X4

International Journal of Organic Chemistry, 2024, 14, 1-19

X/

"‘: g‘é?ggmﬁ https://www.scirp.o.rg/journaI/ijoc
94% Publishing ISSN Online: 2161-4695

@,

ISSN Print: 2161-4687

Operationally Simple Enantioselective Silane
Reduction of Ketones by the
[Ir(OMe)(cod)]z/Azolium Catalytic System

Satoshi Sakaguchi®, Chika Nagao, Ryo Ichihara, Shogo Matsuo

Department of Chemistry and Materials Engineering, Faculty of Chemistry, Materials and Bioengineering, Kansai University,

Suita, Japan
Email: *satoshi@kansai-u.ac.jp

How to cite this paper: Sakaguchi, S.,
Nagao, C., Ichihara, R. and Matsuo, S.
(2024) Operationally Simple Enantioselec-
tive Silane Reduction of Ketones by the
[Ir(OMe)(cod)],/Azolium Catalytic System.
International Journal of Organic Chemistry,
14, 1-19.
https://doi.org/10.4236/ijoc.2024.141001

Received: November 30, 2023
Accepted: February 25, 2024
Published: February 28, 2024

Copyright © 2024 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

(ORORN o s

Abstract

An operationally simple protocol was designed for the enantioselective silane
reduction (ESR) of ketones using air- and moisture-stable [Ir(OMe)(cod)],
(cod = 1,5-cyclooctadiene) (3) as a metal catalyst precursor. This reaction was
driven by chiral hydroxyamide-functionalized azolium salt 2. The catalytic ESR
reaction could be performed under benchtop conditions at room temperature.
Treatment of 2 with 3 in THF yielded the monodentate IrCI(NHC)(cod) (NHC
= N-heterocyclic carbene) complex 4 in 93% yield, herein the anionic me-
thoxy ligand of 3 serves as an internal base that deprotonates the azolium ring
of 2. The well-defined Ir complex 4 catalyzed the ESR reaction of propiophe-
none (6) with (EtO),MeSiH using the pre-mixing reaction procedure. Based
on this success, the catalytic ESR reaction was designed and implemented us-
ing an in situ-generated NHC/Ir catalyst derived from 2 and 3. Thus, a wide
variety of aryl ketones could be reduced to the corresponding optically active
alcohols in moderate to excellent stereoselectivities at room temperature with-
out temperature control. Since the high catalytic activity of 3 was observed,
we next evaluated several other transition metal catalyst precursors for the
catalytic ESR reaction under the influence of 2. This evaluation revealed that
Ir(acac)(cod) (acac = acetylacetonate) (28) and [IrCl(cod)], (5) can be suc-
cessfully used as metal catalyst precursors in the ESR reaction.

Keywords

Asymmetric Catalysis, Enantioselective Reduction, Hydrosilylation Reaction,
N-Heterocyclic Carbene, Iridium

1. Introduction

Transition metal complexes of N-heterocyclic carbenes (NHCs) have been ex-
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tensively researched in organometallic chemistry and homogeneous catalysis.
Strong interactions between the metal and NHCs prevent the decomposition of
the complex to free and inactive metal under catalytic conditions. Lin et al
achieved a decisive breakthrough in the synthesis of metal complexes bearing
NHC:s; they reported the preparation of silver NHCs by allowing azolium salts to
react with Ag,O [1]. This strategy, known as the Ag,0 method, offers a direct ap-
proach for synthesizing other metal/carbene systems via transmetalation. Thus far,
a wide variety of transition metal complexes bearing NHCs have been developed
[2]. Using the Ag,0 method, Crabtree ef al prepared IrX(NHC)(cod)-type Ir com-
plexes (cod = 1,5-cyclooctadiene, X = halogen) [3]. In 2004, Peris et al. reported
the first catalytic application of metal complexes bearing NHCs; in this study, the
hydrosilylation reaction of alkynes was catalyzed by bimetallic rhodium or iridium
complexes bearing tripodal NHC ligands [4]. Liu et al developed iridium pyridinyl
NHC complexes for the catalytic transfer hydrogenation (TH) reaction [5]. Simi-
larly, Herrmann and Kiihn synthesized a series of IrX(NHC)(cod) complexes to
study their catalytic activities in TH reactions. [6]. Currently, a large number of
IrX(NHC)(cod)-type Ir complexes are continuously being investigated for homo-
geneous catalysis [7] [8] [9]. In 2006, Herrmann et al. developed well-defined chiral
IrX(NHC)(cod) complexes using the Ag,0 method [10]. The IrCI(NHC)(cod)
complexes derived from chiral heterocyclic diamine 2,2’-bipiperidine were used
to catalyze the asymmetric hydrosilylation and TH reactions of acetophenone.
More recently, Yoshida and Yanagisawa demonstrated the highly enantioselec-
tive TH reaction of ketones, which was catalyzed by an Ir complex possessing a
chiral bicyclic NHC ligand system [11] [12].

We developed a series of chiral IrCI(NHC)(cod) complexes via the transmetala-
tion reaction of a hydroxyamide-functionalized NHC/Ag complex with [IrCl(cod)],
using the Ag,0 method (Figure 1) [13]. Interestingly, the Ir-catalyzed enantiose-
lective silane reduction (ESR) reaction of ketones was successfully carried out in the
presence of a small amount of AgBF, at room temperature without temperature
control [14]. Subsequently, we investigated the ESR reaction using [Ir(cod),]BF, (1)
as an Ir catalyst precursor without AgBF, additive (Figure 1) [15]. Consequently, a
simple combination of 1 and chiral hydroxyamide-functionalized benzimidazo-
lium salt 2 promoted the catalytic ESR reaction of ketones. However, the com-
plex 1 is unstable and sensitive toward air and moisture. These drawbacks limit
the use of the 1/2 catalytic system for practical synthetic purposes. To overcome
these limitations, we envisioned that [Ir(OMe)(cod)], (3) could be used as an Ir
catalyst precursor (Figure 1). We assumed that the reaction of 2 with 3 would
furnish the corresponding NHC/Ir complex, in which the methoxy group of 3
could serve as an internal base that deprotonates the C-H bond of 2 at the C2
position. Importantly, the commercially available Ir complex 3 is relatively in-
expensive and easy to manipulate because of its benchtop stability [16]. The ESR
reaction of ketone using the 2/3 catalytic system can be performed at room tem-
perature under benchtop conditions. Hence, the present protocol is suitable for

the practical synthesis of optically active alcohols.
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Figure 1. Development of enantioselective Ir-catalyzed silane reductions.

