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Effects of ruthenium hydride species on primary
amine synthesis by direct amination of alcohols
over a heterogeneous Ru catalystf
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Heterogeneously catalysed synthesis of primary amines by direct amination of alcohols with ammonia has
long been an elusive goal. In contrast to reported Ru-based catalytic systems, we report that Ru-—MgO/TiO,
acts as an effective heterogeneous catalyst for the direct amination of a variety of alcohols to primary

amines at low temperatures of ca. 100 °C without the introduction of H, gas. The present system could
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be applied to a variety of alcohols and provides an efficient synthetic route for 2,5-bis(aminomethyl)furan

(BAMF), an attention-getting biomonomer. The high catalytic performance can be rationalized by the
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Introduction

Primary amines are known as versatile building blocks due to
their convenient use in different fields of synthetic chemistry
and serve as synthons for pharmaceuticals, agricultural chem-
icals and polymers.' Thus, a variety of synthetic methods to
produce primary amines have been developed including the
alkylation of ammonia, and reduction of amides, nitriles and
nitro compounds, in addition to special methods (e.g., Stau-
dinger reduction and Hofmann degradation).> The direct
substitution of alcohols with ammonia is considered to be the
most rational synthetic protocol for primary amines because of
the ready-availability of alcohols, and the low cost of ammonia,
and it is attractive in terms of it being environmentally benign.
Due to the low leaving-group ability of the hydroxy group, recent
attempts have been devoted to the borrowing hydrogen (BH)
methodology.® This system uses a powerful strategy that
combines dehydrogenation, transformation of generated
unsaturated compounds, and subsequent hydrogenation to
form more complex molecules, without the need for tedious
separation or isolation processes. Since the pioneering work
with a Ru complex bearing a PNP pincer ligand by Gunanathan
and Milstein,* some Ru- and Ir-based homogeneous catalysts
have been developed for the selective synthesis of primary
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reactivity tuning of Ru—H species using MgO. Spectroscopic measurements suggest that MgO enhances
the reactivity of hydride species by electron donation from MgO to Ru.

amines by the direct amination of alcohols with ammonia.® In
view of the advantages of heterogeneous catalysts, such as ease
of recovery, reusability, and stability, there is a substantial need
for the development of efficient heterogeneous catalysts that
enable selective conversion of alcohols into amines under mild
reaction conditions for the environmentally benign production
of chemicals. Although some Ni-based heterogeneous catalysts
have been developed,® these systems require severe reaction
conditions (Scheme 1 and Table S1}). Ru-, Co- and Pt-based
catalysts are also active for the direct amination of alcohols;™®
however, these catalysts require molecular hydrogen, which is
not required in principle. Besides the possible explanation for
H, effects (regeneration of the active metal surface and the
removal of coke),”*? we propose that additional H, prevents H,-
release from the metal hydride species generated through the
dehydrogenation of alcohols. Therefore, we have envisioned
that electronic tuning of the ruthenium hydride species would

(a) Ni catalyst Borrowing Hydrogen Methodology

R catalyst, NH; R R R

R™ “OH iti R™ "NH
severe conditions 2 R)\OH R/kNHZ
(b) Ru, Co, Pt catalyst M
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T e
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Scheme 1 Selective synthesis of primary amines by direct amination
of alcohols and ammonia over heterogeneous catalysts through
borrowing hydrogen methodology.
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result in the development of efficient catalysts for the direct
amination of alcohols through a BH strategy. Despite the
importance of metal hydride species in many hydrogen-
involving reactions, the characterization of metal hydride
species is still a challenge for heterogeneous catalysts.'* We
have focused on a basic support that can sufficiently stabilize
Ru hydride species enough to require hydrogen acceptors for
the dehydrogenative oxidation of alcohols catalysed by a sup-
ported Ru catalyst."* In this study, we report a supported Ru
catalyst for basic oxide-enabled direct amination of alcohols
with ammonia under mild reaction conditions without molec-
ular hydrogen as an accelerator.

