(NBD)CI] 5 25 23
9 [Rh(P,SBn)(NBD)CI] 5 26 9
10 [Rh(P,SEt)(NBD)CI] 16 33 21
11 [Rh(P,SPh)(NBD)CI] 16 28 22
12 [Rh(P,SBn)(NBD)CI] 16 30 9

& Reaction conditions: catalyst (6.4¢10-3 mmol), NaOMe = 1%, (3.2+102 mmol), acetophenone (3.2 mmol), the
ratio catalyst:NaOMe:1 = 1:5:500, 25 °C, and P(H,) = 30 Bar. Conversion and ee were determined by GLC. °
The ee values are given with respect to the S-configuration.

To increase the rate of hydrogenation, we increased the amount of the rhodium
precatalyst used (Table 3). The use of 1% of rhodium complexes made it possible to obtain a
high extent of conversion already after 2 h and increase the ee values to 41—51% in the case
of Bu' derivatives (see Table 3, entries 1-4, 8-19), but they remained low for the complexes
with Et, Ph, and Bn substituents (see Table 3, entries 5-7, 20-22). For NBD complexes, the
activity/enantioselectivity values change in the order Bu' >> Et > Ph > Bn. The dependence of
the conversion of acetophenone 1 on the amount of precatalyst for the four (P,SBu')
complexes is nonlinear (Fig. 3), that indicates the more complicated mechanism of the

reaction than it can be suggested based on the literature data (see Scheme 2).



Table 3. Hydrogenation of acetophenone 1 depending on the amount of the precatalyst used?®

Entry Catalyst Amount of catalyst (mol %) | Conv (%) | ee (%)
1 (R)-[Rh(P,SBu")(COD)CI] 0.2 16 54°
2 (R)-[Rh(P,SBu)(NBD)CI] 0.2 13 44°
3 | (R)-[Rh(P,SBu")(COD)]BF4 0.2 22 320
4 (R)-[Rh(P,SBU")(NBD)]BF4 0.2 24 31°
5 (S)-[Rh(P,SEt)(NBD)CI] 0.2 13 25°¢
6 (S)-[Rh(P,SPh)(NBD)CI] 0.2 18 26°¢
7 (S)-[Rh(P,SBn)(NBD)CI] 0.2 13 14°
8 (R)-[Rh(P,SBuY)(COD)CI] 0.3 74 54 ¢
9 (R)-[Rh(P,SBuY)(NBD)CI] 0.3 27 44°¢
10 | (R)-[Rh(P,SBu')(COD)]BF4 0.3 51 49°¢
11 | (R)-[Rh(P,SBu")(NBD)]BF4 0.3 27 42°
12 | (R)-[Rh(P,SBuY)(COD)CI] 0.5 88 49°
13 (R)-[Rh(P,SBu")(NBD)CI] 0.5 54 46°
14 | (R)-[Rh(P,SBuUY)(COD)]BF4 0.5 68 42°
15 | (R)-[Rh(P,SBu")(NBD)]BF4 0.5 57 51°
16 (R)-[Rh(P,SBU")(COD)CI] 1.0 99 44°
17 | (R)-[Rh(P,SBuY)(NBD)CI] 1.0 92 51°
18 | (R)-[Rh(P,SBu")(COD)]BF4 1.0 97 41°
19 | (R)-[Rh(P,SBu")(NBD)]BF4 1.0 93 50°

20 (S)-[Rh(P,SEt)(NBD)CI] 1.0 51 31°
21 (S)-[Rh(P,SPh)(NBD)CI] 1.0 39 27°¢
22 (S)-[Rh(P,SBn)(NBD)CI] 1.0 40 19°¢

2 Reaction conditions: catalyst (6.410°3 mmol), NaOMe (3.2¢102 mmol), 25 °C, and P(H,) = 30 Bar; the

reaction time 2 h. Conversion and ee were determined by GLC. For entries 1-7: acetophenone 1 (3.2 mmol), the

ratio catalyst:NaOMe:1 = 1:5:500. For entries 8-11: acetophenone 1 (2.1 mmol), the ratio catalyst:NaOMe:1 =
1:5:333. For entries 12-19: acetophenone 1 (1.3 mmol), the ratio catalyst:NaOMe:1 = 1:5:200. For entries 16-22:

acetophenone (0.6 mmol), the ratio catalyst:NaOMe:1 = 1:5:100. ® The ee values are given with respect to the R

configuration. ¢ The ee values are given with respect to the S configuration.
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Fig. 3. Conversion of acetophenone 1 versus amount of catalyst ([M]) after 2 h of the reaction
for the complexes [Rh(P,SBu‘)(COD)CI] (1), [Rh(P,SBU)(NBD)CI] (2), [Rh(P,SBu)-
(COD)]BF4 (3), and [Rh(P,SBu')(NBD)]BF4 (4).