To the best of our knowledge, only three previous studies have synthesized
IrX(NHC)(cod) complexes by reacting azolium halides with the dinuclear alkoxy
complex of Ir; these representative examples are shown in Figure 2. Jiménez et al
demonstrated that the reaction of 1-(2-methoxybenzyl)-3-methyl-1H-benzimida-
zol-3-ium bromide with 3 yields the corresponding monodentate NHC/Ir com-
plex. In addition, the catalytic TH reaction of cyclohexanone was successfully per-
formed in the presence of KOH in 2-propanol at 80°C [17]. Voutchkova-Kostal et
al. reported that the reaction of 1-methyl-3-(4-sulfophenyl)-1H-imidazolium
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Figure 2. Previous studies that have reported the synthesis of I'X(NHC)(cod) complexes
by reacting azolium salt with well-defined [Ir(OMe)(cod)], or in situ-generated
[Ir(OEt)(cod)], from [IrCl(cod)], and NaH in EtOH.

with [Ir(OEt)(cod)],, which was generated in situ from the reaction of [IrCl(cod)],
with NaH in EtOH, produced the corresponding water-soluble NHC/Ir complex
with sulfonate-functionalized wingtips [18]. These Ir complexes promoted the
conversion of glycerol into lactic acid in water in the presence of KOH under
microwave conditions at 150°C. More recently, Pérez-Torrent et al synthesized
a series of Ir complexes bearing a hemilabile NHC ligand by treating couma-
rin-functionalized azolium chlorides with 3 [19]. The Ir complex bearing hemi-
labile coumarin-functionalized NHC catalyzed the hydrosilylation reaction of
terminal alkynes with PhMe,SiH. However, to the best our knowledge, the syn-
thesis of a chiral IrX(NHC)(cod) complex using 3 as an Ir precursor has not
been reported so far.

Herein, we synthesized the IrCI(NHC)(cod) complex 4 by reacting 2 with 3.
The well-defined NHC/Ir complex 4 exhibited good catalytic activity for the ESR
reaction of ketones at room temperature. In this reaction, we employed our pre-
viously developed pre-mixing reaction procedure [20]. Additionally, we designed
and implemented an operationally simple protocol for the ESR reaction, which
was catalyzed by an in situ-generated Ir species derived from 2 and 3. This study
reports an extremely useful method for synthesizing optically active alcohols,

which can be performed on a benchtop under ambient conditions.
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2. Results and Discussion

2.1. Preparation of 4 from the Reaction of 2 with 3 and
Its Application in the ESR Reaction

Azolium salt 2 was reacted with 3 (0.5 equiv.) at room temperature for 16 h, to
produce the corresponding IrCI(NHC)(cod) complex 4 as a yellow solid in 93%
yield (Equation (1)). The formation of the carbene species strongly suggests that
the OMe group of 3 acts as a base and deprotonates the C-H bond at azolium
ring (Figure 1). Indeed, no reaction occurred when 2 was treated with [IrCl(cod)],
(5) under these reaction conditions. The use of 5 instead of 3 as an Ir catalyst

precursor will be explained in Section 2.3.

Q\Oj/“\./\OH
N/Illr(/\ \(

2 +3

1
THF, r.t., 16 h o’ g W
4,93% yield

Complex 4 was characterized using NMR spectroscopy and elemental analy-
sis. Unfortunately, complex 4 failed to yield satisfactory crystals for an X-ray
crystal structure. Notably, the "C-NMR spectrum of 4 indicated that it exists as
a mixture of two NHC/Ir complexes. Enders et al. observed the hindered rota-
tion of the carbene-metal bond in an NHC/Rh complex, which contained a
bulky cyclooctadiene ligand [21] [22]. As 4 contains a chiral carbon center on
the side arm of the NHC ligand, the hindered rotation of carbene-Ir bond results
in the formation of a mixture of two diastereotopic rotamers. These two rota-
mers could not be separated by conventional chromatographic techniques. In the
"H-NMR spectrum of 4, the characteristic downfield signals for the NCHN" pro-
tons of 2 disappeared. Complex 4 also exhibits C chemical shifts at both §192.5
and 192.3 ppm, which are comparable to those of other reported NHC/Ir(I) com-
plexes [23] [24]. The "*C chemical shifts indicate that C_,.,. is substantially de-
shielded. In addition to 4, we synthesized two other IrCI(NHC)(cod) complexes,
4-Et and 4-Me, from benzimidazolium salts bearing both N-methyl and N-hy-
droxyamide wingtips derived from (8)-2-amino-1-butanol and ($)-alaninol, respec-
tively. These complexes, 4-Et and 4-Me, also exist as a mixture of two NHC/Ir
isomers, and characteristic carbene signals at approximately ¢ 191-192 ppm were
observed in their "C-NMR spectra. Notably, the obtained iridium complexes
were completely stable in air and moisture environments.

The asymmetric catalytic property of 4 was examined by applying it in the
reduction reaction of ketones with silanes at room temperature (Figure 3). The
ESR reaction of propiophenone (6) with (EtO),MeSiH was performed using our
recently developed pre-mixing reaction procedure [20]. After stirring the mixture
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Figure 3. ESR reaction of 6 with (EtO),MeSiH catalyzed by 4 using the pre-mixing reac-
tion procedure.

of 4 (8 mol% wrt 6) and (EtO),MeSiH (4.5 equiv. wrt 6) in THF at room tem-
perature for 20 h, 6 was reduced in MeOH in the presence of a small amount of
K,CO,. Consequently, (S)-1-phenyl-1-propanol (6a) was obtained in 86% yield
with 88% ee. This result indicates that the newly prepared Ir complex 4 is very

stable and is a suitable catalyst for the ESR reaction under ambient conditions.

2.2. ESR Reaction Catalyzed by the in Situ-Generated Ir Species
Derived from 2 and 3

Encouraged by the success of the well-defined IrX(NHC)(cod) complex 4, we
continued our investigation on the ESR reaction of ketones. Next, we used the in
situ-generated Ir species derived from 2 and 3 as a catalyst precursor. The in si-
tu-generated metal complexes offer several distinct advantages over well-defined
metal complexes [25]. In this approach, there was no need to prepare the NHC/
metal catalyst in advance.

