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Sulfurized Re-Ir clusters on a carbon black support were demonstrated to be highly active catalysts for
the quadruple N-methylation of ethylenediamine (EDA) with CO, and H, to yield N,N,N',N'-tetramethy!-
ethylenediamine (TetraM-EDA). The catalytic activity of this catalyst was 6.4-fold higher than that of the
previously reported sulfurized Re catalyst. This bimetallic catalyst was applicable to the multiple
N-methylation of various diamines that consisted of C2/C3 units sandwiched between two amino groups,
and their strong interaction arising from the chelating effect played a key role in the progress of
N-methylation over the catalyst, as indicated by the kinetic study. Furthermore, the sulfurized Re-Ir
species were mandatory for the N-methylation of EDA (namely, the hydrogenation step of N-formylated
intermediates into N-methylated EDAs), and a lack of sulfurized species resulted in the formation of
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N-formylated compounds as major products instead of N-methylated ones. Detailed characterization
suggested that the role of Ir species was to substantially reduce Re species. These functions offered not
only high catalytic activity but also stability against air, the latter of which contributed to the suppression

rsc.li/greenchem of oxidation and leaching of Re species after catalyst exposure to air.

Green foundation

1. This study offers a novel catalytic means of introducing four or more N-methyl groups to ethylenediamine and its homologous series using green reactants
consisting of CO, and H, in water. This means is a promising alternative to classical organic chemistry approaches that rely on deleterious and hazardous
stoichiometric reagents.

2. The currently presented N-methylation proceeds well in the greenest solvent water, in stark contrast to previously reported catalytic N-methylation systems
for aliphatic and aromatic monoamines operated in alkanes and tetrahydrofuran.

3. Further research will focus on the establishment of continuous flow systems for N-methylation of diamines as well as the replacement of precious metal
components (i.e., Re and Ir) with abundant metals, both of which could lead to the industrialization of this process and contribute to the establishment of
carbon neutrality.

metal cations (particularly important for organo-lithium
chemistry)," biochemical reagent,” crosslinking agent for
epoxy resins,® source of quaternary ammonium salts,’
polymerization initiator when combined with alkaline
persulfate,”” and methylating agent under photoirradiation
conditions.® TetraM-EDA has also emerged as a promising

1. Introduction

N,N,N',N'-Tetramethylethylenediamine (TetraM-EDA) is a versa-
tile compound, acting as a chelating agent and ligand for
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green propellant fuel for replacing hydrazine-based fuels.”*°
Its global market size was 174.2 million USD in 2022 and is
expected to grow up to 271.6 million USD by 2030."" The classi-
cal synthetic method of TetraM-EDA, as filed in a patent by
Bayer, involves an intermolecular reaction between 1,2-dichlor-
oethane and dimethylamine (Fig. 1A)."> Another approach to
synthesizing TetraM-EDA is the N-methylation of ethylenedia-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Reported and current (non-)catalytic systems for synthesizing TetraM-EDA.
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mine (EDA), which is the simplest diamine, with methylating
reagents. The classical N-methylation, known as Eschweiler-
Clarke reaction, uses a mixture of formaldehyde and formic acid
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as sources of methyl groups (Fig. 1B). Iodomethane is also a
well-known methylating agent, but its high reactivity has led to
the over-functionalization of EDA to produce N,N,N,N',N',N"-hexa-
methylethylenediamine diiodide instead of TetraM-EDA."® These
traditional approaches for producing TetraM-EDA require stoi-
chiometric reagents, and the development of greener catalytic
processes, namely, using heterogeneous catalysts for introducing
methyl groups into EDA, is thus highly desirable.

EDA exhibits both strong basicity (pK, = 9.98)"” and chelat-
ing effect toward metal cations. Upon the progress of step-by-
step N-methylation of EDA toward TetraM-EDA, the basicity of
amino groups increases from EDA (pK, = 9.98) to the inter-
mediate compounds, N-methylethylenediamine (pK, = 10.14)
and N,N'-dimethylethylenediamine (pK, = 10.17); meanwhile,
the basicity of the end product TetraM-EDA (pK, = 9.28) is
lower than that of EDA."” The chelating effect of EDA and
N-methylated EDAs for metal cations (e.g., Cu’) was reported
to be reinforced upon increasing the number of N-methyl
groups;'® such chelating effect should lead to the leaching of
catalytically active species from heterogeneous catalysts. These
facts posit that catalysts for quadruple N-methylation of EDA
need to exhibit not only high activity for enabling multi-step
N-functionalization but also high stability against EDA, inter-
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mediates, and TetraM-EDA. To date, various types of catalytic
N-methylation of EDA have been reported. The reaction of EDA
with methanol as a methylating agent with CuO-NiO/y-Al,O3
in a fixed-bed flow reactor was reported by Chen et al to
produce TetraM-EDA in up to 92% yield at 453 K at 1.0 MPa H,
(Fig. 1C);" yet, neither catalyst stability nor leaching of catalyst
components was addressed in the report. The same research
group employed the combination of RANEY® Ni catalyst and
paraformaldehyde, the latter of which was a methylating
agent, for the N-methylation of EDA and achieved 89% yield at
403 K (Fig. 1D).?° This Ni catalyst gradually lost its activity
upon its reuse, but the reason for catalyst deactivation was not
clarified. In a related work, the quadruple N-methylation of
1,6-diaminohexane was demonstrated by using a carbon-sup-
ported Pt catalyst and methanol.>! In addition to these ther-
mocatalytic systems, photocatalytic quadruple N-methylation
of EDA to TetraM-EDA was also reported; the ultraviolet-light
irradiation conditions at room temperature with methanol and
a TiO,-supported Pt-Pd bimetallic catalyst afforded 56% yield
of TetraM-EDA (Fig. 1E).**

The above-mentioned methylating agents (i.e., methanol
and paraformaldehyde) used for the catalytic N-methylation of
EDA can be produced via hydrogenation of CO, with Hy;**™°
in this sense, direct N-methylation using CO, and H, as
sources of N-methyl groups allows the shortening of overall
processes and is thus attractive from the perspective of green
chemistry. Also, the non-toxic, non-flammable, and ubiquitous
nature of CO, makes this gaseous compound a more ideal and
safer methylating agent compared to classical and deleterious
methylating agents such as iodomethane'®*® and diazo-
methane.”” The additional benefits of N-methylation using
CO, and H, are the unnecessity of expensive reductants (e.g.,
hydrosilane)** and generation of water as a sole co-product.
Various homogeneous and heterogeneous catalysts have been
reported for N-methylation of various amines with CO, and H,
thus far, as comprehensively reviewed elsewhere.***” Typical
target substrates were both aliphatic and aromatic primary
monoamines, while the degree of their N-methylation (i.e.,
single N-methylation or double N-methylation) was dependent
on catalysts and reaction conditions. Table S17 lists previously
reported catalytic systems for double N-methylation of ali-
phatic/aromatic amines using CO, and H,. The tripodal phos-
phine-ligated Ru(ur) complexes were reported to be highly
active homogeneous catalysts for the double N-methylation of
aromatic and aliphatic amines.*®*® A Co(u) complex with a tri-
podal phosphine ligand and tin methanesulfonate was also
reported for the double N-methylation of aniline and its
derivatives.’® These findings have highlighted the great poten-
tial of metal complexes for catalytic N-methylation of amines;
yet, due to the desire to improve the separability and re-
usability of catalysts, heterogeneous catalysts have been
focused more on in this decade. The heterogeneous catalysts
reported thus far are CuAlO, (i.e.,, CuO, nanoparticles de-
posited on AlO,),"! Pd/CuZzrO,,"* and Au nanoparticles sup-
ported on y-Al,O;** or metal-organic framework coating on
SiO, and Fe;0,.** These catalysts exhibited a broad substrate
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scope including aromatic amines (i.e., aniline and its deriva-
tives) as well as aliphatic amines. Meanwhile, no catalyst was
reported for quadruple N-methylation of aliphatic primary dia-
mines including EDA with CO, and H, regardless of the useful-
ness of their corresponding N-methylated products. Also,
alkanes and tetrahydrofuran (THF) were typical solvents for
N-methylation with CO, and H, (Table S17), possibly due to
the high solubility of each substrate in these solvents (i.e.,
aniline and aliphatic amines with a hydrophobic moiety such
as a long alkyl chain, cycloalkyl group, and benzyl group).
However, according to previously reported solvent guides,
alkanes and THF were categorized into non-green solvents.*>*
Considering the environmental impact of solvents, the fact
that water is always formed as a co-product in N-methylation
with CO, and H,, and the miscible nature of EDA, water is the
most appropriate solvent. In this context, a catalytic system for
quadruple N-methylation of EDA operable in water solvent
needs to be developed.