Rhodium complexes were also studied in the hydrogenation of 4-fluoroacetophenone
3. Their activity appeared to be the same and changed in the same order depending on the
diene and anion (Scheme 3, Table 4) as in hydrogenation of acetophenone. The monitoring of
hydrogenation of 4-fluoroacetophenone 3 also showed the decrease in the enantioselectivity
with the increase in the conversion, which was observed for all the precatalysts used (see
Table 4, entries 2-5, 7-10, 12-15). In the hydrogenation of more sterically hindered tert_bulyl
phenyl ketone 4 (see Scheme 3), all the complexes (including iridium one) predictably
exhibited the lower catalytic activity and enantioselectivity (see Table 4, entries 16—20). It is
interesting that in this reaction, the activity of the rhodium NBD complexes is somewhat
higher than that of the COD derivatives, in contrast to the hydrogenation of acetophenone and

fluoroacetophenone.

Scheme 3
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Reagents: [M(P,SR)(diene)X], Hz, Pr'OH, MeONa.
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Table 4. Asymmetric hydrogenation of 4-fluoroacetophenone (3) and tert-bulyl phenyl

ketone (4) depending on the reaction time?®

Entry Catalyst Ketone t (h) Conv (%) | ee (%)°
1 (R)-[Ir(P,SBuY)(COD)CI] 3 2 94 58
2 (R)-[Rh(P,SBU")(COD)CI] 3 2 16 60
3 (R)-[Rh(P,SBU")(NBD)CI] 3 2 15 43
4 | (R)-[Rh(P,SBu")(COD)]BF4 3 2 15 51
5 (R)-[Rh(P,SBU")(NBD)]BF4 3 2 16 52
6 (R)-[Ir(P,SBU")(COD)CI] 3 5 99 58
7 (R)-[Rh(P,SBUY)(COD)CI] 3 5 26 54
8 (R)-[Rh(P,SBU")(NBD)CI] 3 5 25 40
9 (R)-[Rh(P,SBU")(COD)]BF4 3 5 26 53
10 | (R)-[Rh(P,SBu")(NBD)]BF4 3 5 27 47
11 (R)-[Ir(P,SBuY)(COD)CI] 3 16 100 57
12 (R)-[Rh(P,SBU")(COD)CI] 3 16 86 29
13 | (R)-[Rh(P,SBU)(NBD)CI] 3 16 41 36
14 | (R)-[Rh(P,SBu")(COD)]BF4 3 16 67 42
15 | (R)-[Rh(P,SBu")(NBD)]BF4 3 16 64 33
16 (R)-[Ir(P,SBuY)(COD)CI] 4 16 49 14
17 | (R)-[Rh(P,SBU)(COD)CI] 4 16 15 -9
18 (R)-[Rh(P,SBU")(NBD)CI] 4 16 20 10
19 | (R)-[Rh(P,SBu")(COD)]BF4 4 16 13 0

20 | (R)-[Rh(P,SBu"(NBD)]BF 4 16 25 11

2 Reaction conditions: catalyst (6.4¢10° mmol), NaOMe (3.2+102 mmol), the substrate (3.2 mmol), the ratio
catalyst:NaOMe:the substrate = 1:5:500, 25 °C, and P(H2) = 30 Bar. Conversion of ketones 3 and 4 and ee of
alcohols 5 and 6 were determined by GLC. b The ee values are given with respect to the R-configuration.

Dialkyl ketones are more challenging substrates for the asymmetric hydrogenation.
We studied activity of complexes with the (P,SBu') ligands in the hydrogenation of
cyclohexyl methyl ketone 7 (Scheme 4, Table 5). It is interesting that even when 0.2 mol.% of
the catalyst was used, the activity of the rhodium complexes appeared to be higher than that
of the iridium complex, and 1-cyclohexylethanol (8) was obtained in quantitative yield

11



already after 16 h for the Rh catalysts, with the order of their activity being the same as in the
hydrogenation of acetophenones (Fig. 4). Unfortunately, the enantioselectivity of the reaction

under these (unoptimized) conditions was very low (ee < 10%).

Scheme 4
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Reagents: [M(P,SR)(diene)X], Hz, Pr'OH, MeONa.

Table 5. Asymmetric hydrogenation of cyclohexyl methyl ketone (7) depending on the

reaction time?