The catalytic ESR reaction was performed using the 2/3 combined catalytic
system and the pre-mixing reaction procedure. The operational simplicity of this
protocol enables the synthesis of various optically active alcohols (Table 1). All
alcohol products listed in Table 1 have the (S$)-configuration. First, 2, 3, and
(EtO),MeSiH were premixed, and 6 was reacted with the resulting mixture in
MeOH in the presence of a small amount of K,CO; at room temperature for 2 h.
This reaction produced 6a in 86% yield with 92% ee (Entry 1). Similarly, buty-
rophenone (7), valerophenone (8), and benzyl phenyl ketone (9) were success-
fully reduced to the corresponding optically active alcohols 7a-9a with excellent
enantioselectivities (Entries 2-4). Alkyl aryl ketones with branched alkyl groups
can also be reduced using this reaction. The reduction of isobutyrophenone (11)
and cyclohexyl phenyl ketone (12) yielded 11a and 12a, respectively, with 90%
ee (Entries 6 and 7).

Although p-methoxypropiophenone (13), which contained an electron-donating
substituent, was reduced to produce the alcohol 13a in 53% yield, higher prod-
uct yield (85%) was obtained in the reduction of p-chloropropiophenone (14),
which contained an electron-withdrawing substituent (Table 1, Entry 8 vs. Entry
9). These results suggest that the electrophilicity of the ketone affected the cata-

Iytic activity of the 2/3 catalytic system. Similar results were obtained in the
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Table 1. Enantioselective reduction of various ketones with (EtO),MeSiH catalyzed by an
in situ-generated NHC/Ir species®.

26 mol %) (EtO),MeSiH
3@mol%)  THF,rt,20h

pre-mixing
Ketone Aot Alcohol
MeOH
rt,2h
Ketone [ArCOR] Yield Ee
Entry Ar R [%]° [%]¢

1 Ph Et (6) 86 92
24 Ph pr 7) 90 92
3 Ph "Bu (8) 98 90
44 Ph Bn 9) 88 90
5 Ph Me (10) 62 86
6 Ph Pr (11) 54 90
74 Ph Cy (12) 67 90
8 (4-MeO)CH, Et (13) 53 82
9 (4-Cl)CH, Et (14) 85 82
10 (4-"Bu)CH, Me (15) 90 80
11 (4-MeO)CH, Me (16) 61 80
12 (3-MeO)CH, Me (17) 90 85
13 (4-C1)CH, Me (18) 80 88
14 (2-C)CH, Me (19) 61 41
15 (4-Me,N)CH, Me (20) 24 75
16 2-Naphthyl Me (21) 96 83
17¢ 1-Naphthyl Me (22) 56 66
18¢ 2-Thiophenyl Me (23) 54 85
19 Ph CH,Cl (24) 84 42
204 Ph (CH,),Cl (25) 76 42
21 (4-Cl)C,H, (2-Cl)C,H, (26) 47 60
22 4-Chromanone 27) 67 23

2 (0.03 mmol), 3 (0.015 mmol), and (EtO),MeSiH (2.25 mmol) were added to THF (2
mL). After stirring the mixture at room temperature for 20 h, ketone (0.5 mmol), K,CO,
(5 mg) and MeOH (2 mL) were added. Then, the resulting mixture was reacted at room
temperature for 2 h. "Isolated yield. “Determined by GC or LC using a chiral stationary
phase. “Ketone was reacted with (EtO),MeSiH for 6 h.

reduction reactions of p-methoxyacetophenone (16) and p-chloroacetophenone
(18), which formed the corresponding alcohols 16a and 18a in 61% and 80%
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yields, respectively (Entry 11 vs. Entry 13). The product 16a was obtained in
moderate yield (61%) when p-methoxyacetophenone (16) was reacted with
(EtO),MeSiH. However, m-methoxyacetophenone (17) was reduced smoothly to
furnish 17a in good yield (90%) with 85% ee (Entry 11 vs. Entry 12). In general, the
meta-OMe group acts as an electron-withdrawing group, whereas the para-OMe
group acts as an electron-donating group. Therefore, the higher yield of 17a may
have been caused by the higher electrophilicity of the carbonyl group in 17 (En-
try 12). In contrast to the reduction of p-chloroacetophenone (18) to form 18a
in 80% yield with 88% ee under the standard conditions, o-chloroacetophenone
(19) was converted into 19a in moderate yield (61%) with low enantioselectivity
(41% ee); this probably occurred because of the steric effect (Entry 13 vs. En-
try 14). A poor product yield (24%) was observed in the reduction reaction of
p-(dimethylamino)acetophenone (20) (Entry 15). This may have occurred because
the dimethylamino group acts as a catalyst poison for the 2/3 catalytic system.

The in situ-generated 2/3 catalytic system was also suitable for the ESR re-
duction of 2-acetylnaphthalene (21), which afforded ($)-1-(2-naphthyl)ethanol
(21a) in 96% yield with 83% ee (Table 1, Entry 16). However, the reduction of
1-acetylnaphthalene (22) furnished the alcohol 22a in a moderate yield and
enantioselectivity (Entry 17). These results indicate that the reactivity of the
NHC/Ir catalyst was sterically affected by the arene moiety on the substrate (En-
try 16 vs. Entry 17). A satisfactory ee value (85%) was obtained in the reduction
of 2-acetylthiophene (23); however, the product yield was slightly lower (Entry
18). Diaryl ketones such as 2,4’-dichlorobenzophenone (26) produced the cor-
responding diarylmethanol derivative 26a with moderate yield (47%) and enan-
tioselectivity (60% ee) (Entry 21). However, 4-chromanone (27) was reduced to
4-chromanol (27a) with poor stereoselectivity (Entry 22).

2.3. ESR Reaction Catalyzed by in Situ-Generated Ir Species
Derived from 2 and 26 or 5

The good performance of the 2/3 catalytic system prompted us to investigate the
ability of other metal catalyst precursors for the ESR reaction of 6 using the
pre-mixing reaction procedure (Table 2). To compare the relative abilities of the
catalysts, the results of the ESR reaction catalyzed by the 2/3 catalytic system are
also listed in Table 2 as Entries 1 and 2.

