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ABSTRACT: A new tetradentate ruthenium complex has been developed for hydrogenation of esters. The catalyst’s structure
features a pyridinemethanamino group and three tight chelating five-membered rings. The structure character is believed to be
responsible for its high stability and high carbonylation-resistant properties. Thus, this catalyst shows outstanding performance in
the catalytic hydrogenation of a variety of esters, especially for fatty acid esters, which may be used in practical applications. New
insight on designing hydrogenation catalyst for reducing esters to alcohols has been provided through theoretical calculations.

he reduction of esters to their corresponding alcohols is one ~M . n S
of the most important fundamental chemical trans- i ©/\
formations. Compared with traditional methods using st01ch10—
metric metal hydride reagents, such as LiAIH, and NaBH,," this i /—?-\PPh
catalytic method using H, as hydrogen source is green, easy to C N/ RiL
operate, safe, and economic. Therefore, catalytic hydrogenation Bhs ,|_| {:Ice)l:lron
of esters is an attractive method. However, because of the lower high  withdrawing
reactivity of carbonyl group in esters relative to ketones,” the HeneN i :ié;_g_l
idity

practical industrial process of the reduction of esters with H, is
usually carried out with heterogeneous catalysts under harsh Rl
conditions (200—300 °C, 200—300 atm).’ Thus, development of @ \gh ﬁf,f;'t?n"g
a super-homogeneous catalyst for highly efficient reduction of Phz & Highly carbonylation-resistant Crystal structure of Il
esters with H, under mild conditions is highly desirable.
Although great efforts have been made in the past decades,
homogeneous catalytic hydrogenation of esters had been
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Figure 2. Design and crystal structure of IIL

confined to special substrates and under harsh conditionS,4 hgands, tridentate ligand exhibited high carbonylation-resistant
until a significant breakthrough was made by Milstein in 2006. ability.”* While CO is a strong z-acceptor ligand, introduction of
Since then, catalytic hydrogenation of esters developed rapidly, CO weakened the hydridity of the metal hydrides, which may
and several efficient homogeneous catalysts were reported by have a negative influence on its ability to reduce esters.
Mllstem, Saudan (in Firmenich SA),® Kuriyama (m Takasago),” In seeking more efficient hydrogenation that operates under
Gusev,® et al.” A few reviews were also published.'® We noticed lower temperature and pressure to save energy and costs,
that both Milstein’s (complex I) and Takasago’s (complex II) homogeneous hydrogenation catalysts with super high activities
tridentate ruthenium catalysts feature a tridentate ligand and a (e.g, TON > 50000) show great potential.
CO ligand (Figure 1). Compared with mono- and bidentate On the basis of the bifunctional concept and the mechanism
study,'"" we proposed that the catalysts’ activity for reducing
My o H oG )/CP]th esters may be correlated to the hydridity of the metal hydride and
C{f__g _C”é (N WPPR2 Carnonyiation the acidity of the N—H group. High hydridity of the metal
N e | i ~co s, decarbonylation ( \co hydride can improve its nucleophilicity and help to attack the less
Et, Phz Pr | polar C=0 bond of esters. On the other hand, the high acidity of
TON' f"’i‘?ée;{‘&)io?‘? Py Il {Takasago, 2011) the N—H group can play the role of Lewis acid to activate the
=100, TOF =25 h TON =1000, TOF =71 b
(5.3atm, 115 °C, 4 h) (50 atm, 100 °C, 13.5 )

Figure 1. Two representative catalysts for hydrogenation of esters. Received:  November 29, 2014
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Scheme 1. Hydrogenation of Esters Catalyzed by III*
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“Reaction conditions: substrate (10 mmol), KOBu (0.25 mmol),
THF (4 mL), H, (50 atm), 80 °C for 5 h. “All yields except for 1g
were determined by GC analysis (n-tridecane as internal standard).
“Substrate (50 mmol), KO'Bu (1.25 mmol), solvent free, 80 °C for 30
h. %Yield was determined by the ratio of EA/EtOH.

C=0 groups of esters. A comparison of the acidity of aliphatic
amine, benzylamine, and pyridinemethanamine is outlined in
Figure 2; we chose the most acidic pzridinemethanamine as akey
fragment of our new catalyst.”™'* We also introduced two
electron-rich diphenylphosphino groups into our catalyst rather
than CO ligand. The new designed catalyst III has been
crystallographically characterized, and its molecular geometries
are presented in Figure 2."> Compared with catalysts [ and II that
contain an electron-withdrawing ligand CO, catalyst III exhibits a
tetradentate coordination model with two electron-donating
phosphino groups. The structure characteristics of catalyst III
provide high carbonylation-resistant ability, high hydridity of
metal hydride, and highly acidic N—H. Thus, catalyst III showed
outstanding performance in the catalytic hydrogenation of a
variety of esters, especially since it provided an efficient and
convenient conversion of fatty acid esters to long-chain fatty
alcohols.