Results and discussion

The research began with the direct amination of furfuryl alcohol
(1a) using Ru catalysts supported on simple basic metal oxides
and hydroxides (Table S27). Ru/MgO gave the desired primary
amine in 77% yield; however, this catalyst could not be reused
even after reduction treatment. To achieve more active and
stable catalysts, we examined the deposition of Ru and Mg on
high-surface-area supports. A Ru and alkaline earth metal co-
deposited metal oxide supported catalyst (Ru-xM/support; x
= M loading (wt%)) was prepared through the sequential
deposition of Ru and an alkaline earth metal on the support by
the wet-impregnation method. X-ray diffraction (XRD) analysis
was conducted for Ru-20MgO/TiO, before and after hydrogen
reduction (Fig. 1). Mg(OH), was observed in addition to the TiO,
(anatase) support before reduction. Reduction treatment of the
sample resulted in the formation of MgO. We estimated the
average size of MgO nanoparticles on TiO, from the XRD
patterns. The grain size of MgO in Ru-MgO/TiO, estimated
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Fig. 1 XRD patterns for Ru-—20MgO/TiO, before and after reduction.
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from the (200) diffraction lines using Scherrer's equation was
25 nm. This value is good agreement with the particle size 20-
50 nm measured from the field-emission scanning electron
microscope (FE-SEM) images of Ru-20MgO/TiO, (Fig. S1t).
Peaks of the Ru species were not observed in the XRD patterns,
possibly due to the high dispersion of the Ru species on the
support. Transmission electron microscopy-energy dispersive
X-ray spectroscopy (TEM-EDS) analysis of Ru-MgO/TiO, indi-
cated that Ru and Mg were highly dispersed on the TiO, support
(Fig. 2). To obtain information on the environment around Ru
particles, the electronic states of Ru particles were examined
with CO- adsorption infrared (IR) spectroscopy measurements
(Fig. 3). The bands assignable to the stretching vibration of CO
adsorbed on Ru can be shifted by the electron-donating char-
acter of the Ru particles.’> A broad band (2038 cm ') with
a shoulder (1925 cm ') was observed in the spectrum for Ru-
20MgO/TiO,, and these features were assigned to linearly
adsorbed CO on partially oxidized Ru and CO bridged between
two metallic Ru atoms, respectively.”® X-ray photoelectron
spectroscopy (XPS) measurements for Ru 3d of the catalyst
showed that Ru’ coexists with Ru®" (Fig. S2t), which was
consistent with the Fourier transform infrared spectroscopy
(FT-IR) results. For Ru/TiO,, both bands appeared at higher
wavenumber positions (2056 and 1981 cm™ '), which indicated
that Ru on Ru-20MgO/TiO, has higher electron-donating
capability than Ru on Ru/TiO,. Fig. 3 also shows that there is
no significant difference in the band position between Ru-MgO/
TiO, and Ru/MgO, which suggests that Ru is in contact with
MgO rather than TiO, on Ru-MgO/TiO,, and the electron
donation from MgO, a strong electron-donating material, to Ru
enhances the electron-donating capability of Ru on Ru-MgO/
TiO,. We measured amounts of acid and base sites of Ru-
20MgO/TiO, and Ru/TiO, by pyridine-adsorbed IR

25 nm

25 nm

Fig. 2 TEM-EDS analysis of Ru—20MgO/TiO,.
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Fig. 3 Difference IR spectra of CO-adsorbed Ru/MgO, Ru-20MgO/
TiO,, and Ru/TiO,.

measurements and CO, temperature-programmed desorption
(CO,-TPD) (Table S4t1). Ru-20MgO/TiO, possesses higher
amounts of acid sites than Ru/TiO, probably due to the higher
surface area of Ru-MgO/TiO,. Although there was no significant
difference in the amounts of base sites between Ru-MgO/TiO,
and Ru/TiO,, the CO, desorption peaks around 250 °C of Ru/
TiO, shifted to higher temperatures (450-650 °C) in the case of
Ru-MgO/TiO, (Fig. S31). Thus, the basicity of Ru-MgO/TiO,
would be stronger than that of Ru/TiO,, which would result in
the acceleration of the alcohol dehydrogenation step.