First, we selected the commercially available Ir(acac)(cod) (acac = acetylace-
tonate) (28) complex by assuming that the CH,C(O)CHC(O)CHj;™ (acac) moiety
of 28 may serve as an internal base to deprotonate the C-H bond of 2 [26] [27]
[28]. Notably, complex 28 exhibited a high catalytic activity for the ESR reaction
of 6. When 6 was treated with (EtO),MeSiH in the presence of the 2/28 catalytic
system in MeOH at room temperature, 6a was obtained in 90% yield with 85%
ee (Table 2, Entry 4). To our surprise, the combination of 2 and [IrCl(cod)], (5)
unexpectedly promoted the ESR reaction of 6 to produce 6a in 99% yield with
93% ee (Entry 6). The pKa values of the bases in DMSO are as follows: CH,OH
29.0; CH,C(O)CH,C(O)CH, (acac-H) 13.3; HCI 1.8 [29] [30] [31]. These values

DOI: 10.4236/ijoc.2024.141001

8 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2024.141001

S. Sakaguchi et al.

Table 2. Catalytic performances of various metal catalyst precursors for the enantioselec-
tive reduction of 6 with (EtO),MeSiH under the influence of 2°.

2 (5 or 6 mol %) (EtO),MeSiH

Metal c;talyst THF, rt, 20 h

‘ precursor (2.5-6 mol %) ‘

‘ pre-mixing 6 ‘ K,COs4 .

MeOH
rt,2h
Entry Metal catalyst precursor [mol %)] T;Z}S [9E{,f;<>

1 [Ir(OMe)(cod)], (3) [3] 86 92
2 3 [2.5] 72 85
3 Ir(acac)(cod) (28) [6] 96 80
4 28 [5] 90 85
5 [IrCl(cod)], (5) [3] 97 92
6 5 [2.5] 99 93
7 [IrCl(cyclooctene),], (29) [2.5] 20 76
8 [Ir(cod),]*{B [3,5-(CF;),CH,],}~ (30) [5] 17 86
9 (IrCp*CL], (31) [2.5] <5 -
10 [RhCl(cod)], (32) [2.5] <5 -
11 [Rh(cod)2]+BF4~ (33) [5] 11 15
12 PdCl,(cod) (34) [5] 18 <1
13 PtCl,(cod) (35) [5] <1 -
14 [RuCl,(cod)], (36) [5] <5 -
15 [CuCl(cod)], (37) [5] <1 -

*2 (0.025 - 0.03 mmol), metal catalyst precursor (0.0125 - 0.03 mmol), and (EtO),MeSiH
(2.25 mmol) were added to THF (2 mL). After stirring the resulting mixture at room
temperature for 20 h, ketone (0.5 mmol), K,CO, (5 mg), and MeOH (2 mL) were added
to it. Subsequently, the resulting mixture was reacted at room temperature for 2 h. "GC
yield using internal standard method. ‘Determined by GC using a chiral stationary

phase.

indicate that the chloride ion in 5 could not act as an internal base. Indeed, as
described above, no reaction was observed between 2 and 5. The use of the Ir
catalyst precursors 28 and 5 will be discussed later.

Although good product yield and stereoselectivity were observed in the ESR
reaction of 6 using 5 (Table 2, Entry 6), a lower yield was obtained when
[IrCl(cyclooctene),], (29) was used instead of 5; this reaction afforded 6a in 20%
yield (Entry 7). Furthermore, cationic Ir(I) complexes, such as [Ir(cod),]*{B
[3,5-(CF;),C¢H,l,}~ (30), and Ir(III) complexes, such as [IrCp*CL], (31), were
found to be inert (Entries 8 and 9). In addition, the execution of the ESR reac-
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tion was difficult when Rh catalyst precursors, such as [RhCl(cod)], (32) and
[Rh(cod)2]+BF4  (33), were used under typical reaction conditions (Entries 10
and 11). However, several well-defined chiral NHC/Rh complexes have been
developed to date for the catalytic ESR reaction of ketones with Ph,SiH, [32]
[33] [34].

Encouraged by our success with 5 as an Ir catalyst precursor, we continued to
explore the use of Pd, Pt, Ru and Cu complexes in the ESR reaction. In the lite-
rature, the ESR reaction of ketone has been achieved using the well-defined
NHC/Cu complex catalyst or an in situ-generated NHC/Ru catalyst derived
from RuCl,(PPh;), and a chiral azolium salt [35] [36]. However, as shown in
Table 2 (Entries 12-15), the metal catalyst precursors 34-37, which possess both
anionic chloride and neutral cod ligands, could not be applied in the ESR reac-
tion. These results showed that only Ir complexes promoted the catalytic ESR
reaction using the pre-mixing reaction procedure.

Table 3 summarizes the results of the ESR reactions of several ketones cata-
lyzed by the 2/28 and 2/5 catalytic system. These data show that 28 and 5

could be successfully used as Ir catalyst precursors. The use of the pre-mixing

Table 3. Enantioselective reduction of several ketones with (EtO),MeSiH using the 2/28
or 2/5 catalytic system®.

2 (5 mol %)
+ (EtO),MeSiH
28 (5 mol %)
or THF, r.t., 20 h
| 5 (2.5 mol %) |
[ . |
pre-mixing K2003
Ketone Alcohol
MeOH
rt,2h
Ir catalyst precursor Yield Ee
Ent Ket
nery [mol %] N () [%]°
1 Ir(acac)(cod) (28) [5] 6 90 85
2 28 [5] 7 80 90
3 28 [5] 12 65 92
4 [IrCl(cod)], (5) [2.5] 6 99 93
54 5[2.5] 7 79 91
64 5[2.5] 9 88 86
7 5 [2.5] 10 61 84
8¢ 5[2.5] 12 74 91

2 (0.025 mmol), Ir catalyst precursor (0.0125 or 0.025 mmol), and (EtO),MeSiH (2.25
mmol) were added to THF (2 mL). After stirring the resulting mixture at room tempera-
ture for 20 h, the ketone (0.5 mmol), K,CO, (5 mg), and MeOH (2 mL) were added.
Then, the mixture was reacted at room temperature for 2 h. Tsolated yield. “Determined
by GC or LC using a chiral stationary phase. ‘Ketone was reacted with (EtO),MeSiH for
6 h.