A series of solvents were investigated for the hydrogenation of
methyl benzoate catalyzed by complex ITI under S0 atm of H,, 80
°C (see the Supporting Information). The reaction is compatible
for multiple solvents and solvent-free conditions. KO'Bu gave the
best result with a 1 mol % loading when used as base, whereas
NEt; and inorganic base Cs,CO; gave unsatisfactory results. The
reaction temperature and H, pressure were also examined, and
we found that the yield of alcohol was high (91%) after 2 h even
at a low pressure of 10 atm. A lower reaction temperature (40
°C) gave the product in a lower yield of 73%.

We have examined the substrate scope and the catalyst
efficiency under the optimized conditions (50 atm H,, 80 °C, 2.5
mol % KO'Bu, THF) (Scheme 1). To our delight, most of the
unfuctionalized esters can be reduced with much higher turnover
numbers relative to the best reported results. Halogenated esters
1f, a challenging substrate for hydrogenation, were smoothly
converted by catalyst ITI with high activities. It is noteworthy that
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Table 1. Hydrogenation of Functionalized Esters Catalyzed by
10

j\ I, KO'Bu (25 mol %)~
R OR’ THF, H, (50 atm)
3a-f 80°C,5h da
o COOMe COOMe

M

e Fon X oy

o COOMe MeOOC
3a 3b 3c
o) (6] [e]
%O/ wo/ O)k o
OH
3d 3e 3f
entry substrate product siC solvent yield [%)"
1 3a Ho™ ~-OH 5000 toluene 82
OH
¢ 3b 1000 THF 84
HO
3 THF
3 c /\©\/OH 5000 H 9%
OH

4 3d - 2000 THF 92
5 3e ©/\/\0H 5000 toluene >g5d
8 3f 10 000 THF

“Reaction conditions: substrate (5.0 mmol), KO'Bu (0.125 mmol), H,
(50 atm), 80 °C for S h. bYield was determined by GC. 100 °C for §
h. “Yield was determined by 'H NMR.

Table 2. Hydrogenation of Fatty Acid Esters in the Presence of
mr“

\Hj\ 1ll, KO'Bu (2.5 mol %), THF
n OMe H, (50 atm), 80 °C, 5 h My ok

5a-d 6a-d

n=10,52 n=1250 n=145  n=16 5d
Esters RCH,0OH SIC  yield®
5a OH 30000  92%
sb TN T T gy 50000  97%
I T S T ST 50000  99%
Bd e e e T T e T T T 60 000 88%
OH
COOMe

OH
“Reaction conditions: substrate (5.0 mmol), KO'Bu (0.125 mmol),
THF (2.5 mL), H, (50 atm), 80 °C for § h. “Isolated yield. “Yield was
determined by GC analysis.

solvent-free hydrogenation of ethyl acetate (1g) gave a very high
TON of 80000 (S/C = 100000, 80% yield) over 30 h, which was
the highest TON to our best knowledge for homogeneous
catalytic hydrogenation of esters. A lower TON was observed for
the hydrogenation of e-caprolactone 1i, which might be due to a
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Scheme 2. Scale up Hydrogenation of Samples A and B*
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A 95% MAMAMO/

200 mmol, 56.9 g

S/C = 20000

N SoH
cat Il (6.9 mg) 14

yield : > 99%®
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55% /\/\/\/\/\/\/\)J\o/ WOH
S/C = 30000
B + o _— +
cat Il (4.6 mg)
45% /\/\/\/\/\/\/\/\)J\O/ %OH

200 mmol, 56.6 g yield : 98%°

“Reaction conditions: substrate (200 mmol), KO'Bu (2.5 mol %), H,
(30—50 atm), THF (80 mL), 80 °C for 5 h. “Isolated yield.

ring-opening polymerization (ROP) process in the presence of
KO'Bu and other bases."*

We then switched our attention to the functionalized esters as
substrates for hydrogenation reaction in the presence of III
(Table 1). Compared with unfunctionalized esters, the TON
decreased one order of magnitude (except for C=C as a
functional group), which may be due to the coordination effect of
the function groups, such as carbonyl, double bond, and
heteroatoms, together with the carbonyl group of esters, which
can inhibit the catalytic activity through chelation. Dimethyl
succinate (3a) and dimethyl terephthalate (3c) could be
hydrogenated with a TON of 4100 and 4800, respectively,
while dimethyl phthalate (3b) could only reach a TON of 840,
which we considered to be the product inhibition with ortho-
position substitution in favor of chelation with the metal center.
Hydroxyl groups containing substrates such as methyl lactate
(3d) could be reduced with a TON of 1840. For a,f-unsaturated
esters, methyl cinnamate (3e), the double bond was also
hydrogenated, while for the unconjugated unsaturated esters
such as methyl 3-cyclohexenecarboxylate (3f) and methyloleate
(Table 2, Se), good chemoselectivity was observed and the
reduction mainly occurred in the ester part.