The prepared catalysts were evaluated with respect to the
direct amination of 1a with ammonia in toluene at 110 °C for
20 h (Table 1). Ru-20MgO/TiO, exhibited high catalytic perfor-
mance to give furfurylamine (2a) in 85% yield with a trace
amount of the imine 3a (entry 1). No other side products were
observed in the reaction mixture. The turnover frequency (TOF)
value is calculated based on the Ru dispersion to be 0.6 h™™.
This value is lower than those of reported Ru catalysts (Table
S17) due to the low reaction temperature (110 °C for Ru- MgO/
TiO, vs. 150-220 °C for Ru/C, Ru/SiO,, Ru/Al,03, and RuNPs);
however, the reported Ru catalysts showed low selectivity to
primary amines in contrast to the present Ru- MgO/TiO,
system. The effect of the support was then examined (entries 4-
7). Low yields of 2a were observed for other oxide supports, such
as Si0,, Al,03, ZrO,, and Nb,Os. There was no correspondence
between the activity and support features, such as acid/base
sites and electron-donating character. Mg loading had a high
impact on the catalytic activity of the Ru catalysts. The deposi-
tion of lower and higher amounts of MgO resulted in a decrease
of the yield of 2a (entries 8 and 9). Other alkaline earth metals
were not effective for the direct amination of alcohol (entries
10-12). Ru/TiO, also exhibited catalytic activity; however, only
a 38% yield of 2a was obtained (entry 13). In addition, the result
of a physical mixture of Ru/TiO, and MgO was similar to that of
Ru/TiO, (entry 14), which indicates that direct interaction
between Ru and Mg is essential in achieving high activity for the
direct amination of alcohols. Ru/Nb,O; was not effective for the
direct amination although it acts as a highly active and selective

9886 | Chem. Sci,, 2020, 11, 9884-9890
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Table 1 Catalyst screening®

O catalyst (0] o) X O,
1a 2a 3a
Yield (%)

Entry Catalyst Conv. (%) 2a 3a
1 Ru-20MgO/TiO, 96 85 Trace
2P Ru-20MgO/TiO, 18 0 0
3¢ Ru72OMgO/Ti02 >99 94 0
4 Ru—ZOMgO/SiOZ 99 32 0
5 Ru-20MgO/Al,0; 99 59 0
6 Ru-20MgO/ZrO, 76 24 0
7 Ru-20MgO/Nb,0; 43 17 0
8 Ru—lOMgO/Ti02 82 42 0
9 Ru73OMgO/Ti02 87 52 0
10 Ru-20CaO/TiO, 91 44 0
11 Ru-20SrO/TiO, 79 58 0
12 Ru-20BaO/TiO, 90 44 0
13 Ru/TiO, 72 38 Trace
14 Ru/TiO, + Mg0*? 72 35 0
15¢ Ru/Nb,Os 46 2 0

¢ Reaction conditions: catalyst (0.2 g), 1a (0.5 mmol), pNH; (0.7 MPa),
toluene (5 mL), 110 °C, and 20 h. Conversion and yield were
determined by GC analysis. Yield (%) = product (mol)/initial 1a (mol)
x 100. ? Operated in air. © 0.4 g catalyst was used. ¢ 0.2 g Ru/TiO, and
0.04 g MgO were used as the catalyst. * Run at 180 °C.

catalyst for reductive amination (entry 15)."* No reaction was
observed when the reaction setup was assembled on a bench
outside the glovebox (entry 2). After further optimization
studies including solvent screening and the catalyst loading
effect (Table S57), the use of 0.4 g catalyst increased the yield of
2 to 94% (entry 3). Fig. 4 shows the results of the reuse experi-
ment. After base treatment with NaOH and subsequent reduc-
tion with H, at 400 °C, Ru-20MgO/TiO, could be reused three
times without loss of activity.

The present catalytic system could be applied to a variety of
alcohols (Table 2). Electronic and steric effects were examined
using substituted benzyl alcohol. The direct amination pro-
ceeded smoothly, regardless of the substituents at the para

Fresh Reuse Reuse Reuse
(1st) (2nd) (3rd)

100

Yield (%)

20 4

Fig.4 Reuse experiments. Reaction conditions: Ru-20MgO/TiO, (0.4
g), 1a (0.5 mmol), toluene (5 mL), pNHz (0.7 MPa), 110 °C, and 20 h.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Substrate scope®

Entry Substrate Product Yield (%)
) OH NH,
1 91
1b 2b
OH NH,
2 82
Me,N 1c Me;N 2c

MeO 1d MeO 2d
NH,
76
F3C
J NH,
N 67
H

©)\NH2 61
2j
K

10
O o™
1k 2

O
YA U VR

“ Reaction conditions: Ru-20MgO/TiO, go.z 2), 1 (0.5 mmol), pNH; (0.7
MPa), toluene (5 mL), 110 °C, and 20 h. ° Run at 100 °C. © Run for 30 h.

