LIE[TTERS

pubs.acs.org/OrglLett

Atmospheric Hydrogenation of Esters Catalyzed by PNP-Ruthenium
Complexes with an N-Heterocyclic Carbene Ligand

Osamu Ogata,*’i- Yuji Nakayama,»;- Hideki Nara,” Mitsuhiko Fujiwhara,% and Yoshihito Kayaki*™*

TCorporate Research and Development Division, Takasago Internati
254-0073, Japan

T'Department of Chemical Science and Engineering, School of Mater
2-12-1-E4-1 O-okayama, Meguro-ku, Tokyo 152-8552, Japan

© Supporting Information

ABSTRACT: New pincer ruthenium complexes bearing a
monodentate N-heterocyclic carbene ligand were synthesized and
demonstrated as powerful hydrogenation catalysts. With an
atmospheric pressure of hydrogen gas, aromatic, heteroaromatic,
and aliphatic esters as well as lactones were converted into the
corresponding alcohols at 50 °C. This reaction protocol offers
reliable access to alcohols using an easy operational setup.

he reduction of esters to alcohols, which is one of the

most fundamental transformations in organic synthesis,
has been generally performed by using a stoichiometric amount
of metal hydride such as lithium aluminum hydride or sodium
borohydride." Although these protocols are reliable in
laboratory-scale activities, the inevitable workup procedures,
which include a hazardous quench step, filtration, and repeated
extraction, and the resulting formation of undesirable wastes are
problematic, especially on a manufacturing scale. Catalytic
hydrogenation is an ideal reaction that can contribute
environmentally benign approaches to overcome these issues;
however, harsh pressure and temperature conditions are
required to transform hardly reducible esters, particularly for
heterogeneous catalysts.”

Since the striking example of a pyridine-based Ru-PNN
system utilized for the ester hydrogenation was reported by
Milstein et al. in 2006, more than 10 metal complexes with a
range of plncer type ligands have rendered effective homoge-
neous catalysts”” based on the metal/ligand bifunctionality, as
typified by the examples shown in Figure 1. In connection with
extensive efforts on the structural modification of the
cooperative ligands, the catalyst performance has been
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Figure 1. Pincer catalysts for hydrogenation of esters.
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improved in terms of its productivity and catalyst robustness.
Our group reported a Ru-MACHO complex bearing a
tridentate bis[2-(diphenylphosphino)ethylJamine (PNP) Ii-
gand effective for hydrogenation of esters, in which a multiton
scale application was demonstrated at 30 °C, while minimizing
the loss in optical purity of the substrate, methyl (R)-lactate.™
Although significant advances have been made for a series of
bifunctional catalysts that display high turnover numbers and
turnover frequencies, there remains an operational concern
regarding the use of specialized equipment in the pressurized
reaction that will be an obstacle for adopting the protocol.’ In
this study, we reported the first atmospheric hydrogenation of
esters using a new Ru complex.

In most of the reported Ru-MACHO derivatives, 7-back
bonding contribution of coordinating carbon monoxide (CO)
increases robustness of the Ru complex, but the nucleophilicity
of the hydride intermediates is presumably depressed. We
envisioned that the catalytic performance of the Ru-PNP
system could be enhanced by replacing the CO with electron
donating ligands. In light of the strong o-donating property of
N-heterocyclic carbene (NHC) ligands,” the Ru-NHC system
has been conceived to bring a positive influence to the
hydrogenation.”>*™° Recently, Pidko and co-workers disclosed
that bis(NHC)-amino pincer ligands are highly effective for the
ester hydrogenation achieving a TOF of up to 283200 h™
though under 40 bar of H,. sh

The initial hydrogenation experiments were performed using
methyl benzoate as a benchmark substrate, mixed with 0.05 mol
% of [RuClL,(PNP)], (1; ester/Ru = 1000)° and 10 mol % of
KO'Bu at 1.0 MPa of hydrogen pressure and 80 °C in toluene.
As listed in Table 1, a small amount (4%) of benzyl alcohols
was formed after S h (entry 1). Although the addition of PPh,
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Table 1. Comparison of the Catalytic Activity in
Hydrogenation of Methyl Benzoate or Methyl Picolinate”

