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ABSTRACT

Ru-phebox
o (5 mol %) OH
* H—=FR 2 I,60°C
R2 H -propancl, R2 S
(2 - 4 equiv) NaOAc 3

R!
up to 95% ee

Propargylic alcohols were obtained with excellent enantioselectivities in the asymmetric direct alkynylation of aldehydes using 5 mol % of
chiral ruthenium complexes containing the chiral bis(oxazolinyl)phenyl ligand.

Transition-metal complexes containing anionic meridional
ligands, namely, PCP and NCN pincer ligands, are of interest
in homogeneous catalysts for transformation of organic
molecules. In recent years, several optically active pincer
complexes with chiral meridional ligands have been inves-
tigated as asymmetric catalysts.> Among these chiral pincer
complexes, our and other groups have reported the chiral
bis(oxazolinyl)phenyl (phebox) ligands for constructing
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transition-metal NCN complexes.® In this context, we
demonstrated that the Rh—phebox complexes have multiple
potentials in catalytic asymmetric reactions: allylation, hetero-
Diels—Alder, Michael addition, hydrosilylation, conjugate
reduction, reductive aldol reaction, direct aldol reaction, and
B-boration with high enantiomeric induction.*® As an
extension of our research on the phebox complex, we recently
reported the Ru analogue, which was successfully utilized
in catalytic asymmetric hydrogenation, transfer hydrogena-
tion, and cyclopropanation with excellent enantioselectivity.®
These results promoted us to investigate further application
of the Ru—phebox complexes.

Asymmetric alkynylation with terminal alkynes can pro-
vide optically active propargylic alcohols that are useful for
materials science or pharmaceutical chemistry.” *° Recently,
catalytic direct asymmetric alkynylation with chiral Zn,'*
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In,*? and Cu®® catalysts was developed by Carreira et al.,
Shibasaki et al., and Sawamura et al., respectively. Here we
report a new ruthenium-catalyzed alkynylation reaction by
use of chiral Ru—phebox complexes (Figure 1).
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Figure 1. Chiral Ru—his(oxazolinyl)phenyl complexes.

The addition of phenylacetylene 5a to benzaldehyde 6a
was investigated using the Ru—phebox complex 1%° as a
catalyst (Table 1). Initially, the addition reaction under
heating at 60 °C for 96 h in 2-propanol did not proceed (entry
1). However, addition of NaOAc (10 mol %) promoted the
reaction to give the corresponding propargylic alcohol 7aa
in 75% yield and 92% ee (entry 2). The substituents on the
ligand affected the outcome of the addition reaction. Thus,
the use of isopropyl catalyst 2 decreased both the yield and
the enantioselectivity (entry 3). Next, we utilized mononuclear
complexes 3 and 4 as catalysts. The aqua complex 3 and the
acetate complex 4 with NaOAc afforded the propargylic alcohol
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Table 1. Asymmetric Alkynylation of Benzaldehyde 6a with
Phenylacetylene 5a Catalyzed by Ru—Bis(oxazolinyl)phenyl
Complexes 1—42

i Eu-ph(?t())ox (f: ;n)ol % Ru) OH
_ ase mol % ‘R
Ph™="H * W7 Ph 3 rropandl, 60°C, 96 h /\ Ph
5a 6a Ph 7aa
entry cat. base yield?® (%) ee® (%)
1 1 - 0 -
2 1 NaOAc 75 92
3 2 NaOAc 57 60
4 3 NaOAc 74 93
5 4 NaOAc 74 92
6 4 - 71 92
7 1 PhCOyNa 69 94
8 1 LiOAc 73 92
9 1 KOAc 73 90
10 1 NaOMe 72 82
11 1 KyCO; 70 72
124 1 NaOAc 89 93
13¢ 1 NaOAc 83 93

2 Reaction conditions: 5a (2 mmol), 6a (1 mmol), Ru— phebox (5 mol
% Ru), base (0.1 mmol), 2 -propanol (5 mL), 60 °C, 96 h. ® Isolated yield.
¢ Determined by HPLC. 9 5a (4 mmol). ©5a (4 mmol), 60 °C, 48 h.