In the biomass conversion, fatty alcohols play a very important
role in fine chemical industry, and their derivatives are often used
as surfactants. Gusev has reported a ruthenium dimer catalyst for
fatty acid esters reduction with moderate efficiency.® In this text,
we investigated the activity of complex III for hydrogenation of
fatty acid esters (Table 2) and found that complex III showed
unprecedented high activity for hydrogenation of fatty esters. We
tested the C12—C18 saturated natural fatty acid esters, all of
which gave outstanding results. The unsaturated fatty acid ester
such as methyl oleate led to a slight drop of TON compared with
saturated fatty esters. To the best of our knowledge, this is the
highest turnover number reported so far for homogeneous
hydrogenation of methyloleate.

A large-scale hydrogenation of two industrialized samples (A:
methyl palmitate 95%, B: a mixture of methyl palmitate 55% and
methyl stearate 45%. purchased from a local industry) was
carried out at 30—50 atm H,/80 °C (Scheme 2) with catalyst III.
Excellent catalytic transformation has been observed, suggesting
great potential for industrial applications.

Based on the bifunctional concept and the early mechanistic
studies,'" we consider that the complete catalytic cycle can be
separated into two parts (Figure 3, model 0_Na), reduction of
ester to aldehyde and further reduction to alcohol. In order to
gain more mechanistic insight for the high efficiency for catalytic
hydrogenation of using catalyst III, we carried out DFT
calculations based on the proposed mechanism for three
model catalysts, 0 Na_CO, 0_Na_Py, and 0_Na (Figure 3).
Figure 3 shows and compares the free energy profiles calculated
for the three model catalysts. In Figure 3, a simplified version
illustrating key transition states and intermediates is given. The
complete energy profiles are given in the Supporting
Information. The DFT results show that for each case the first
part corresponds to the hydrogenation of ester to aldehyde is
endergonic, while the second part corresponds to further
reduction to alcohol is exergonic. Interestingly, instead of the
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Figure 3.

Free energy profiles (kcal/mol) calculated using three model catalysts.
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hydride transfer, the H, complexation in the first part of the
catalytic cycle is the rate-determining step (ca. formation of
TS, na 1), With an overall free energy barrier of 21.9 kcal/mol
calculated for the model catalyst 0 Na_CO, 16.3 kcal/mol for
the model catalyst 0_Na_Py, and 20.4 kcal/mol for the model
catalyst 0_Na. Replacement of the carbonyl ligand in 0_Na_L
with a pyridine ligand results in a significant decrease in the
overall barrier by 5.6 kcal/mol, suggesting that a pyridine ligand
has great promoting effect relative to CO. A carbonyl ligand
weakens the complexation ability of the metal center for H, and
therefore gives rise to a higher overall barrier. The model catalyst
0_Na gives an overall barrier of 20.4 kcal/mol, 1.5 kcal/mol
lower than the model catalyst 0 Na_CO does. A difference of 1.5
kcal/mol in the overall barrier represents about 10 times
difference in the reaction rate when we apply the Arrhenius rate
equation. Besides, in our calculations, when the sodium cation in
0_Nais replaced by a potassium cation (giving the model catalyst
0_K), an overall barrier was calculated to be 18.5 kcal/mol, which
is 1.9 kcal/mol lower when compared with that using the model
catalyst 0_Na, consistent with the experimental observation of
rate enhancement."

In conclusion, we have developed a highly efficient (TON up
to 80000, TOF up to 10000 h™') tetradentate ruthenium
complex for ester reduction. In particular, the hydrogenations of
fatty acid esters to fatty alcohols showed excellent results, which
hold potential to replace the heterogeneous hydrogenation
process. Deep insight into the bifunctional mechanism helped to
develop the highly efficient catalyst, and DFT studies explained a
possible reason for the high efficiency of catalyst III This insight
will help us develop more efficient catalysts for hydrogenation of
esters to alcohols, a fundamental process in chemical trans-
formations.
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