DOI: 10.4236/ijoc.2024.141001

10 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2024.141001

S. Sakaguchi et al.

reaction procedure was essential. Indeed, almost no reaction was observed when
ketone, (EtO),MeSiH, K,CO, and MeOH were added at once to the reaction vessel
after stirring a mixture of 2 and 28 (or 5) in THF for 20 h. Notably, the experi-
ments could be performed under benchtop conditions at ambient temperature.
Finally, we investigated the independent reactions of 2 with 28 and 5. We as-
sumed that the anionic acac ligand of 28 would serve as an internal base to de-
protonate the C-H bond of 2. As expected, the reaction of 2 with 28 in THF at
room temperature afforded 4 in 85% yield (Equation (2)). This result strongly
suggests that the formation of the NHC species from 2 is promoted by the acac
ligand of 28 in a manner similar to the reaction between 2 and 3 (Figure 1).

2 + oI - 4
N0""""() THF,rt, 16h )
85% yield

Ir(acac)(cod) (28)

In the 2/5 catalytic system, we assumed that (EtO),MeSiH would act as a base
that deprotonates the C-H bond of 2 during the pre-mixing reaction process.
Therefore, we next attempted to prepare an NHC/Ir complex by reacting 2
with 5 in the presence of (EtO),MeSiH. However, we could not confirm the
formation of the IrCI(NHC)(cod) complex in a pure form by analyzing the
NMR spectra of the crude mixture, which was obtained after reacting 2, 5, and
(EtO),MeSiH. Meanwhile, we succeeded in synthesizing 4 by reacting 2 with 5 in
the presence of BuOK [37]. After stirring a mixture of 5 and BuOK in THF for
10 min, 2 was added to the reaction vessel. The resulting mixture was then
stirred at room temperature for 16 h, producing 4 in 89% yield (Equation (3)).
Although the reaction mechanism of the 2/5 catalytic system is still unclear at
this stage, we believe that 4 would be generated in situ during the catalytic cycle
of the ESR reaction.

BuOK
/ \ /Ir\ 4
THF, r.t., 16 h (3)
89% yield

[IrCl(cod)], (5

3. Conclusion

In summary, we investigated the use of a commercially available and air- and
moisture stable Ir complex 3 in the ESR reaction of ketones. The complex 3
contains an OMe group, which acts as an internal base and deprotonates the
C-H bond of the azolium ring of 2. The reaction of 2 with 3 furnished the
well-defined IrCI(NHC)(cod) complex 4 in an almost quantitative yield. The
ESR reaction of 6 with (EtO),MeSiH was catalyzed by 4 and was performed us-
ing the pre-mixing reaction procedure. Additionally, we demonstrated that the
in situ-generated NHC-Ir species derived from 2 and 3 promoted the catalytic

ESR reaction of various ketones, which afforded the corresponding alcohols with
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moderate to excellent stereoselectivities. Throughout the course of this study,
experiments were performed under benchtop conditions at room temperature.
Hence, this study reports a useful and operationally simple method for the syn-
thesis of optically active alcohols. Moreover, several transition metal complexes
were evaluated as metal catalyst precursors; the evaluation revealed that 28 and 5
facilitated the catalytic ESR reaction using the pre-mixing reaction procedure.
We believe that this protocol can be used for the practical and efficient synthesis

of optically active alcohols from ketones.

4. Experimental

All other chemical reagents and solvents were obtained from commercial sources.
Column chromatography was performed with silica gel 60 (63 - 210 pm) pur-
chased from Kanto Chemical Co., Inc. '"H-NMR spectra were recorded on a
JEOL ECA400 (400 MHz for "H-NMR and 100 MHz for *C-NMR) spectrome-
ter. Chemical shifts were reported downfield from TMS (&= 0 ppm) for '"H-NMR.
For “C-NMR, chemical shifts were reported on the scale relative to the solvent
used as an internal reference. Elemental analyses were performed at Osaka Uni-

versity.

4.1. Procedure for Preparation of 4 from the Reaction of 2 with 3
or 28

2 (0.21 mmol, 95 mg) and 3 (0.1 mmol, 66 mg) were stirred in THF (2 mL) at
room temperature for 16 h under Ar. After passing through a short silica gel
column using THF as a solvent, the filtrate was dried in a rotary evaporator to
afford 4 as a yellow solid (139 mg, 92% yield). 28 (0.2 mmol, 80 mg) could be
used instead of 3 to obtain 4 (127 mg, 85% yield). 4 was very stable under air and
could be stored as a solid for a minimum of one month at room temperature.

4: '"H-NMR (CDCl,;, 400 MHz): Major isomer: §8.27 (d, /= 8.2 Hz, 1H, NH),
8.01 - 6.78 (m, 12H), 6.36 (d, /= 15.4 Hz, 1H, CH,CO), 6.29 (d, /= 15.4 Hz, 1H,
NCH,Ar), 4.85 (d, /= 15.4 Hz, 1H, CH,CO), 4.76 (br, 1H, cod), 4.76 (br, 1H,
NHCH), 4.10 (br, 1H, cod), 3.66 (br, 1H, cod), 3.53 - 3.48 (m, 1H, CH,0OH), 3.08
- 3.01 (m, 1H, cod), 2.96 - 2.93 (m, 1H, CH,OH), 2.78 (t, /= 6.8 Hz, 1H, OH),
2.30 - 2.24 (m, 2H, cod), 1.99 - 1.97 (m, 1H, cod), 1.74 - 1.59 (m, 4H, cod), 1.41
(br, 1H, cod), 1.25-1.01 (m, 2H, CH, 3 ), 0.93-0.86 (m, 1H, CH,), 0.61 (d, /= 6.8
Hz, 3H, CH,z,), 0.56 (d, /= 6.8 Hz, 3H, CH,3,). The following signals were at-
tributed to minor isomer: 4 8.26 (d, /= 8.2 Hz, 1H, NH), 6.27 (d, /= 16.8 Hz,
1H, NCH,Ar), 6.21 (d, /= 16.8 Hz, 1H, NCH,Ar), 0.90 (d, / = 6.3 Hz, 3H,
CH,p,), 0.87 (d, / = 6.3 Hz, 3H, CH,,). "C-NMR (CDCl;, 100 MHz): Major
isomer: 6 192.4 (Co0), 167.0 (C=0), 134.9, 134.3, 133.5, 130.8, 130.4, 129.0,
128.3, 126.8, 126.1, 125.2, 123.6, 123.5, 123.3, 122.3, 111.1, 110.4, 89.0 (CH,y),
88.6 (CH,.4), 65.6 (CH,OH), 54.0 (CH,,y), 53.6 (CH,,), 52.5 (NHCH), 50.4
(CH,CO), 49.6 (NCH,Ar), 39.2 (CH,z,), 33.8 (CH,..), 32.6 (CH,.,), 29.1
(CH,0a)> 28.7 (CH,04), 24.4 (CHg,), 22.8 (CH, 5,), 21.4 (CH, 5,). Minor isomer: &
192.3 (C_ypene)> 167.2 (C=0), 134.9, 134.4, 133.6, 130.9, 130.3, 128.9, 128.2, 126.7,
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126.1, 125.2, 123.6, 123.4, 123.4, 122.4, 111.1, 110.6, 88.5 (CH,,,), 85.0 (CH.,,),
65.4 (CH,OH), 53.9 (CH_,), 53.7 (CH,,), 51.0 (NHCH), 50.5 (CH,CO), 49.5
(NCH,Ar), 39.2 (CH,3,), 33.5 (CH,.,4), 32.9 (CH,.,4), 30.8 (CH,.p4), 28.9 (CH,4)s
24.7 (CHg,), 22.8 (CH,,), 22.1 (CH,,). Anal. Calc. for C,,H,,ClIrN,0,-0.5H,0:
C, 53.71; H, 5.57; N, 5.53. Found: C, 53.74; H, 5.60; N, 5.50%.