Ru catalyst (0.1 mol %)

Ny COMe 1 = OH
@/ H, (1 MPa), KO'Bu (10 mol %) ||
=X » =X
solvent 80 °C,5 h
E AgCl (\E/\
| H
thP—/Ru\—Pth N A N~ thP—Rlu PPh,
o’ ) o’ ¢o
[RUCI(PNP)], (1) 2a RU-MACHO (3)
=
. H
('Bu)zp_F;FJ/iNEtz Ets(\g{@sa
& co cl ||3Ph3
Milstein's cat. (4) Gusev's cat. (5)
entry catalyst X solvent % yield”
1 1° CH toluene 4
2 1 + PPh,? CH toluene 6
3 1+ 2a° CH toluene 93
4 1+ 2a° CH THF 63
S 1+ 2a° CH MeOH <1
6 1+ 2a° N toluene 100
7 3 CH toluene 49
8 4 CH toluene 64
9 S CH toluene 82
10" S N toluene 3

“Reaction conditions: substrate (10.0 mmol), Ru catalyst (0.1 mol %),
H, (1 MPa), KO'Bu (1.0 mmol), solvent (10 mL), 80 °C for S h.
“Yield was determined by GC. “0.05 mol %. “The catalyst was
prepared in situ from 1 (0.05 mol %) and PPh; (0.1 mol %). “The
catalyst was prepared in situ from 1 (0.05 mol %) and 2a (0.1 mol %).
TSubstrate = 2.5 mmol.

made little impact on the reaction outcome, a catalyst prepared
in situ from 1 and a silver(I) complex of 1,3-dimethylimidazol-
2-ylidene (2a)” underwent smooth hydrogenation in 93% yield
(entries 2 and 3). Changing the solvent to THF or methanol
deteriorated the catalytic activity (entries 4 and S). Methyl
picolinate was also converted into the corresponding alcohol
quantitatively (entry 6). Ru-MACHO and Milstein’s catalyst’
gave moderate yields of 49% and 64% for the hydrogenatlon of
methyl benzoate (entries 7 and 8). Gusev’s catalyst™ showed
good catalytic performance in the hydrogenation of methyl
benzoate, whereas methyl picolinate was mostly unreacted
under identical conditions (entries 9 and 10). These results
support the important role of the NHC ligand in the catalytic
ester hydrogenation.

Screening the NHC precursors in the hydrogenation of
methyl benzoate revealed that the substituents on the nitrogen
atoms delicately influence the catalytic activity (Table 2). As
shown in Table 2, an NHC ligand with methyl groups (2a—
c)”' gave high yields, regardless of the precursor forms
(entries 1—3). Although ‘Pr-substituted imidazolium salts (2d—
e) also promoted the hydrogenation in 70% and 83% yields,
more sterically congested NHCs (2f—h) lowered the yield of
benzyl alcohols in the order Cy > ‘Bu > Mes (entries 4—8).
NHCs (2i and 2j) from 4,5-dihydroimidazole and 1,3,4,5-
tetramethylimidazole exhibited limited activity for the hydro-
genation (entries 9—10). An NHC ligand derived from
benzimidazole (2k)'' gave the hydrogenation product in a
reasonable yield of 69%.
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Table 2. NHC Ligand Effect on the Catalytic Activity”

[RuClo(PNP)], (1) (0.06 mol %)
©AOH

NHC precursor (0.1 mol %)

©/002Me H, (1 MPa), KO'Bu (10 mol %)
toluene (1 M), 80°C, 5 h

S
AgCl O\fo
N\ \N/\% )\ A /k
\_/ — =/ g \—/
2a
)\ &ﬁ Q\ A /O ﬂ\ /%
BF4 \=/ BF BF4
2 2f 2
@e ’ ®N/ |6
Mes~ )"~ -Mes )\ /< \N ~ / S
_ /9 @ Ng
cl Cl N
2h 2i 2%
(Mes = 2,4,6-trimethylphenyl)
entry NHC precursor % yieldb
1 2a 93
2 2b 86
3 2c 85
4 2d 70
S 2e 83
6 2f 42
7 2 11
8 2h S
9 2i 8
10 2 39
11 2k 69

“Reaction conditions: substrate (10.0 mmol), 1 (0.05 mol %), NHC
precursor (0.1 mol %), H, (1 MPa), KO'Bu (1.0 mmol), toluene (10
mL), 80 °C for S h. “Yield was determined by GC.