We very recently found sulfurized Re species supported on
carbon black (denoted as Re/C-BP) to be active for the quadru-
ple N-methylation of EDA, with CO, and H, to produce
TetraM-EDA in up to 84% yield in water solvent (Fig. 1F).*”
The key finding for Re/C-BP was the high hydrogenation
activity of sulfurized Re species that enabled the production of
TetraM-EDA, while a lack of such sulfurized species yielded
N-formylated EDAs as major products. In this catalytic system,
water was demonstrated to be the most suitable reaction
medium. However, the catalytic activity of Re/C-BP reflected by
turnover frequency (TOF) on the basis of Re amount was not
so high (ie, 3.3 h™', Table S1f) and thus needs to be
improved. All the reaction orders with respect to EDA concen-
tration, partial pressure of CO,, and that of H, were positive
(i.e., 0.5-0.7), indicating weak interaction between these three
reactants and catalyst surfaces. To this end, the improvement
of such interaction is necessary for increasing the coverage of
catalyst surfaces with substrate molecules. Another issue of the
Re/C-BP catalyst is the necessity of careful handling in an
oxygen-free glove box in its repeated use; otherwise, oxophilic
Re species readily undergo oxidation in air and are leached
from the catalyst. Furthermore, the substrate scope of the sul-
furized Re catalysts has not yet been investigated. In this
context, this study aimed to develop a highly active and
durable catalyst for the quadruple N-methylation of EDA by
adding a second metal to Re/C-BP because such modification
offers an opportunity to tune the catalytic performance includ-
ing activity and stability.** > The substrate scope of the cata-
lyst developed in this study was also investigated here.

2. Experimental

2.1. Reagents

All the reagents and gases used in this study for catalyst prepa-
ration and catalytic reactions were purchased from suppliers
and used as received unless otherwise noted. The detailed
information about each reagent and gas (e.g., supplier and

This journal is © The Royal Society of Chemistry 2025
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specific surface area based on the Brunauer-Emmett-Teller
(BET) equation (Sggr)) is summarized in Table S2.f The main
metal sources and catalyst support employed in this study
were NH,ReO, (Mitsuwa Chemical), Ir(NO;), (Furuya Metal),
and carbon black (Black Pearls 2000, Cabot; denoted as C-BP;
Sger = 1280 m?> g7'), respectively, based on our previous
report’” and current catalyst screening (vide infra). In some
cases, for desulfurization,”® C-BP was treated in a H, flow
(30 mL min™") for 6 h at either 773 K or 973 K and used as a
desulfurized support, which is denoted as C-BP(deS-773) or
C-BP(deS-973), respectively.

2.2. Catalyst preparation

Supported-(bi)metal catalysts (Re(-M)/support) were prepared
by the typical (co-)impregnation method. A powdery support
was impregnated with an aqueous solution containing metal
precursor(s). The typical loading of Re was adjusted to 4 wt%.
The molar ratios of M to Re were controlled by changing the
amounts of metal precursors unless otherwise noted. After
(co-)impregnation, drying on a hot plate at 363 K, and further
drying in an oven at 383 K for 12 h, the resulting powder was
obtained for catalytic tests and characterization.

2.3. N-Methylation of EDA with CO, and H,

Prior to N-methylation of EDA, each catalyst was pre-reduced
in a H, flow (30 mL min™") at 773 K for 1 h. Without exposure
to air, the reduced catalyst was transferred into an Ar-filled
glove box. In the glove box, the reduced catalyst (0.10 g), EDA
(0.24 g; 4 mmol), and water as a solvent (5.0 g) with a stirring
bar were charged into a glass-lined stainless-steel autoclave
(HIRO Company, inner volume 190 mL), which was then
sealed. Note that water was previously found as the most
appropriate solvent for the N-methylation of EDA in terms of
reaction rate as well as a lack of undesired solvent-related side
reactions.”” After purging with CO,, the autoclave was filled

View Article Online
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from the spent catalyst with a polytetrafluoroethylene syringe
filter (0.20 pm mesh) and addition of 1,4-butanediol (or 2,3-
butanediol) as an internal standard, the liquid phase was ana-
lyzed by using a gas chromatograph equipped with either a
flame ionization detector (GC-FID; GC-2014, Shimadzu) or
mass spectrometer (GC-MS; GCMS-QP2020NXC, Shimadzu,
methane chemical ionization (CI)). The column for GC-FID
and GC-MS was an InertCap for Amines capillary column (GL
Sciences, ¢0.32 mm x 30 m). The gaseous products were ana-
lyzed using the same GC-FID. The GC-MS data for identifying
uncommercialized products (e.g., N-formylated compounds)
are shown in Fig. S1-S3.7

The conversion, yield, and carbon balance were calculated
on the basis of the C2 unit originally present in the EDA
molecule (i.e., CH,~CH,) because the formation of dimers
and cracked compounds from EDAs and/or their
N-methylated products was sometimes observed. The specific
equations for calculating these values are eqn (1)-(3).
Considering that EDA undergoes N-methylation at most four
times, the degree of N-methylation (Ny,.) defined as shown in
eqn (4) was also calculated in this study as one of the para-
meters that reflect the activity of the catalyst. Since
EDA can undergo N-methylation at most four times,
the upper limit of Ny is 400%. The abbreviations used in
eqn (4) are as follows: M-EDA = N-methylethylenediamine;
N,N-DM-EDA = N,N-dimethylethylenediamine; N,N'-DM-EDA =
N,N'-dimethylethylenediamine; TriM-EDA = N,N,N’-trimethyl-

Balance [%] =

with 1.0 MPa CO, at room temperature, followed by the intro-
duction of 4.0 MPa H, at room temperature. Subsequently, the
reactor was heated in an aluminum block heater
(ChemiChemi-200, Sibata Scientific Technology) to the desig-
nated temperature (typically 413 K, ramp time ca. 30 min) with
magnetic stirring at 300 rpm. The inner temperature was
monitored with a thermocouple inserted into the autoclave. In
this study, the time when the inner temperature became the
target one was defined as the beginning of reaction (i.e., 0 h).
After a specific reaction time, the autoclave was cooled to room
temperature in a water bath. The gaseous products in the auto-
clave were transferred into a plastic gas bag. The liquid
mixture was collected with a washing solvent (50 g of a mixed
solution consisting of distilled water (10 g) and ethanol (40 g))
and transferred into a vial. After the separation of liquid phase