4-Et: '"H NMR (CDCl,, 400 MHz): Major isomer: & 7.49 - 7.26 (m, 4H), 6.60
(d, /= 8.4 Hz, 1H, NH), 6.26 (d, /= 15.2 Hz, 1H, CH,CO), 4.76 (d, /= 15.2 Hz,
1H, CH,CO), 4.84 - 4.76 (br, 1H, cod), 4.84 - 4.76 (br, 1H, NHCH), 4.20 (s, 3H,
NCH,), 3.88 - 3.83 (m, 1H, cod), 3.64 - 3.60 (m, 1H, cod), 3.49-3.46 (m, 1H,
CH,0H) 3.15 - 3.10 (m, 1H, cod), 2.98 - 2.90 (m, 1H, CH,0OH), 2.77 (t, /= 7.0
Hz, 1H, OH), 2.38 - 2.22 (m, 4H, cod), 1.94 - 1.83 (m, 2H, cod), 1.80 - 1.66 (m,
2H, cod), 1.38 - 1.25 (m, 1H, CH,CH,), 1.25 - 1.10 (m, 1H, CH,CH,), 0.53 (t, /=
7.2 Hz, 3H, CH,CH,). The following signals were attributed to minor isomer: J
7.14 (d, /= 8.4 Hz, 1H, NH), 6.22 (d, /= 15.2 Hz, 1H, CH,CO), 4.80 (d, /= 15.2
Hz, 1H, CH,CO), 4.17 (s, 3H, NCH,), 1.54 - 1.47 (m, 2H, CH,CH,), 0.88 (t, /=
7.2 Hz, 3H, CH,CH,). "C-NMR (CDCl,, 100 MHz): Major isomer: §191.5 (C,,,.
sene)> 166.9 (C=0), 135.4, 134.0, 123.4, 123.3, 110.1, 109.8, 88.8 (CH..,), 88.2
(CH,y), 64.3 (CH,OH), 53.8 (CH,,,), 53.4 (CH,,,), 53.1 (CHNH), 52.3 (CH,CO),
34.3 (CH,.,), 33.4 (CH,.,), 33.2 (CH,N), 29.3 (CH,.), 29.0 (CH,.,), 23.5
(CH,y,), 10.0 (CH,g,); Minor isomer: & 167.4 (C=0), 135.3, 134.1, 123.4, 123.3,
110.9, 110.4, 88.6 (CH.,), 87.4 (CH.,), 64.7 (CH,0OH), 54.5 (CH,,), 53.5
(CH,,4), 53.0 (CHNH), 52.8 (CH,CO), 34.2 (CH,_,4), 33.6 (CH,_.4), 33.1 (CH,N),
29.6 (CH,.4), 28.9 (CH,.), 23.4 (CH,y,), 10.5 (CH,g); The carbene “C-NMR
resonance of the minor isomer was not observed. Anal. Calc. for C,,H;,ClIrN;0,:
C, 44.25; H, 5.23; N, 7.04%. Found: C, 44.48; H, 5.56; N, 6.76%.

4-Me: "C-NMR (CDCl,;, 100 MHz): Major isomer: & 191.5 (C_pene)> 166.6
(C=0), 135.4, 134.0, 123.4, 123.4, 110.0, 109.8, 89.0 (CH.,,,), 88.2 (CH,,,), 65.5
(CH,0H), 53.5 (CH.y), 53.1 (CH.,), 52.4 (CHNH), 48.4 (CH,CO), 34.3
(CH,.0q)> 33.4 (CH,.4), 33.2 (CH;N), 29.4 (CH,..q4)> 29.0 (CH,_.4), 16.3 (CH,y..);
Minor isomer: & 191.3 (C_pene)> 167.3 (C=0), 135.3, 134.0 123.4, 123.3, 110.4,
109.7, 88.5 (CH,,4), 88.0 (CH,,), 66.7 (CH,0OH), 53.3 (CH_,), 53.2 (CH,,,), 52.7
(CHNH), 48.9 (CH,CO), 34.2 (CH,,4), 33.4 (CH,,4), 33.2 (CH;N), 29.4 (CH,,4),
29.2 (CH,..4), 16.2 (CH,,.). Anal. Calc. for C,;H,,ClIrN,O,: C, 43.25; H, 5.01; N,
7.21%. Found: C, 43.18; H, 5.31; N, 7.01%. Identity is known from *C-NMR and

elemental analysis, but our efforts to obtain the clean '"H-NMR spectra proved to

cod

be unsuccessful because of the broad signal.

4.2. Procedure for Preparation of 4 from the Reaction of 2 with 5
in the Presence of tBuOK

A mixture of 5 (0.07 mmol, 47 mg) and BuOK (0.12 mmol, 14 mg) was stirred
in THF (2 mL) at room temperature. After stirring for 10 min, 2 (0.12 mmol, 54
mg) was added to the reaction vessel. Then, the reaction mixture was stirred at
room temperature for 16 h. After passing through a short silica gel using THF as

a solvent, the filtrate was dried in a rotary evaporator to afford 4 as a yellow solid
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(80 mg, 89% yield).