Attempts to prepare the NHC-coordinated PNP—ruthenium
complex by treatment of the catalyst precursor la with an
equimolar amount of 2a in acetonitrile at 80 °C for 1 h were
unsuccessful. Performing the reaction under 0.1 MPa of
hydrogen gas in the presence of KO'Bu afforded a complex
mixture. As an alternative synthetic approach, we examined the
coordination of the PNP pincer to RuCl,(p-cymene)(NHC),"
which can be prepared from [RuCl,(p-cymene)], and 1,3-
dimethylimidazolium-2-carboxylate (2b). When RuCl,(p-
cymene)(NHC) was treated with an equimolar amount of
PNP in ethanol at 70 °C for 2 h, a neutral dichlororuthenium
complex RuClL,(NHC)(PNP) (6) was obtained as a pale yellow
powder in 85% yield. Interestingly, the use of CH;CN as the
solvent provided a cationic acetonitrile-coordinated complex,
[RuCI(CH;CN)(NHC)(PNP)]CI (7), which was isolated as a
yellow crystalline precipitate in 30% yield after cooling the
reaction mixture. The crystal structure of 7 shows that the
amino-diphosphine ligand coordinates to the ruthenium center
in a meridional position with the NHC ligand located at a site
trans to the protic amine moiety (Scheme 1). In contrast, the
PNP—ruthenium complexes were not formed at all in THF,
implying that the coordination of the PNP ligand occurs via the
dissociation of the chloro ligand in RuCl,(p-cymene)(NHC),
aided by polar solvents having sufficient coordinating ability.
The related PNP ligands having a cyclohexyl and 3,5-
bis(trifluoromethyl)phenyl group at the phosphorus atom
also provided the corresponding neutral NHC-Ru analogues
(8 and 9) in ethanol solution (see Supporting Information).
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Scheme 1. Synthesis of NHC-Coordinated PNP—Ru
Complexes
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The isolated neutral complex 6 is an effective hydrogenation
catalyst. As shown in entry 1 of Table 3, 6 gave a comparable

Table 3. Hydrogenation of Esters Using NHC-Coordinated

Ruthenium Complexes”
©/\ OH

Ru complex (0.1 mol %)

CO,Me Hz (1 MPa), KO'Bu (10 mol %)
©/ toluene (1 M), 80°C, 5h

H

H H
1 | ® |
) ) )
PhP—RI—PPh, PhP—RI—PPh, [©  RP—RI—PR,
Cl CH3CN Cl
TNONT TNTONT TNONT
=/ \—/ =/
7 8 (R = 3.5-(CF3),CgH3)
9 (R =Cy)
entry Ru complex % yield”
1 6 94
2 7 57
3 8 95
4 9 45

“Reaction conditions: substrate (10.0 mmol), Ru complex (0.1 mol
%), H, (1 MPa), KO'Bu (1.0 mmol), toluene (10 mL), 80 °C for S h.
ield was determined by GC.

yield of the product (94%) to that obtained by the in situ
formed catalyst. The cationic complex 7 proved to possess a
slightly lower activity than that of 6, possibly due to the strong
coordination of CH3;CN to the Ru center (entry 2). The
modified complex 8 with 3,5-bis(trifluoromethyl)phenyl groups
on the phosphorus atom also proved comparable to 6 (95%),
although the complex 9 with dicyclohexylphosphino groups led
to a lower yield (45%, entries 3 and 4).