This journal is © The Royal Society of Chemistry 2025

| Z Ethylene unit(s) in product [mol] + ethylene unit in residual substrate [mol]
= X

Ethylene unit in charged substrate [mol]

ethylenediamine; and TetraM-EDA = N,N,N',N'-
tetramethylethylenediamine.
Conversion [%] = (1 Residual substrate [mol] <100 (1)
o Charged substrate [mol]
Yield [%)]
_ Ethylene unit(s) in product [mol] 100 (2)
" Ethylene unit in charged substrate [mol]
100 (3)

Nyme [%] = (Yield of M-EDA [% ])
+ (Yield of N, N-DM-EDA [% ]) x 2
+ (Yield of N,N"-DM-EDA [% |) x 2 (4)
+ (Yield of TriM-EDA [% ]) x 3
+ (Yield of TetraM-EDA [% ]) X 4

The reusability of the catalyst was evaluated by repeating
the reactions as follows. The spent catalyst was separated from
the reaction mixture by centrifugation at 10 000 rpm, washed
with water and ethanol three times, and dried at room temp-
erature for 12 h; these procedures were performed in air. After
reduction in a H, flow (30 mL min™") at 773 K for 1 h, the
resulting catalyst was charged into the reactor for the next run

Green Chem., 2025, 27, 7174-7190 | 7177
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in the same manner as the 1st run (see Section 2.3). In this
test, the reaction solution was analyzed by not only GC-FID
(vide supra) but also inductively coupled plasma optical emis-
sion spectrometry (ICP-OES; iCAP6500, Thermo Fisher
Scientific) in order to quantify the amount of metal species
leached from the catalyst.

2.4. Catalyst characterization

The X-ray diffraction (XRD) patterns of catalysts after the
reduction in a H, flow (30 mL min~") at 773 K for 1 h and
subsequent passivation at room temperature in a diluted O,
flow (2 vol% O,/Ar, 30 mL min~") or after the reaction (vide
supra) were obtained with a MiniFlex600 diffractometer
(Rigaku, Cu Ka (0.154 nm) at 40 kV and 20 mA, scan speed
10° min~'). The specific surface area based on the
Brunauer-Emmett-Teller (BET) equation was examined by
N, physisorption measurement at 77 K with an automated
instrument (Gemini VII 2360, Micromeritics). X-ray fluo-
rescence (XRF) spectroscopy (Bruker, S8 Tiger) was used to
measure the actual loading amounts of metal species in the
prepared catalysts. Prior to each measurement, the reduced
and passivated catalyst (0.5 g) and internal standard of ZrO,
(0.1 g) were mixed well on a mortar. The high-angle annular
dark field scanning transmission electron microscope
(HAADF-STEM) images for the reduced and passivated cata-
lysts were taken with a Titan®™ 60-300 Double Corrector
microscope (Thermo Fisher Scientific) equipped with an
energy-dispersive X-ray spectroscopy system (EDS; Super-X
detector system, Thermo Fisher Scientific). The average par-
ticle size of supported metals was calculated from the
HAADF-STEM images using the Sauter mean diameter
(O-nid/ > nid?; d; = particle size, n; = number of particles
with the size of d;). A catalyst analyzer BELCAT II
(MicrotracMRB) equipped with both a thermal conductivity
detector (TCD) and a quadrupole mass spectrometer (Q-MS;
BELMASS, MicrotracMRB) was employed to carry out temp-
erature-programmed reduction with H, (H,-TPR) in a 10
vol% H,/Ar flow (30 mL min~"') with a ramp rate of 10 K
min~". For the elucidation of dispersion of supported metal
species, CO chemisorption was performed with the same
analyzer. Prior to measurement, the catalysts were reduced
in a H, flow (30 mL min™") at 773 K for 1 h, and then CO
pulses were introduced at 323 K until the metal surfaces
were saturated by CO. The amount of adsorbed CO was
assumed to be equal to that of the surface metallic Re and/
or Ir atoms (i.e., dispersion (D¢o) [%] = CO [mol]/(Ir [mol] +
Re [mol])).

X-ray absorption spectroscopy (XAS) was performed in the
transmission mode at the BL14B2 beamline of SPring-8 (pro-
posal no. 2024A1643). Two ion chambers were filled with N,/
Ar = 85/15 (vol/vol) and N,/Ar = 50/50 (vol/vol) for I, and I,
respectively. Standard samples (Re powder, ReO,, ReO;, and
NH,ReO, for Re Ls-edge; Ir powder and IrO, for Ir L;-edge)
were measured for both X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) analyses. The data were managed using REX2000
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version 2.6 software (Rigaku). The average valence of Re and
Ir was determined from the XANES spectra by comparing the
white line area of each sample with those of authentic
samples, consistent with previous reports.’”>>"°* The i*-
weighted and Fourier-transformed EXAFS oscillations were
acquired from the raw data in the k range of 30-120 nm™".
The empirical phase shift and amplitude function of Re-Re,
Re-O, Ir-Ir, and Ir-O bonds were extracted from the data of
Re powder, NH,ReO,, Ir powder, and IrO,, respectively, con-
sistent with our previous reports.>’ >%%>7%* For both Re L;-
edge and Ir Lj-edge EXAFS, the distinction of Re and Ir as
backscattering atoms is quite difficult; therefore, the empiri-
cal phase shift and amplitude functions for Re-Re and Re-Ir
were extracted from the data of Re powder, and those for Ir-Ir
and Ir-Re were done so from the data of Ir powder. Therefore,
in the results of curve fitting (vide infra), the bonds of Re-Ir
for Re L;-edge EXAFS and Ir-Re for Ir L;-edge EXAFS are rep-
resented as Re-Re (or Re-Ir) and Ir-Ir (or Ir-Re),
respectively.>>°>®® The FEFF 8.20 program was used to calcu-
late the theoretical phase shift and amplitude function of the
Re-S and Ir-S shells.

3. Results and discussion

3.1. Screening of second metals in the Re-M/C-BP catalyst
and optimization of metal components in N-methylation
of EDA

To improve the activity of Re/C-BP, which was previously found
to be an effective catalyst for the quadruple N-methylation of
EDA,* this catalyst was modified with second metals (M) at
the M/Re molar ratio of 0.5 and tested for the reaction
(Table 1). The loading amount of Re in previously reported Re/
C-BP was 5 wt%,"” while the current investigation employed
4 wt% of Re species in order to control the conversion level to
be moderate and enable the clear examination of the effects of
second metals. For almost all the reactions in this study, water
was employed as a reaction solvent because water was the
most suitable solvent for the N-methylation of EDA as found
previously’” and also ranked as the greenest solvent.*>*°
Under these conditions, EDA was not converted at all without
a catalyst or with C-BP only (entries 1 and 2). Meanwhile,
the 4 wt% Re/C-BP catalyst gave N-methylethylenediamine
(abbreviated as M-EDA; 10% yield) as a major product, and
the further N-methylated EDAs consisting of N,N-dimethyl-
ethylenediamine (N,N-DM-EDA; 6.5%), N,N’-dimethyl-
ethylenediamine (N,N-DM-EDA; 0.2%), N,N,N'-trimethyl-
ethylenediamine (TriM-EDA; 1.7%), and N,N,N',N'-tetramethyl-
ethylenediamine (TetraM-EDA, 4.5%) were also produced
(entry 3). Along with these N-methylated EDAs, N-formylated
EDAs, which are intermediates of N-methylation,’” were
detected to some extent. The degree of N-methylation (Nue),
which is an indicator of catalytic activity in this reaction (see
also Section 2.3), was calculated to be 47%. The addition of Ir,
Ru, and Pt to Re/C-BP altered the major product from M-EDA
to TetraM-EDA and greatly enhanced the catalytic activity for