4.3. General Procedure for ESR Reaction of Ketone with
(Et0).;MeSiH

A mixture of 3 (0.015 mmol, 10 mg) and 2 (0.03 mmol, 14 mg) were stirred in
THF (2 mL) at room temperature. After stirring for 3 h, (EtO),MeSiH (2.25
mmol, 302 mg) was added to the reaction vessel. After further stirring at room
temperature for 20 h, ketone (0.50 mmol), K,CO; (5 mg) and MeOH (2 mL)
were added. Then, the resulting mixture was stirred at room temperature for 2 h.
After evaporation of the solvents, the corresponding alcohol product from the
residue was purified by column chromatography on silica gel. The ee was meas-
ured by chiral GC or chiral LC according to our previously reported procedure.

1-Phenyl-1-propanol (6a): 'H-NMR (CDCl,, 400 MHz) & 7.35 - 7.26 (m,
5H), 4.59 (t, /= 6.4 Hz, 1H), 3.53 (br, 1H), 1.84 - 1.71 (m, 2H), 0.92 (t, /= 6.4
Hz, 3H); "C-NMR (CDCl,, 100 MHz) & 144.6, 128.4, 127.5, 125.9, 76.0, 31.9,
10.1.

1-Phenyl-1-butanol (7a): '"H-NMR (CDCl,, 400 MHz) §7.18 - 7.10 (m, 5H),
448 (t, /= 6.4 Hz, 1H), 1.64 - 1.58 (m, 1H), 1.55 - 1.46 (m, 1H), 1.32 - 1.21 (m,
1H), 1.19 - 1.08 (m, 2H), 0.77 (t, /= 7.2 Hz, 3H); *C-NMR (CDCL,, 100 MHz) &
144.9, 128.3,127.3, 125.8, 74.3, 41.2, 18.9, 13.9.

1-Phenyl-1-pentanol (8a): 'H-NMR (CDCl,, 400 MHz) §7.33 - 7.24 (m, 5H),
4.64 - 4.60 (m, 1H), 1.83 - 1.64 (m, 3H), 1.43 - 1.34 (m, 2H), 1.28 - 1.19 (m, 2H),
0.88 (t, /= 7.2 Hz, 3H); "C-NMR (CDCl,, 100 MHz) & 144.9, 128.4, 127.4, 125.9,
74.6, 38.8, 27.9, 22.6, 14.0.

1,2-Diphenylethanol (9a): 'H-NMR (CDCl,, 400 MHz) & 7.36 - 7.18 (m,
10H), 4.89 (dd, / = 8.2 and 5.2 Hz, 1H), 3.45 (br, 1H), 3.06 - 2.95 (m, 2H);
BC-NMR (CDCl,, 100 MHz) & 143.8, 138.0, 129.5, 128.5, 128.4, 127.6, 126.6,
125.9, 75.3, 46.1.

1-Phenylethanol (10a): '"H-NMR (CDCl;, 400 MHz) & 7.40 - 7.25 (m, 5H),
4,90 (q, /= 6.4 Hz, 1H), 3.53 (br, 1H), 1.50 (d, /= 6.4 Hz, 3H); C-NMR (CDCl,,
100 MHz) 6 145.8, 128.5, 127.4, 125.4, 70.4, 25.1.

1-Phenyl-2-methyl-1-propanol (11a): '"H-NMR (CDCl,;, 400 MHz) & 7.22 -
7.11 (m, 5H), 4.21 (d, /= 6.8 Hz, 1H), 3.67 (br, 1H), 1.86 - 1.78 (m, 1H), 0.86 (d,
J = 6.8 Hz, 3H), 0.66 (d, /= 6.8 Hz, 3H); "C-NMR (CDCl,, 100 MHz) ¢ 143.6,
128.2, 127.4, 126.5, 80.0, 35.2, 19.0, 18.2.

Cyclohexyl(phenyl)methanol (12a): 'H-NMR (CDCl,, 400 MHz) & 7.35 -
7.26 (m, 5H), 4.36 (dd, /= 7.2 and 3.2 Hz, 1H), 1.98 (d, /= 12.8 Hz, 1H), 1.83 -
1.75 (m, 2H), 1.65 - 1.57 (m, 4H), 1.40 - 1.35 (m, 1H), 1.24 - 0.91 (m, 4H);
BC-NMR (CDCl,, 100 MHz) & 143.6, 128.2, 127.4, 126.6, 79.4, 44.9, 29.3, 28.8,
26.4, 26.1, 26.0.

1-(4-Methoxyphenyl)propanol (13a): 'H-NMR (CDCl;, 400 MHz) & 7.28 -
7.24 (m, 2H), 6.90 - 6.86 (m, 2H), 4.53 (t, /= 6.4 Hz, 1H), 3.80 (br, 3H), 1.87 -
1.66 (m, 3H), 0.89 (t, / = 7.6 Hz, 3H); >C-NMR (CDCl,, 100 MHz) & 158.9,
136.7, 127.2, 113.8, 75.6, 55.2, 31.7, 10.2.
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1-(4-Chlorophenyl)propanol (14a): 'H-NMR (CDCl,, 400 MHz) & 7.32 -
7.25 (m, 4H), 4.57 (t, /= 6.4 Hz, 3H), 1.94 (br, 1H), 1.82 - 1.67 (m, 2H), 0.90 (t, J
= 7.2 Hz, 3H); *C-NMR (CDCl,, 100 MHz) & 142.9, 133.0, 128.5, 127.3, 75.2,
31.9,9.9.

1-(4-Butylphenyl)ethanol (15a): 'H-NMR (CDCl,, 400 MHz) §7.27 (d, J =
7.6 Hz, 2H), 7.16 (d, /= 7.6 Hz, 2H), 4.86 (q, /= 6.4 Hz, 1H), 2.60 (t, /= 7.6 Hz,
2H), 1.91 (br, 1H), 1.63 - 1.55 (m, 2H), 1.48 (d, /= 6.4 Hz, 3H), 1.40 - 1.31 (m,
2H), 0.92 (t, /= 7.6 Hz, 3H); "C-NMR (CDCl,;, 100 MHz) 6 143.0, 142.2, 128.5,
125.3, 70.2, 35.2, 33.6, 25.0, 22.3, 13.9.