67

11 HO \ / OH

E}

position, to give the corresponding primary amines in good to
excellent yields (entries 2-5). A sterically hindered substrate is
also applicable with this catalytic system (entry 6). In addition,
the catalytic system has high functional group tolerance. The
chloro group and indole skeleton remained intact during the
reaction. The present Ru system could be applied to not only
benzyl alcohol derivatives, but also to linear alkyl alcohols (entry
8). Secondary alcohols are also good substrates for direct ami-
nation with this catalyst system (entries 9 and 10). The product
was obtained in moderate yield due to the formation of dehy-
droxylated products. Finally, the catalytic system was applied to
the synthesis of 2,5-bis(aminomethyl)furan (BAMF), which is
known as a biomonomer for polyamides and a hardener for
epoxy resins.’”* When 2,5-bis(hydroxymethyl)furan (BHMF) was
used as a substrate, the desired BAMF was obtained in 86%
yield (entry 11). Compared with the reported methods for the
synthesis of BAMF,' the present system has superiority in that
a high yield of BAMF is produced under mild reaction
conditions.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

To determine whether the reaction proceeds through the BH
strategy or not, we examined the hydrogenation of benzylidene
aniline (4) with 1a as a hydride source. As expected, hydroge-
nated product 5 was obtained in 27% yield along with the
formation of furfural derivative 6 in 48% yield (Scheme 2a). 6
was generated through the formation of furfural by the dehy-
drogenation of 1a and subsequent condensation with aniline
derived from the hydrolysis of 4. In addition, deuterium label-
ling experiments were conducted for the direct amination of
benzyl alcohol-a,0-d, (1b-d;) and subsequent acetylation with
acetyl chloride (AcCl) to precisely calculate the deuterium
content using "H nuclear magnetic resonance spectroscopy
(NMR) (Scheme 2b). The deuterium content at the benzylic
position in 8 was decreased to 39% from 98%. The decrease of
the deuterium content suggests that the dehydrogenation of
alcohols is reversible under the direct amination conditions.
The source of the hydrogen is a hydroxide group or H,O
adsorbed on the catalyst surface. The deuterium content was
also decreased when 1b-d, was exposed to the direct amination
conditions without ammonia (Scheme 2c). No detection of the
dehydrogenated product indicates that Ru-20MgO/TiO, can
prevent H, release from the Ru hydride species, in contrast to
Ru/TiO, which is known to be active for the dehydrogenation of
alcohols under oxidant-free conditions.” In addition, the H,-
TPD analysis was carried out to evaluate the nature of the H
species (Fig. S4f). The desorption peak at around 500 °C
exclusively appears in the profile of Ru-20MgO/TiO,. This peak
is likely assignable to the desorption of spillover hydrogen on
the support.”® These results indicate that MgO promotes the
hydrogen spillover, contributing to maintenance of H species in

(a)

o Ru-20MgOMO,  _  pn O
- _Ph
oSN T o —————= P N @/\N + Ph” O OH
toluene-dg
1a 110°C,15h 5 6 !
>99% conv. 67% conv. d 27% 48% 20%
cat. Ru
PN PN

X, ,-Ph
Ph™ °N H
5

H,0
o o
Ph—NH, O
\ / ©OH Yo —— -Ph
6
PhAo ;A‘ Ph” “OH
7
b
®) D D ) D DO
Ru-20MgO/TiO, AcCl J\
OH + NHj3 N
toluene, 110°C,20 h  EtN, THF H
r.t., overnight
1b-d, 8
(98%D) 90% yield (39%D)
()
DD
Ru-20MgO/Tio, AcCl D Dj\
o]
toluene, 110°C, 20 EGN, THF @X
r.t., overnight

1b-d, 9
(98%D) 91% yield (18%D)