This journal is © The Royal Society of Chemistry 2025
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3T = § N RNl e sl <Hr: %28 N-methylation, as reflected by at least 2.8-fold higher Ny com-
[ i . —_— . ) .
8 Eh «5 pared to Re/C-BP (entries 4-6); namely, the modification of Re/
T = 5. § C-BP with Ir exhibited 3.5-fold higher Ny (164%, entry 4) than
28 Temagnmon~ 4 é % Li Re/C-BP (47%, entry 3). The other modifiers consisting of Rh,
=] . . .
} EE : g Au, Ag, and Mo slightly increased Ny, (entries 7-10), and the
4 B % k) g degree of improvement of catalytic activity by these metals was
g 22n9neg2gn ;_:; = “ obviously inferior to Ir. Therefore, among the second metals
L . . . .
o) é E 8 tested in this study, Ir was found to offer the highest catalytic
= o ’5‘0 P
< =) activity.
a O .~ :Q
E ;.E %‘m To clarify the improvement of catalytic activity by the
= o= g addition of Ir, some control catalysts were tested for the
FElocomomansson S22¢g ’ Y
h|S3S3S3ss3s L8 g3 N-methylation of EDA under the same conditions as above, as
s> g & . . .
oS = 8 listed in Table 2. The monometallic catalyst, 4 wt% Ir/C-BP,
< 9 o . .
g8 EE 5 < provided 27% Ny (entry 3), the value of which was lower than
E' E;g £ those given by Re-Ir/C-BP (Re 4 wt%, Ir/Re = 0.5, 0.10 g)
213333333328 + 2::{%’ (164%, entry 1) as well as 4 wt% Re/C-BP (0.10 g) (47%, entry
SRS 2). The use of sole Ir was, therefore, not effective for the
+ 1 E
3 5 g3 S %m N-methylation of EDA. The physical mixture of 4 wt% Re/C-BP
= S | coommmmod oo o E ; of:| (0.10 g) and 2 wt% Ir/C-BP (0.10 g), which offered the identical
Sl lm|SSddddrddaba SF E = amounts of Re and Ir to the case of Re-Ir/C-BP (Re 4 wt%, Ir/
= o
.—>“ Q ﬁ: o, . . .
g Qu.~2 Re = 0.5, 0.10 g) in the reaction system, increased the Ny to
| < sy . . .
Bl B lcommonowma HE -E § 109% (entry 4). This Ny value was higher than those given by
Zlm|SSfodfmsdinn 2 %’ E = the monometallic catalysts, 4 wt% Re/C-BP and 4 wt% Ir/C-BP,
< g %é = but lower than that by the bimetallic catalyst Re-Ir/C-BP (Re
8 Bhg’}g 4 wt%, Ir/Re = 0.5). These results demonstrated that both Re
b= > g g and Ir need to be placed on the same surface from the begin-
£ 55 . . . . . .
§ R s 3 ‘g Z g ning to achieve high catalytic activity for the N-methylation of
o — — P
M= EDA. The reason why the physical mixture exhibited better
n PS5 .. .
S N, ‘g activity than each monometallic catalyst would be due to the
q oz . . .
% ; = ﬁ E < transfer of metal species between the different surfaces during
o Elggnhagazean i 23 § the reaction®® and/or migration of active species such as hydro-
b — Al — ~—
° = ; Z 5 gen (i.e., hydrogen spillover) between the two catalyst surfaces.*®®”
2 = $8 % g The optimal molar ratio of Ir to Re was then investigated.
2 ; E E»%I .'é Fig. 2A and Table S37 represent the dependence of catalytic
“E’ A ) gE = performance of Re-Ir/C-BP on the Ir/Re molar ratio at the
g ' S £ . .
= E" 22922029 IETY constant Re loading of 4 wt%. The conversion and Ny
T .= . . .
£ ceeessemeS g2 EE gradually increased upon the increase of Ir/Re ranging from
A o . . .
) = = £ g g 0 to 0.5, while the further increase of Ir/Re did not affect the
ﬁ = %g’g o catalytic performance. In the case of the monometallic Re/
s é 2 w%’,%%ﬁ C-BP catalysts, we previously observed a similar trend of
@© . = . . . .
O - E“ 2292 73N2Y &% °é~3 £ catalytic activity against the loading amount of Re;*” at the
= O <)
‘3 . é & -.g g = %‘ high Re loading, the content of S in C-BP could be insuffi-
3 B ! . . . . .
s % S = § E JE% cient for the formation of ReS, species that contribute to the
A{:’ < | = ; coomnmmmo_omn L §,§ high catalytic activity for the N-methylation of EDA.
3 10 Q0 g
c | 7= eedvyerataa fhé < E é Likewise, in the current study, the quantification of Re, Ir,
ﬁ = E < EIJE; % and S present in the Re-Ir/C-BP catalysts by XRF confirmed
g c: E g L:»ﬁ g the decrease of S/(Re + Ir) upon the increase in the loading
= = . . .
'g é cogongrean : - g g amount of Ir (Ta}ble S37). Thls trefld implied that the
9 g2 ._g ;;ﬁ shortage of S species at the high loading amount of metals
w = . . . . .
5 fa a8 £ %%? made the formation of active sulfurized species difficult.
Ry R ) . . . .
2 - N 3 8 g ?3 @ 8 o g § 29% Therefore, neither conversion nor Ny in the N-methylation
|72} T ¥ o= = — o e . .
o = vn SEERER g‘bg TELE L of EDA got increased at the Ir/Re molar ratio of 0.5 or
o S| g7 TTT 2RSS . . .
8 S|lSogegesgsss ° T ® &0 higher. The same situation was also found when the Re
- g}% gg amount was increased with maintaining the Ir/Re molar
=
2 g g £857%g ratio of 0.5 (Fig. 2B and Table S47). In the range of 2-4 wt%
e Eleamenon S F2Zzds of Re loading, both conversion and Ny were higher at the
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E,O@ R ;ié 2 higher Re loading. Yet, these values plateaued at the Re
ol a El E loading ranging from 4 to 8 wt%. This trend can be rational-
“eo | g o S 5..5 ized again by the content of S against the loading amounts
ZE | 2583 E§§ k| of Re and Ir. Overall, the Re-Ir/C-BP catalyst with the Re
. £ s : g loading and Ir/Re molar ratio of 4 wt% and 0.5, respectively,
%] <
E z %gg was determined to be the optimum catalyst and employed
8|aZ33 2 GEs for further investigation.
< & E ESs We previously found the sulfurized Re species, which were
a £ 8 ;&g"g formed due to the presence of sulfur impurities in C-BP, to
. SEAZ . . .
p= 3 %%‘w :“ be the main contributor to the quadruple N-methylation of
Eloman ¥ E‘Eé 5’§ EDA into TetraM-EDA, while a lack of such species rather led
=] . .
°eee S9ZEgQ to the N-formylation of EDA.*” The effect of sulfur content in
> o . . .
5 Ag ;‘; g = the C-BP support was thus also elucidated in this work at the
; ;,g ‘g < 3 optimum Re loading of 4 wt% and Ir/Re molar ratio of 0.5.
=] —~ ..
Alomo— & iz‘ S 85 Table 3 shows the results of activity tests of Re-Ir on C-BP
Blmeer E Z:S,%‘E and desulfurized C-BP supports, the latter of which was pre-
= |5 < ﬁ ﬁ e pared through desulfurization in H, at either 773 K or 973 K.
= ; :Ng = ia Note that the desulfurization treatment at 773 K and 973 K
o
£ & aaza c*“ ; ; ._g < did not alter the specific surface area of the C-BP support.
= S X
g %E A5k The lower S content was apt to decrease the conversion of
é é o oF ﬁ.:h %é EDA and Ny, the latter of which were reflected by the shift of
: il B d =) g . .
Zla|s<sIn 7 EE b the major products from N-methylated EDAs into
a < 8 '.% g £ 3 N-formylated ones. Akin to the case of monometallic Re/C-BP,
= 8 BEES g these data confirmed the importance of sulfurized species,
| _—= 0 . . . .
% % = %‘ El=Rs whose characterization data are shown in Section 3.4, for the
5 § <N B %g g = N-methylation of EDA.
= el O I R, A= ]
s 5Eg% EZ
2 « 0.E =2 E 3.2. Optimization of reaction conditions with the Re-Ir/C-BP
g 5. & ; 5 = g catalyst and its reusability in N-methylation of EDA
' > “ZEEZ .
% E ane 3 = ﬁ‘g Q;ﬁ The effect of pressure of CO, and H, on the N-methylation of
< - [=h . . .
= BT TS, EDA was examined with the optimum catalyst of Re-Ir/C-BP
£ EQQED v
a S < ; 258 (Re 4 wt%, Ir/Re molar ratio = 0.5). Initially, the ratio of
O ; g R P § :» pressure of CO, to H, (i.e., P(CO,)/P(H,)) was varied at their
=)
‘—; ] QE‘EH -’E 3 total pressure of 5.0 MPa (at room temperature), as summar-
a Es sdss @ gE gl ized in Table S5.1 Both the EDA conversion and Ny, increased
o) ; % ) Mbb from the P(CO,)/P(H,) of 0.25 to 0.67 but got decreased upon
& 3 :N% ERE the further increase of P(CO,)/P(H,) to 4.0. Such volcano-type
— = .
° « ; -5 g & S dependence of reaction progress against P(CO,)/P(H,) could be
| g8 &85 connected to the involvement of equilibrium for the formation
x _ . . . . .
€ E z g & pis § %;@ <« of possible intermediate adspecies derived from both CO, and
— < o . .
RS = « Eg ‘é’ é g H,; for example, formate and formyl species were invoked as
2= g g g ES key intermediates in N-formylation/N-methylation of various
LRI T § &g amines.**”” Although the optimum P(CO,)/P(H,) was 0.67 in
ﬁ 80 = Ev terms of reaction progress, the excess dose of CO, in catalytic
5 ey el . e
3 S, g é = g T systems rather decreases the efficiency of CO, utilization. We,
%IJ é g£s 2 5;% therefore, applied the P(CO,)/P(H,) of 0.25 in the following
¢} C|RIIE 2 ; PRl investigation. At the constant P(CO,)/P(H,) of 0.25, the total
= X X .
) < <= g § g pressure was then altered in the range of 1.0-5.0 MPa (at room
% % g g5 =3 temperature). The EDA conversion and Ny both became
5 . g g E % = = higher at the higher total pressure. As discussed in Section 3.5,
2 N $E . : 3 E == the reaction orders with respect to CO, partial pressure and H,
g % ~ E‘; = E‘; g 2 :; = = partial pressure were 0.8 and 1.0, respectively; hence, the high-
o Pt TL (.IJ B4 S g= 0 sl .
o Slegsg : B g%»%a pressure conditions were apt to make the N-methylation of
N £ é‘g g 2 EDA faster. . . .
2 %‘ § £ §§ The reaction temperature varied from 373 K to 453 K with
e Bleams ¢ 223F the Re-Ir/C-BP (Re 4 wt%, Ir/Re = 0.5) catalyst with the con-
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Fig. 2 Effects of (A) Ir/Re molar ratio at the constant Re loading of 4 wt% and (B) Re loading at the constant Ir/Re ratio of 0.5 on the catalytic activity
of Re—Ir/C-BP for the N-methylation of EDA. Reaction conditions: EDA 4.0 mmol; Re—Ir/C-BP (reduced in H; at 773 K) or Ir/C-BP (Ir 4 wt%, reduced
in H, at 773 K) 0.10 g; water 5.0 g; CO, 1.0 MPa + H, 4.0 MPa (r.t.); 413 K; 16 h. In this figure, “Partial M-EDAs" consist of N-methylated EDAs posses-
sing one to three methyl groups, and “FM-EDAs" are composed of N-formylated EDA and N-formylated partial M-EDAs. “Others” include piperazine,
2-imidazolidinone, methylamine, and their corresponding N-methylated compounds. The detailed data are summarized in Tables S3 and S4.1