1-(4-Methoxyphenyl)ethanol (16a): 'H-NMR (CDCl,, 400 MHz) & 7.31 -
7.26 (m, 2H), 6.89 - 6.86 (m, 2H), 4.84 (q, /= 6.4 Hz, 1H), 3.80 (s, 3H), 1.94 (br,
1H), 1.47 (d, /= 6.8 Hz, 3H); “C-NMR (CDCl,, 100 MHz) & 158.9, 138.0, 126.6,
113.8, 69.9, 55.2, 25.0.

1-(3-Methoxyphenyl)ethanol (17a): 'H-NMR (CDCl,, 400 MHz) & 7.28 -
7.24 (m, 1H), 6.95 - 6.93 (m, 2H), 6.82 - 6.79 (m, 1H), 4.86 (q, /= 6.4 Hz, 1H),
3.81 (s, 3H), 2.00 (br, 1H), 1.48 (d, /= 6.4 Hz, 3H); *C-NMR (CDCl,, 100 MHz)
0159.7, 147.6, 129.5, 117.6, 112.8, 110.8, 70.3, 55.2, 25.1.

1-(4-Chlorophenyl)ethanol (18a): '"H-NMR (CDCl,, 400 MHz) §7.32 - 7.26
(m, 4H), 4.86 (q, /= 6.4 Hz, 1H), 2.14 (br, 1H), 1.46 (dd, /= 6.4 and 1.2 Hz, 3H);
BC-NMR (CDCl,;, 100 MHz) §144.2, 133.0, 128.5, 126.8, 69.7, 25.2.

1-(2-Chlorophenyl)ethanol (19a): '"H-NMR (CDCl,, 400 MHz) §7.60 - 7.58
(m, 1H), 7.33 - 7.17 (m, 3H), 5.29 (q, /= 6.4 Hz, 1H), 2.15 (br, 1H), 1.48 (d, /=
6.4 Hz, 3H); “C-NMR (CDCl,;, 100 MHz) J 143.0, 131.6, 129.4, 128.4, 127.2,
126.4, 66.9, 23.5.

1-(4-Dimethylaminophenyl)ethanol (20a): '"H-NMR (CDCl;, 400 MHz) &
7.26 - 7.24 (m, 2H), 6.74 - 6.71 (m, 2H), 4.81 (q, /= 6.4 Hz, 1H), 2.94 (s, 6H),
1.74 (br, 1H), 1.48 (d, / = 6.4 Hz, 3H); >C-NMR (CDCl,, 100 MHz) & 150.2,
133.7, 126.4, 112.6, 70.1, 40.7, 24.6.

1-(2-Naphthyl)ethanol (21a): "H-NMR (CDCl,, 400 MHz) §7.80 - 7.74 (m,
4H), 7.46 - 7.41 (m, 3H), 4.98 (q, /= 6.4 Hz, 1H), 1.87 (br, 1H), 1.53 (d, /= 6.4
Hz, 3H); ®C-NMR (CDCl,, 100 MHz) & 143.2, 133.3, 132.8, 128.2, 127.9, 127.6,
126.1, 125.7, 123.8, 123.7, 70.4, 25.0.

1-(1-Naphthyl)ethanol (22a): "H-NMR (CDCl,, 400 MHz) §7.32 - 7.26 (m,
4H), 4.86 (q, / = 6.4 Hz, 1H), 2.14 (br, 1H), 1.46 (dd, /= 6.4 and 1.2 Hz, 3H);
BC-NMR (CDCl,;, 100 MHz) J 141.3, 133.8, 130.2, 128.8, 127.9, 126.0, 125.5,
123.1, 122.0, 67.1, 24.3.

1-(2-Thiophenyl)ethanol (23a): 'H-NMR (CDCl;, 400 MHz) & 7.26 - 7.23
(m, 1H), 6.98 - 6.95 (m, 2H), 5.12 (q, /= 6.4 Hz, 1H), 2.06 (br, 1H), 1.60 (d, /=
6.4 Hz, 3H); "C-NMR (CDCl;, 100 MHz) §149.8, 126.6, 124.4, 123.2, 66.2, 25.2.

2-Chloro-1-phenylethanol (24a): '"H-NMR (CDCl,, 400 MHz) &§7.38 - 7.25
(m, 4H), 4.89 (dd, /= 8.8 and 3.2 Hz, 1H), 3.73 (dd, /= 11.0 and 3.2 Hz, 1H),
3.64 (dd, /= 11.0 and 8.8 Hz, 1H), 2.77 (br, 1H); *C-NMR (CDCL,, 100 MHz) &
139.9, 128.6, 128.4, 126.0, 74.0, 50.8.
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3-Chloro-1-phenylpropanol (25a): 'H-NMR (CDCl,;, 400 MHz) §7.38 - 7.26
(m, 5H), 4.97 - 4.94 (m, 1H), 3.77 - 3.71 (m, 1H), 3.61 - 3.53 (m, 1H), 2.29 - 2.20
(m, 1H), 2.14 - 2.05 (m, 1H), 2.01 (br, 1H); *C-NMR (CDCl,;, 100 MHz) ¢'143.7,
128.6, 127.9, 125.8, 71.3, 41.7, 41.4.

(2-Chlorophenyl)(4-chlorophenyl)methanol (26a): 'H-NMR (CDCl,, 400
MHz) 67.56 - 7.54 (m, 1H), 7.35 - 7.21 (m, 7H), 6.20 (d, /= 3.2 Hz, 1H), 2.42 (d,
J= 3.6 Hz, 1H); "C-NMR (CDCl,, 100 MHz) & 140.7, 140.6, 133.5, 132.4, 129.6,
129.0, 128.6, 128.3, 127.9, 127.2, 72.0.

3,4-Dihydro-2H-chromen-4-ol (27a): '"H-NMR (CDCl,, 400 MHz) & 7.30 -
7.26 (m, 1H), 7.22 - 7.17 (m, 1H), 6.93 - 6.82 (m, 2H), 4.75 (t, /= 4.0 Hz, 1H),
4.26 - 423 (m, 1H), 2.15 - 2.06 (m, 2H), 2.04 - 1.97 (m, 2H); *C-NMR (CDCL,,
100 MHz) J154.6, 129.7, 129.6, 124.3, 120.6, 117.1, 63.2, 61.9, 30.8.
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