7aa with excellent enantioselectivity of up to 93% ee (entries
4 and 5). Notably, 4 did not require extra NaOAc to give 7aa
in a similar yield and enantioselectivity (entry 6). Other
carboxylate reagents were also effective for the addition reaction
to produce 7aa with up to 94% ee (entries 7—11). In contrast
to the carboxylate derivatives, other bases, such as NaOMe and
K,CO;3, decreased the enantioselectivity. The use of an excess
amount (4 equiv) of the alkyne increased the yield of 7aa to
89% for 96 h and 83% for 48 h (entries 12 and 13).1* We also
verified that the enantioselectivity of 7aa was not changed during
the catalytic reaction (Figure S1 in Supporting Information).
The use of THF showed yields similar to that of 2-pro-
panol, but the enantioselectivity was slightly decreased (Table
2, entry 1). In this case, the formation of unidentified
byproducts was observed. The reaction in 1,2-dichloroethane
was not efficient (entry 2). Use of toluene afforded 7aa in
good enantioselectivity but moderate yield (entry 3). To
elucidate the solvent effect, the reaction was monitored by
'H NMR spectroscopy in both toluene-dg and 2-propanol-
ds. In toluene-dg, decay of 7aa was observed after reaching

(14) Typical procedure for 7aa (Table 1, entry 13): To a mixture of 1
(31 mg, 0.025 mmol Ru) and NaOAc (8.2 mg, 0.10 mmol) in iPrOH (5
mL), 5a (408 mg, 4.0 mmol) and 6a (106 mg, 1.0 mmol) were added at
room temperature, and the mixture was stirred at 60 °C for 48 h. Then, the
reaction mixture was concentrated under reduced pressure. The crude
product was purified by silica gel column chromatography with hexane/
ethyl acetate (10:1) as eluent to give 7aa (173 mg, 0.83 mmol) in 83%
yield and 93% ee as determined by HPLC analysis. *H NMR (300 MHz,
CDCls): 6 2.33 (d, J = 5.9 Hz, 1H, OH), 5.71 (d, J = 5.9 Hz, 1H, CH),
7.28—7.51 (m, 8H, CH), 7.68—7.64 (m, 2H, CH). 3C NMR (75 MHz,
CDCls): 0 65.0, 86.5, 88.6, 122.2, 126.5, 128.0, 128.2, 128.3, 128.4, 131.5,
140.3. IR (KBr): v 3363, 3061, 3031, 2228 cm™. HRMS: m/z 208.0902
[M*], 208.0888 [C15H1,0]; chiral HPLC (Daicel CHIRALCEL OD, hexane:
iPrOH = 80:20, 254 nm): tr = 8.2 (major), 12.1 (minor) min, 93% ee;
[a]p?® = +7.5 (c = 1.0 in EtOH) {lit.%® [a]p® = +7.0 [c = 1.0 in EtOH,
96% ee (R)]}.
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Table 2. Alkynylation of 6a with 5a Catalyzed by 1 in Various
Solvents®

entry solvent yield® (%) ee (%)
1 THF 72 87
2 1,2-dichloroethane 48 78
3 toluene 51 90
4 methanol 60 95
5 ethanol 64 94

#Reaction conditions: 5a (2 mmol), 6a (1 mmol), 1 (5 mol % Ru),
NaOAc (0.1 mmol), solvents (5 mL), 60 °C, 96 h. °lsolated yield.
¢ Determined by HPLC.

its maximum value probably due to a consecutive reaction
(Figure S2 in Supporting Information). In contrast, such a
phenomenon was not observed in 2-propanol-ds. Interest-
ingly, other alcohols also provided higher enantioselectivity
(up to 95% ee, entries 4 and 5). However, the yields of 7aa
in methanol and ethanol were lower than those in 2-propanol.