stant reaction time of 16 h to examine the effect of this para-
meter on the N-methylation of EDA, and the reaction data
are shown in Fig. 3, Tables S6 and S7.f At 373 K, the
dominant products were N-formylated EDAs. The higher
reaction temperatures ranging from 393 K to 413 K gradually
increased the conversion of EDA, yields of partial
M-EDAs and TetraM-EDA, and Ny.. Meanwhile, the even
higher temperatures of 433 K and 453 K readily triggered
undesired side reactions, and the detailed information
about byproducts is listed in Table S7,1 where the detected
byproducts can be categorized into two groups. The
first group consists of N,N,N',N",N"-pentamethyldiethyl-
enetriamine, N-methylpiperazine, and N,N’-dimethyl-
piperazine along with methylamine, dimethylamine, and tri-
methylamine; these compounds could be produced via
intermolecular condensation between two N-methylated
EDA molecules and subsequent cyclization via the nucleo-
philic attack of the highly basic N-methylated amino moiety.
The control experiment at 433 K and 453 K without the
catalyst under CO, 1.0 MPa and H, 4.0 MPa (at room temp-
erature) demonstrated that the formation of piperazine
proceeded even without the catalyst. In contrast, the
N-methylated compounds not detected at all
(Table S7t); therefore, even for the generation of
N-methylated byproducts, the Re-Ir/C-BP catalyst was thus
necessary. Another group includes 2-imidazolidinone, which

were

was formed via non-reductive cyclization between EDA
and CO0,.°®7> Our control experiment at 433 K and 453 K
posited that its formation proceeded regardless of the catalyst
(Table S71). In fact, the synthesis of 2-imidazolidinone
from EDA and highly pressurized CO, was previously demon-
strated to proceed well at high temperatures in the absence
of a catalyst.”>””* Consequently, too high reaction tempera-
tures were unsuitable for the N-methylation of EDA into
TetraM-EDA.