Scheme 2 Control experiments: (a) hydrogenation of benzylidene
aniline (4) using furfuryl alcohol as a hydride source. (b) Direct ami-
nation of 1b-d,. (c) Exposure of 1b-d, to direct amination conditions
without ammonia.
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the vicinity of Ru particles. The dehydrogenation of alcohols
was also confirmed using IR measurements with adsorbed
isopropanol. As the temperature increased after the introduc-
tion of isopropanol to the IR cell, two bands were observed at
1733 and 1946 cm ™' (Fig. 3 and $67). The band at 1733 cm ™" is
assignable to the stretching vibration of C=O0O of gas phase
acetone," and that at 1946 cm ™" is due to the Ru-H species on
Ru-MgO/TiO,.*° As a complementary result, Ru-D stretching
vibration was observed at 1434 cm ™" from measurements using
isopropanol-dg (Fig. S81). When the hydrogen atom in Ru-H is
replaced with a deuterium atom, the wavenumber for the Ru-H
stretching vibration is expected to be shifted to 1441 cm ™. The
IR spectrum for the measurement using isopropanol-dg also
showed a peak that was assigned to the Ru-H bond, which
reflects the H/D exchange by reversible alcohol dehydrogena-
tion. We cannot rule out the possibility that these peaks are
assignable to the stretching vibrations of the C-D bond in
acetone-ds.>* Comparison of Ru-MgO/TiO, with Ru/TiO,
revealed that the band due to Ru-H on Ru/TiO, was at a higher
wavenumber position (2006 cm™*) than that on Ru-MgO/TiO,
(Fig. 5). This difference indicates that the Ru-H bond is elon-
gated due to the electron donation from MgO.

From the elongated Ru-H bond on Ru-MgO/TiO,, hydroge-
nation ability can be differentiated by the effect of MgO.
Therefore, the transfer hydrogenation of 4 was conducted over
Ru-MgO/TiO, and Ru/TiO, (Fig. 6). When isopropanol is used
as a hydride source, the MgO effect on the imine hydrogenation
step can be discussed because the dehydrogenation of iso-
propanol is fast even at 60 °C as observed in IPA-adsorbed IR
analysis (Fig. 5). As expected, hydrogenated product 5 was ob-
tained in 81% yield for Ru-MgO/TiO, and in 60% yield for Ru/
TiO,. The higher hydrogenation ability of Ru-MgO/TiO, can be
rationalized by the elongated Ru-H bond, as observed in
isopropanol-probed IR measurements, which results in efficient
direct amination under mild conditions.

Here we propose a mechanism for this reaction involving the
dehydrogenation of alcohols (Scheme 3). Initially, the

H 1733

Normalized absorbance (a.u.)

r T T T T 1

2100 2000 1900 1800 1700 1600
Wavenumber (cm)

Fig.5 Difference IR spectra of isopropanol-adsorbed (a) Ru-20MgO/
TiO, and (b) Ru/TiO, at 60 °C.
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Fig. 6 Time courses for transfer hydrogenation of 4 over the sup-
ported Ru catalyst using isopropanol as a hydride source. Reaction
conditions: catalyst (0.05 g), 4 (0.5 mmol), isopropanol (1 mL), toluene
(4 mL), and 80 °C.

H,NT R
TiO,
H H,O
MgO
Ru o” R Ru
Tloz TiO,

N

(0] R

Scheme 3 Proposed reaction mechanism for direct amination of
alcohols over Ru—20MgO/TiO,.

adsorption of an alcohol on the ruthenium surface forms
a deprotonated alkoxide. An aldehyde is generated reversibly
formed by B-hydride elimination from the Ru alkoxide. The
concomitant Ru-H species, activated by MgO, hydrogenates the
NH-imine derived from the aldehyde with ammonia to give the
desired primary amines. The high activity of the Ru-H species
resulted in high selectivity by the prevention of side reactions of
imine intermediates. The lack of H, requirement could be
attributed to the inhibition of Ru-H species decomposition
through electronic tuning using MgO.

Conclusions

We have demonstrated the direct amination of alcohols over
Ru-20MgO/TiO,. The direct amination of various alcohols
proceeded efficiently to afford the desired primary amines in
high yield. The present system is highly advantageous in that it
requires no accelerator compared to reported Ru systems, and is
reusable without loss of activity after the base treatment and
reduction sequence. Direct amination catalysed by Ru-20MgO/
TiO, proceeded through the BH methodology, as evidenced by

This journal is © The Royal Society of Chemistry 2020
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the formation of ruthenium hydride species from isopropanol.
Mechanistic studies revealed that the effect of MgO can be (1)
acceleration of the imine hydrogenation step by the electronic
tuning of Ru particles, and (2) the anchoring effect that provides
large dispersion and small particle size. These results with the
metal hydride species are expected to provide a design guide for
new heterogeneous catalysts for hydrogen-involving reactions.
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