Entry Catalyst t (h) Conv (%) | ee (%)°
1 (R)-[Ir(P,SBUY(COD)CI] 2 52 7
2 | (R1[Rh(P,SBUH(COD)CI] 2 49 3
3 | (R)-[Rh(P,SBU)(NBD)CI] 2 25 6
4 | (R)-[Rh(P,SBUY(COD)]BFq 2 45 3
5 | (R)-[Rh(P,SBUY)(NBD)]BF, 2 45 9
6 (R)-[Ir(P,SBUY(COD)CI] 5 66 10
7 | (R)-[Rh(P,SBUY)(COD)CI] 5 89 4
8 | (R)-[Rh(P,SBUD(NBD)CI] 5 30 7
9 | (R)-[Rh(P,SBU)(COD)]BF; 5 86 4
10 | (R)-[Rh(P,SBU)(NBD)]BF. 5 79 7
11 | (R)-[Ir(P,SBU)(COD)CI] 16 80 9
12 | (R)-[Rh(P,SBU)(COD)CI] 16 100 4
13 | (R)-[Rh(P,SBU’)(NBD)CI] 16 99 6
14 | (R)-[Rh(P,SBU)(COD)]BF4 16 100 4
15 | (R)-[Rh(P,SBU)(NBD)]BF. 16 100 6

2 Reaction conditions: catalyst (6.4¢10~3 mmol), NaOMe (3.2¢102 mmol), cyclohexyl methyl ketone 7 (3.2
mmol), the ratio catalyst:NaOMe/7 = 1:5:500, 25 °C, and P(Hz) = 30 Bar. Conversion of 7 and ee of 1-

cyclohexylethanol (8) were determined by GLC. b The ee values are given with respect to the R-configuration.

12
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Fig. 4. Conversion of cyclohexyl methyl ketone 7 versus hydrogenation time with the
complexes: [Rh(P,SBuU")(COD)CI] (1), [Rh(P,SBu)(NBD)CI] (2), [Rh(P,SBU")(COD)]BF4 (3),
[Rh(P,SBU")(NBD)]BF: (4), and [Ir(P,SBu')(COD)CI] (5).

Besides, the activity of iridium and rhodium complexes with the (P,SBu') ligand was
tested in the asymmetric hydrogenation of imines* (taken N-phenyl-N-(1-phenyl-
ethylidene)amine (9) as an example) (Scheme 5, Table 6) and quinaldine® 10 (Scheme 6,
Table 7). Good conversion was obtained in both reactions only for the iridium complex. A
moderate ee value was obtained only for the reduction of imine 9 in the presence of the
iridium complex, the enantioselectivity of the rhodium complexes in this reaction and all the

complexes in the hydrogenation of quinaldine 10 was low.

Scheme 5
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Reagents and conditions: [M(P,SR)(diene)X] (1%), 1> (3%), H2, CH.Cl>, 16 h.

Table 6. Asymmetric hydrogenation of N-phenyl-N-(1-phenylethylidene)amine (9)2

Entry Catalyst Conv (%) | ee (%) °
1 | (R)-[Ir(P,SBUY(COD)CI] 100 40 (R)
2 | (R)-[Rh(P,SBU)(COD)CI] 27 5 (S)
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3 (R)-[Rh(P,SBU")(NBD)CI] 42 7(5)
4 (R)-[Rh(P,SBU")(COD)]BF: 24 5(S)
5 (R)-[Rh(P,SBU")(NBD)]BF: 44 10 (S)
2 Reaction conditions: catalyst (6.4¢10~ mmol), 1> (1.9¢10-2 mmol), N-phenyl-N-(1-phenylethylidene)amine (9)

(0.6 mmol), the ratio catalyst:1>:9 = 1:3:100, 25 °C, and P(H2) = 30 Bar. Conversion and ee of amine 11 were

determined by GLC. ® The configuration of formed amine 11 is given in parentheses.

Scheme 6
NS AN
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Reagents and conditions: [M(P,SR)(diene)X] (1%), 12 (3%), H2, CH2Cl>, 16 h.

Table 7. Asymmetric hydrogenation of quinaldine 102

Entry Catalyst Conv (%) | ee (%)°
1 | (R)-[Ir(P,SBU)(COD)CI] 100 5(5)
2 | (R)-[Rh(P,SBUY)(COD)CI] 5 8 (R)
3 | (R)-[Rh(P,SBU)(NBD)CI] 28 11 (R)
4 | (R)-[Rh(P,SBUY)(COD)]BFs 7 20 (R)
5 | (R)-[Rh(P,SBu)(NBD)]BF; 12 27 (R)

2 Reaction conditions: catalyst (6.4+103 mmol), 1 (1.9¢10-2 mmol), quinaldine 10 (0.6 mmol), the ratio
catalyst:1:10 = 1:3:100, 25 °C, and P(H2) = 30 Bar. Conversion and ee of the product 12 were determined by

GLC. ® The configuration of formed tetrahydroquinaldine 12 is given in parentheses.