This journal is © The Royal Society of Chemistry 2025

The time-course data were then acquired with the Re-Ir/
C-BP (Re 4 wt%, Ir/Re = 0.5) catalyst at three reaction tempera-
tures of 393 K, 403 K, and 413 K, the latter two of which are
displayed in Fig. 4 (the detailed data including 393 K are listed
in Tables S8-S107). At the beginning of the reaction within 4 h
at 403 K, the main product was N-(2-aminoethyl)formamide,
followed by M-EDA as the secondary product (Table S8t). The
extension of reaction time gradually shifted the major pro-
ducts from N-formylated EDAs (i.e., FM-EDAs in Fig. 4A) into
N-methylated EDAs possessing one to four methyl groups (i.e.,
partial M-EDAs and TetraM-EDA in Fig. 4A). The observed
trend was consistent with our previous report on the Re/C-BP
catalyst,”” confirming that N-formylated EDAs were intermedi-
ates in the quadruple N-methylation of EDA into TetraM-EDA.
After 120 h, the yield of TetraM-EDA reached 82%. Neither
M-EDA nor N,N-DM-EDA was detected at this reaction time,
whereas N,N-DM-EDA and TriM-EDA were still observed since
the further N-methylation of the latter two compounds was
much slower than that of the former, as determined pre-
%7 The other detected byproducts were piperazine,
methylamine, 2-imidazolidinone, and their corresponding
N-methylated compounds with their total yield of 12%. The
reaction conducted at 413 K reached a similarly high
TetraM-EDA yield of 79% within a shorter reaction time of
96 h (Fig. 4B), compared to the case of 403 K, yet a slightly
higher total yield of byproducts (18%) was observed. From the
initial slope of this time course at 413 K, the TOF for introdu-
cing N-methyl groups based on the total mole of Re and Ir was
calculated to be 21 h™, which was 6.4-fold higher than the
3.3 h™" for the previously reported Re/C-BP catalyst
(Table S1t).*” Meanwhile, a high TetraM-EDA yield of 82%
with the slight suppression of byproduct formation (9.7%) was
achieved at 393 K, although a long reaction time of 120 h and
three times higher amount of Re-Ir/C-BP (Re 4 wt%, Ir/Re =
0.5) catalyst relative to the cases of 403 K and 413 K were

viously.
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Zlm|S6-n oSS g
,_:E AT groups, and “FM-EDAs” are composed of N-formylated EDA and
5 o) Py L‘l% N-formylated partial M-EDAs. “Others” include piperazine, 2-imidazoli-
; E{.E_% = dinone, methylamine, and their corresponding N-methylated com-
=} gf % g :- pounds. The detailed data are summarized in Tables S6 and S7.7
B|lsno B3 g ;
Hlo=e= L Q&=
858w
< F== Q
fa 522
= s B0 oy
= e} = ; required (Table S107). Due to the desire to shorten the reaction
= £ . . . .
E1223 SE=% 3 time as much as possible, the N-methylation of EDA in the fol-
E: 5 'Q;g B lowing study was carried out at 413 K.
a 2 E‘zﬁg 2 The reusability of the Re-Ir/C-BP (Re 4 wt%, Ir/Re = 0.5)
k) E ® ﬁ Eig catalyst was examined with the careful selection of reaction
c IS o .
S Z|loco INE Teo < conditions to prevent both EDA conversion and Ny, from
3, =|sSS =41 Z e reaching excessively high levels, thereby avoiding overesti-
£ < =37 s E : . e o
& g §9 <3 % mation of its reusability.”” Besides, in this study, the spent
> é S 3 Ehaf £ catalyst was used for the next run after washing it with
gz~
g g 2 o o 4 gE g2 ethanol and water under air and reduction in H, (see
5 | = ;ci Z | a2 ﬁ Ew E £ Section 2.3). The results of the reuse test are summarized
. =] = . .
a % = = e E &8 in Fig. 5 and Table S11.1 The Re-Ir/C-BP (Re 4 wt%, Ir/Re =
.~ EEEEE: o . - .
Ol 2% |lwen =ZS5EZS 0.5) catalyst maintained its original activity for at least four
Sl2ls|2323% s8EZg y! g y
° > e 3598 .
@ s 2LE -2 reuses. In each run, the leaching of both Re and Ir was neg-
N : 2EL28 3 . : .
5 2 <235 ligible (<0.1% against the amount of loaded metals, quanti-
= CR|ogowv 25 %ﬁ . . . A
§ D& hoen gig § = fied by ICP-OES; Table S11%). This behavior is in stark con-
s "9,5 RS E8 2 trast to the case of our previously reported monometallic
° + Oz T Re/C-BP catalyst.'”” The Re species in this monometallic
3 o = ) . . . L
5 Elaows Tz E & catalyst were readily oxidized due to its high oxophilicity
w1 N o O .
g ié <|,‘: EQ and >20% of Re was leached from the catalyst surfaces into
- =) < . . . .
§ S g < Eg%% water when being handled in air, leading to a loss of
= & e c .
! e legg ERTEE activity in its repeated use; therefore, this catalyst needed to
& ) é = 9% 28 3
S —— :2"'52.5 g- be handled without exposure to air for its repeated usage.
2 Eg 8 &_‘é’;‘;g This difference between the bimetallic and monometallic
> Lot = . o pe .
& § @ g = %g T catalysts confirmed that the modification of Re/C-BP
o EEE .gﬁg@a with Ir not only enhanced the catalytic activity but also
b - avaag . o . . oL o e
= g2lo00 e 22ET improved the stability against air. In addition to negligible
= 2| 555 ¢ g . .
5 S|FF5F °£5 = 5 leaching of Re and Ir, no observable aggregation of these
O S|l ooy =985 Z K K . .
m O | RE& .% FTE g%o metal species in the XRD patterns (Fig. S4}) also evidenced
2 [ §2857% the good stability of the Re-Ir/C-BP catalyst in the
e Eleam #2282 N-methylation of EDA.
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Fig. 5 Reuse test of the Re—Ir/C-BP catalyst in the N-methylation of
EDA. Reaction conditions: EDA 4.0 mmol; Re—Ir/C-BP (Re 4 wt%, Ir/Re =
0.5, reduced in H, at 773 K) 0.10 g; water 5.0 g; CO, 1.0 MPa + H, 4.0
MPa (r.t.); 413 K; 16 h. Reuse procedure: After the reaction, the spent
catalyst was separated by centrifugation and washed under air, followed
by drying and reduction at 773 K in H, for the next run. In this figure,
“Partial M-EDAs" consist of N-methylated EDAs possessing one to three
methyl groups, and “FM-EDAs" are composed of N-formylated EDA and
N-formylated partial M-EDAs. “Others” include piperazine, 2-imidazoli-
dinone, methylamine, and their corresponding N-methylated com-
pounds. The detailed data are summarized in Table S11.7

3.3. Substrate scope of the Re-Ir/C-BP catalyst in
N-methylation

The applicability of the Re-Ir/C-BP (Re 4 wt%, Ir/Re = 0.5) cata-
lyst was explored with a variety of amines including aliphatic
diamines, aliphatic monoamines, and aromatic amine (i.e.,
aniline), as summarized in Table 4. EDA underwent the quad-
ruple N-methylation as already discussed above (entry 1), and
the same reaction proceeded well even in the presence of the