Next, the addition reaction of several alkynes to aromatic
or aliphatic aldehydes was examined using the Ru—phebox
complex 1 (5 mol % Ru) and NaOAc (10 mol %) in
2-propanol at 60 °C (Table 3). Benzaldehyde derivatives with
electron-withdrawing groups at the para-position gave better

Table 3. Asymmetric Alkynylation of Aldehydes 6 with
Alkynes 5 Catalyzed by 1%

R REmmigmom @
1= ° -
RE="H"*H 2-propanol, 60 °C . /\ R?
5 6 R 7
product time yield® ee’
entry R} R? (h) (%) (%)
1 Ph; 4-CF3C¢H, (7ab) 48 94 90
2 Ph; 4-BrC¢H, (7ac) 48 93 93
3 Ph; 4-NO.C¢H, (7ad) 24 88 89
4 Ph; 4-MeCcH, (7ae) 96 70 95
5 Ph; 4-MeOC¢H, (7af) 96 42 95
6 Ph; 3-BrC¢H, (7ag) 48 95 94
7 Ph; 2-BrC¢H, (7ah) 48 95 77
8 Ph; 1-naphthyl (7ai) 48 86 94
9 Ph; 2-naphthyl (7aj) 48 82 95
10 Ph; C¢Hyy (7ak) 96 98 73
11 4-MeCg¢Hy; Ph (7ba) 96 93 93
12 4-CF3C¢Hy; Ph (7ca) 96 53 94
13 CgHy1; Ph (7da) 96 24 89
14 SiMes; Ph (7ea) 96 21 95

2 Reaction conditions: 5 (4 mmol), 6 (1 mmol), 1 (0.025 mmol), NaOAc (0.1
mmol), 2-propanol (5 mL), 60 °C. ° Isolated yield. © Determined by HPLC.
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yields than those with electron-donating groups (entries 1—5).
In each case, the enantioselectivity of the propargylic alcohols
7ab—7af showed excellent values (up to 95% ee). Other
aromatic aldehydes, 3-bromobenzaldehyde and 1- and 2-naph-
thaldehydes, exhibited high yields and excellent enantiose-
lectivity (entries 6, 8, and 9). Although the reaction of 5a
with cyclohexanecarboxaldehyde as a aliphatic aldehyde also
gave the corresponding propargylic alcohol 7ak in a high
yield, the decrese in the ee value was observed (entry 10).
Addition of other alkynes 5b—5e to benzaldehyde 6a
proceeded with high enantioselectivity (entries 11—14).
However, use of 5c—e resulted in low yields of the
corresponding alcohols (entries 12—14). It is noteworthy that
the Ru—phebox complex 1 could be recovered as the acetate
complex 4 in 49% yield after separation by silica gel column
chromatography (entry 7).

To gain further insight into the catalytic reaction, the
reaction of 5a with Ru—phebox complexes in 2-propanol-
dg was monitored by 'H NMR spectroscopy at 60 °C
(Scheme 1). Interestingly, it was found that 1 and 4 catalyzed

Scheme 1. H/D Exchange of 5a with 2-Propanol-dg Catalyzed
by Ru—phebox Complexes
o Ru-phebox (12 mol % Ru) o
Ph——H Ph——0D
2-propanol-dg, 60 °C, 3 h
5a 5a-d,

96%D : 1 + NaOAc
93%D : 4

the H/D exchange reaction between the C(sp)-H of 5a and
2-propanol-ds to give 5a-d; (96% D for 1, 93% D for 4). In
those reactions, an expected ruthenium acetylide complex
was not detected.

In summary, we have developed a highly enantioselective
direct alkynylation reaction of aldehydes mediated by novel
chiral ruthenium complexes bearing phebox ligands. Further
investigation on the scope and limitations of the substrates
and the reaction mechanism are underway in our laboratory.
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