In conclusion, the rhodium complexes [Rh(P,SR)(diene)X] studied were predictably
less efficient in the catalytic asymmetric hydrogenation of acetophenone under the conditions
providing the high activity and enantioselectivity for the iridium complex
[Ir(P,SBUY)(COD)CI]. For the series of Rh(P,SBu') derivatives, the rate of hydrogenation and
the enantioselectivity change in the order COD-Cl > COD-BF4 > NBD-BFs > NBD-CI. For
the NBD complexes, the activity/enantioselectivity values change in the order But >> Et > Ph
> Bn. The collected data on the influence of different factors on the rate and the
enantioselectivity of hydrogenation of alkyl aryl ketones (for example, nonlinear dependence

of acetophenone conversion on the amount of precatalyst, changes in enantioselectivity in the
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course of the reaction, while maintaining the catalytic activity) suggest a more complicated
mechanism of the reaction than can be suggested based on the literature data. The studies
performed on the catalytic hydrogenation of various challenging substrates showed that the
use of rhodium complexes for the reduction of dialkyl ketones is a promising approach, while

the iridium complex exhibited a good activity in the catalytic hydrogenation of imines.

Experimental

All the reactions were carried out under argon using the Schlenk technique. Solvents
were purified by distillation under argon before use. Rhodium*! and iridium® complexes were
obtained according to the known procedure from [RhCI(COD)]2, [RhCI(NBD)]2,
[Rh(COD)2]BF4, or [IrCI(COD)]2 and (R/S)-2-diphenylphosphinoferrocenyl thioether ligands
(R = Et, Bu', Ph, Bn).'® Ketones were used in the reactions without preliminary purification.
Quinaldine 10 was purified by distillation in vacuo. The presence of impurities in all the
substrates was monitored by GLC before use. N-Phenyl-N-(1-phenylethylidene)amine (9) was
synthesized from aniline and acetophenone (1) according to the standard procedure using a
Dean—Stark trap.!* Conversion of starting compounds and optical purity of products were
determined by GLC on Supelco BETADEX™ 225 (for ketones) and Varian Chirasil_ DEX C

(for imines) instruments equipped with chiral columns.

Asymmetric hydrogenation of ketones (general procedure). A solution containing a
precatalyst (6.4¢10 mmol), MeONa (3.2+102 mmol, 5 equiv.), and the substrate (3.2 mmol,
500 equiv.) in isopropyl alcohol (2 mL) was poured in a 5-mL glass vial, which was placed
under argon in a steel autoclave equipped with magnetic stirrer. The autoclave was filled with
hydrogen under the pressure of 30 Bar, and the mixture was stirred at room temperature for a
required time (see Tables 1-5). The reaction products were isolated by preparative column
chromatography wusing dichloromethane as an eluent. Enantiomerically enriched 1-
phenylethanol was obtained by this procedure with [Ir(P,SBut)(COD)CI] as a precatalyst in
96% vyield (ee 61%).

Enantiomeric stability of 1 phenylethanol. A solution containing [Rh(P,SBu)-
(COD)CI] (6.4+10~2 mmol), MeONa (3.2¢102 mmol, 5 equiv.) and enantiomerically enriched
1-phenylethanol (3.2 mmol, 500 equiv., ee 61%) in isopropyl alcohol (2 mL) was poured in a

5-mL glass vial, which was placed under argon in a steel autoclave equipped with a magnetic
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stirrer. The autoclave was filled with hydrogen under the pressure of 30 Bar, and the mixture
was stirred at room temperature for 16 h. The reaction products were isolated by preparative

column chromatography using dichloromethane as an eluent. The yield was 100%, ee 59%.

Asymmetric hydrogenation of imines (general procedure). A solution containing a
precatalyst (6.4+10~ mmol), I, (1.9¢102 mmol, 3 equiv.), and a substrate (0.64 mmol, 100
equiv.) in dichloromethane (2 mL) was poured into a 5-mL glass vial, which was placed
under argon in a steel autoclave equipped with a magnetic stirrer. The autoclave was filled
with hydrogen under the pressure of 30 Bar, and the mixture was stirred at room temperature
for the required time (see Tables 6 and 7). The reaction products were isolated by preparative

column chromatography using dichloromethane as an eluent.
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