This journal is © The Royal Society of Chemistry 2025

methyl group (entry 2). Even though the methylene backbone
between two amino groups was extended from two to three,
the substrate successfully underwent N-methylation four times
(entry 3). In stark contrast, the substrates with the methylene
backbone between two amino groups consisting of four and
six carbon atoms were hardly N-methylated, and only mono-N-
methylated (and di-N-methylated) product(s) was detected
(entries 4 and 5); instead, the major product was a mono-N-for-
mylated compound. These data suggested the presence of an
aliphatic C2 unit wedged between two amino groups in sub-
strate molecules to be the prerequisite for their N-methylation
over the Re-Ir/C-BP catalyst. Indeed, all the primary and sec-
ondary amino moieties in the triamines and tetramines in
entries 6 and 7 were successfully N-methylated, respectively.
Even in the presence of a hydroxyethyl group at one of the
terminal amino groups, the substrate in entry 8 underwent
triple N-methylation to yield the target product. These reaction
results thus posited the aforementioned prerequisite for
N-methylation over Re-Ir/C-BP. The aliphatic C2 (or C3) unit
wedged between two amino groups is well-known to work as a
chelating agent,”®”” while diamines consisting of longer
methylene chains (>C4) do not exhibit chelating effect.”® The
strong interaction between diamines and catalytically active
sites derived from chelating effect is thus assumed to be the
key for the progress of N-methylation by Re-Ir/C-BP. Given that
CO, and H, also need to be adsorbed and activated on the
catalyst surface for the reaction progress, such strong inter-
action is assumed to be beneficial for the preferential adsorp-
tion and activation of the diamines with a C2 or C3 spacer over
CO, and H,. Indeed, the reaction order with respect to EDA
concentration was determined to be zero, indicating the satur-
ation of catalyst surfaces with EDA molecules, while those for
CO, and H, pressure were positive (see Section 3.5). Due to a
lack of such structure, the N-methylation of both aliphatic and
aromatic mono-amines did not proceed well (entries 9-12). In

Green Chem., 2025, 27, 7174-7190 | 7183
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Table 4 Substrate scope of the Re—Ir/C-BP catalyst in N-methylation®

View Article Online

Green Chemistry

Catalyst ~ Temp. Time Conv. Target product(s)
Entry  Substrate [g] K] [h] [%] (yield [%]) Major side product(s) (([mmol])
1 e SN2 0.1 403 120 100 | H \
2 \N/\/N\ N N N
| ©2) (8.4) (2.0) (6.2)
N =
/(28
2 NH; 0.3 393 192 100 | |
HZN/\r \N N\ /NH2 /n\ /N\
‘/\r ) ©.8) 6.4) a1
3 HNT " N, 0.3 393 192 100 \T/\/\T/ |
(78 NH,
: ‘so) 7 627 (5.2)
SN
| ‘ I @7
NH. H H
4 H SN 0.3 413 48 68 NN NN N "
2 | (95) 2 | @7 iN)
N N._© (12)
H2N/\/\/ 25) HoNT NN \/(5.2)
5 AN 0.3 413 48 58 i H o
HoN AN AN
B HN ™ (58) HzN ~ @3)
\
o]
N @
6 y 0.3 383 168 100 [ — |
HN SN, D L NN N N— Syt
| | @2 /' e | (36)
|
_NH; /H\ LN
9.1) (6.6) (4.5)
7 H NH 0.3 383 168 100 | | — |
HNT \/\u/\/ 2 \N/\/N\/\N/\/N\ N N— \N/\/N\
| | 9 ~—an | 86)
8 iy 0.3 393 120 100 | — |
HO™ N, Ho SN~ - N— SN
[ an /55 | “9)
9 NH, 0.1 413 36 8.5 — /“\&0
6.2)
10 e NH: 0.1 413 24 20 Y H |
NN 20) \/\/N\70(12) \/\/N\¢O(1 »
H
\/\/N\/\/(MS)
11 NH, 0.1 413 24 3.2 q —
o,
(16)
12? SR 0.1 413 48 12 H [ —
N
- spiop
1) (1.6)

“Reaction conditions: substrate 4.0 mmol for entry 1 or 2.0 mmol for entries 2-12; Re-Ir/C-BP (Re 4 wt%, Ir/Re = 0.5, reduced in H, at 773 K);
water 5.0 g; CO, 1.0 MPa + H, 4.0 MPa (r.t.). ” n-Octane (5.0 g) was used as a solvent instead of H,O.

an n-octane solvent, which and similar alkane solvents were
typically used for N-methylation of both aliphatic and aromatic
amines,*'™** the N-methylation of aniline proceeded slightly
better than that in water, but the yield of the target product
(i.e., N,N-dimethylaniline, 1.6%) was much lower than those
given by reported catalysts (Table S11).>*™** Altogether, the Re-
Ir/C-BP (Re 4 wt%, Ir/Re = 0.5) catalyst exhibited an activity
specific for aliphatic amines possessing a C2 (or C3) unit sand-
wiched between two amino groups.

3.4. Catalyst characterization

The Re-Ir/C-BP catalysts with different Ir/Re molar ratios were
characterized by various techniques in order to reveal the

7184 | Green Chem., 2025, 27, 7174-7190

active species for the N-methylation of EDA and its homolo-
gous series. Fig. 6 shows the HAADF-STEM images with EDS
elemental mapping for the Re-Ir/C-BP catalysts and monome-
tallic catalysts of Re/C-BP and Ir/C-BP after the reduction in H,
at 773 K and subsequent passivation. In all cases, the small
and round-shaped particles were highly and uniformly dis-
persed on the C-BP support, which is consistent with our pre-
viously developed catalyst (5 wt% Re/C-BP).*” The distribution
of particle size was shifted ever so slightly toward the larger
particle side upon the increase in the Ir/Re ratio from 0.25 to
1.0 possibly because a higher total amount of Re and Ir
species on the surfaces led to particle growth. Yet, the average
particle size was still in the narrow range from 0.7 nm to

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 HAADF-STEM images and elemental mapping of catalysts after reduction (H,, 773 K) + passivation: (A) Re/C-BP (Re 4 wt%); (B) Ir/C-BP (Ir
4 wt%); (C) Re—Ir/C-BP (Re 4 wt%, Ir/Re = 0.25); (D) Re—Ir/C-BP (Re 4 wt%, Ir/Re = 0.5); (E) Re—Ir/C-BP (Re 4 wt%, Ir/Re = 1.0).

1.2 nm. The Re and Ir species seemed to be in close proximity
to each other. Also, the HAADF-STEM image with EDS
mapping for the optimum catalyst, Re-Ir/C-BP (Re 4 wt%, Ir/Re
= 0.5), indicated that S atoms were homogeneously distributed
in the entire catalyst, and their location was partially the same
as those of Re and Ir (Fig. S51), implying the formation of sul-
furized species (vide infra). In the XRD patterns in Fig. S4,T no
observation of Re- or Ir-derived peaks indicated the high dis-
persion of Re and Ir species, and this indication agreed well
with the results of HAADF-STEM measurement. Another indi-
cation from the XRD patterns was no observable change of par-

This journal is © The Royal Society of Chemistry 2025

ticle size of supported species due to a lack of Re- and Ir-
derived peaks even after the four reuses. The preservation of
particle size should be connected to the good reusability of the
Re-Ir/C-BP catalyst (see Section 3.2).