Encouraged by these positive results, we anticipated that the
NHC-Ru catalyst would prove instrumental to the atmospheric
hydrogenation of esters (Table 4)."° As shown in Table 4,
methyl benzoate is mostly converted with 1.0 mol % of 6 in the
presence of KO'Bu (10 mol %) under a hydrogen atmosphere
in toluene at 80 °C to give benzyl alcohol in 40% yield along
with benzyl benzoate in 23% yield (entry 1). The byproduct
was possibly formed via the dehydrogenative condensation of
the major product, benzyl alcohol, under an atmospheric
pressure of H, or transesterification of the substrate with benzyl
alcohol. The product selectivity was increased by lowering the
temperature to 50 °C and using THF as the solvent (entries 2
and 3). A higher catalyst loading to 2.0 mol % was required to
reach almost full conversion and a 93% yield (entry 4).
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Table 4. Atmospheric Hydrogenation of Methyl Benzoate

Catalyzed by 6
o5

RUCI(NHC)(PNP) (6)

©/002Me H, (balloon), KO'Bu (10 mol %)
THF (1.0 M), 5h

entry cat. loading, mol %  temp, °C  solvent % conv” (% yield)
1 1.0 80 toluene 94 (40)
2 1.0 50 toluene 85 (55)
3 1.0 50 THF 92 (74)
4¢ 2.0 50 THF 99 (93)

“Reaction conditions: substrate (1.0 mmol), 6 (1.0 or 2.0 mol %), H,
(balloon), KOBu (0.1 mmol), solvent (1.0 mL) for S h. ®Conversion
and yield were determined by GC. “THF (2.0 mL).

The complex 6 served as a competent catalyst for the
hydrogenation of a variety of esters under atmospheric pressure
in THF at SO °C (Table S). Methyl picolinate and methyl

Table S. Atmospheric Hydrogenation of Esters and Lactone®

RUCI »(NHC)(PNP) (6) (2.0 mol %)
H; (balloon), base (20 mol %)

Ester » Alcohol
THF (0.5 M), 50 °C, 5 h
entry substrate alcohol base % conv”
(9 yield)
COzMe 99
1 (Y @f\m KO'Bu¢
» (90)¢
CO;Me = =99
3 [T @AO” KO'Bu*
LN N (98)°
CO:Me - OoH >99
3 ﬁ ’ | KO'Bu
N N (90)
‘,« >99
4 1:h/“‘“\\‘:/C(.'}zh-"le P~"0oH NaOMe (89)
COzMe oH 599
5 KO'Bu
1 B (94)
CO:Me >99
C T o
Br Br (94)
CO:Et >99
L O O e
(90)
% >99
8 B e ©/\°H KO'Bu
(91)
99
9 . _-CO:Me A~ KO'Bu*
(94)
10 HO L~ NaOMe" o2
al e’
& (73)

“Reaction conditions: substrate (1.0 mmol), 1 (2.0 mol %) base (0.2
mmol), H, (balloon), THF (2.0 mL), 50 °C for 5 h. “Conversion and
yield were determined by GC. “0.1 mmol 90.5 mmol. “Isolate yield.

nicotinate were transformed into the corresponding alcohols
while keeping the pyridine moiety intact in excellent yields
(entries 2 and 3). Ethyl cinnamate, having a C—C double bond,
was fully hydrogenated to 3-phenyl-1-propanol (entry 4). The
catalysts hydrogenate bromo-substituted benzoates, affording
benzylic alcohols in 94% yield without dehalogenation (entries

DOI: 10.1021/acs.orglett.6b01900
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S and 6). The hydrogenation of more sterically congested ethyl
and tert-butyl esters also furnished benzyl alcohol as the alcohol
as well (entries 7 and 8). The substrates need not be aromatic
for the hydrogenation to be successful—methyl heptanoate was
completely reduced to 1-heptanol in 94% yield (entry 9). In the
case of y-butyrolactone, although hydrolysis proceeded
competitively, the desired 1,4-diol was obtained in 73% yield
(entry 10).

In summary, the incorporation of NHC ligands into the
bifunctional PNP—ruthenium complex results in an outstanding
ester hydrogenation catalyst, compared to the catalyst systems
based on the well-defined Ru-pincer complexes that have
emerged to date. The atmospheric hydrogenation of esters was
achieved by the isolable NHC-coordinated PNP—ruthenium
complex in THF at a nonsevere temperature of 50 °C. The
hydrogenation can be conducted using glassware reactors such
as a Schlenk flask equipped with a balloon containing H, and
thus provides a practical protocol for reduction of esters.
Further studies are in progress to evaluate the utility of this
catalyst in other challenging hydrogenations.
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