The reducibility of Re and Ir species on C-BP was elucidated
via H,-TPR measurement for C-BP impregnated with their pre-
cursors (Fig. S6 and Table S12+). In the H,-TPR profile for the
monometallic Re species over C-BP, the main reduction peak
appeared at 610 K. This observed profile was similar to that for
previously reported 5 wt% Re/C-BP.*” The reduction tempera-
ture of Re species became lower at the higher Ir loading,

Green Chem., 2025, 27, 7174-7190 | 7185
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suggesting that Ir helped the reduction of Re. Since all the cat-
alysts tested in this study were reduced in H, at 773 K, the
reduction of supported Re and Ir species was expected to be
completed. However, the estimation of oxidation states of Re
and Ir from the H,-TPR profiles was unsuitable for catalysts
with carbonaceous supports because of the possible inter-
ference from the reduction of the precursor by NH; and/or
functional groups of C-BP as well as generation of CO, from
C-BP via thermal degradation of oxygenated functionalities.”®
To examine whether the top surfaces of Re and Ir particles
worked as metallic sites, the CO uptake was measured after
the reduction of each catalyst in H, at 773 K, as listed in
Table S13.1 The CO uptake for 4 wt% Re/C-BP was determined
to be 8.4 mmol g7, and this value corresponded to the CO/Re
molar ratio of 0.039 in spite of the quite small average particle
size (i.e., 0.7 nm, vide supra). This contradiction indicated that
a part of Re species on C-BP was oxidized; indeed, the Re
species on C-BP bound to S as characterized previously.” The
molar ratio of CO/(Re + Ir) gradually increased upon the
increase in the Ir/Re ratio from 0 to 0.5, while the further
increase of Ir/Re ratio to 0.75 and 1.0 did not change the
molar ratio of CO/(Re + Ir). Given that this observed trend
between Ir/Re and CO/(Re + Ir) matched well with the depen-
dence of catalytic activity for quadruple N-methylation of EDA

View Article Online
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on Ir/Re (Fig. 2), the enrichment of metallic sites that were
able to interact with CO could be beneficial even for interact-
ing with EDA and its homologous series. Such better inter-
action between Re-Ir/C-BP and EDA was indeed observed in
the kinetic study (vide infra).

The series of Re-Ir/C-BP catalysts were further characterized
by XAS after either reduction in H, at 773 K or reaction. The
values of average Re valence in the catalysts were determined
from the white line intensity of the Re L;-edge XANES spectra
in Fig. S71 and are summarized in Table 5. For the catalysts
with the Ir/Re ratios between 0 and 0.5, the average valence of
Re was in the narrow range from +2.1 to +2.4 (entries 6-8),
which was also close to +2.1 for previously developed 5 wt%
Re/C-BP.** In the curve fitting analysis of the EXAFS data
(Table 5 and Fig. S8%), the combination of three shells consist-
ing of Re=0 (or Re-0), Re-S, and Re-Re (or Re-Ir) fitted well.
It should be noted that the employment of three shells for
EXAFS analysis in this study is acceptable due to the satisfac-
tion of the upper limit for the number of independent fitting
parameters (Nj,q), which can be calculated from the equation
of Ning ~ 2AkAR + 1 (Ak is the k range for Fourier transform
and AR is the Fourier filtering range);79 Ning in this study was
calculated to be ~12.5 (Ak = 90 nm™" and AR = 0.2 nm; see
Table 5). Due to the higher coordination numbers (CNs) for

Table 5 Valence of Re from Re Lz-edge XANES data and curve fitting results of Re Ls-edge EXAFS data of catalysts®

XANES EXAFS
Entry Sample Valence? Shell(s) CN° R[107'nm] ¢°[107' nm] AE, [eV] RF[%] FF range” [nm-nm] Valence’
1 Re powder o Re-Re 12 2.76 — — — —
2 ReO, +4! Re-O 2 1.94 — — — —
Re-O 4 2.11 — — — —
3 ReS, +a! Re-S 6 (5.9 2.38(2.37)" (0.070)" (10.0)"  (L.0y™ (0.122-0.322)™ (+3.9)™
Re-Re 3(3.00" 2.76 (2.81)™  (0.060)™ (3.8)"
4 ReO; +6! Re-O 6 1.87 — — — —
5 NH,ReO, +7! Re=0 4 1.73 — — — —
6 Re/C-BP (Re 4 wt%)j +2.4 Re=0O 0.7 1.73 0.060 -5.0 1.7 0.122-0.322 +3.1
Re-S 2.8 2.36 0.075 10.0
Re-Re 2.0 2.66 0.060 -3.9
7 Re-Ir/C-BP (Re 4 wt%, +2.2 Re=0 0.6 1.70 0.060 -5.2 1.6 0.122-0.322 +3.0
Ir/Re = 0.13)/ Re-S 2.9 2.36 0.070 10.0
Re-Re (or Re-Ir) 2.7 2.66 0.060 -2.5
Re-Ir/C-BP (Re 4 wt%, +2.2 Re=0O 0.4 1.71 0.060 -6.4 1.9 0.122-0.322 +2.4
Ir/Re = 0.25)7 Re-S 2.6 2.35 0.085 10.0
Re-Re (or Re-Ir) 3.6 2.66 0.075 -7.8
8 Re-Ir/C-BP (Re 4 wt%, +2.1 Re-O 0.8 2.10 0.060 10.0 0.5 0.122-0.322 +2.3
Ir/Re = 0.5) Re-S 2.6 2.36 0.060 -6.5
Re-Re (or Re-Ir) 3.8 2.66 0.060 10.0
9 Re-Ir/C-BP (Re 4 wt%, +0.5 Re-S 2.3 2.36 0.060 -7.1 0.7 0.122-0.322 +1.6
Ir/Re = 0.5, after Re-Re (or Re-Ir) 3.6 2.66 0.060 10.0
reaction)
10 Re-Ir/C-BP (Re 4 wt%, +0.7 Re-S 1.6 2.35 0.060 -7.5 0.5 0.122-0.322 +1.1
Ir/Re = 1.0)/ Re-Re (or Re-Ir) 4.9 2.66 0.060 10.0
11 Re-Ir/C-BP(deS-973) (Re  +2.2 Re-O 1.5 2.11 0.060 9.8 0.7 0.122-0.322 +1.6
4 wt%, Ir/Re = 0.5)7 Re-S 0.9 2.35 0.060 -4.4
Re-Re (or Re-Ir) 7.2 2.67 0.098 -7.6

¢ EXAFS data are shown in Fig. S8.1 For the curve fitting analyses, the raw data were k>-weighted and Fourier-transformed in the k range of 30-120 nm™.
b Determined from the white line area intensity of XANES spectra (Fig. $71). ©
in the origin of photoelectron energy between the reference and the sample.
valence = CNge—o X 7/4 + (CNge-o + CNge-s) X 4/6.7 Reduced in H, at 773 K.

1

Coordination number. ¢ Bond distance. Debye-Waller factor. /Difference
¢ Residual factor. ” Fourier filtering range.  Determined by EXAFS results:
¥ Reaction conditions: EDA 4.0 mmol; Re-Ir/C-BP (Re 4 wt%, Ir/Re = 0.5,

reduced in H, at 773 K) 0.10 g; water 5.0 g; CO, 1.0 MPa + H, 4.0 MPa (r.t.); 413 K; 16 h. !valence state based on chemical composition. ™ The values in

parentheses are the results of fitting for the experimental EXAFS data of ReS,

7186 | Green Chem., 2025, 27, 7174-7190

using Re-S and Re-Re shells.
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the latter two bonds than the former one, Re(-Ir)-S, species
were the major part in the catalysts. Indeed, the Re-Ir catalyst
with the desulfurized support made the contribution of the
Re-S shell minor (entry 11). Considering the higher catalytic
activity of Re-Ir/C-BP compared to Re-Ir/C-BP(deS-973) (see
Section 3.1), the presence of Re(-Ir)-S, species was of great
importance for the N-methylation of EDA. In the Re-Ir/C-BP
catalyst with the Ir/Re molar ratio of 1.0, the Re valence was
examined from the XANES spectrum to be +0.7 (entry 10), and
its EXAFS data was fitted well using two shells Re-S and Re-Re
(or Re-Ir). The high Ir content was assumed to enable the
deeper reduction of Re species during the treatment in H, at
773 K, which agreed well with the highest reducibility of this
catalyst among all the Re-Ir/C-BP catalysts analyzed in H,-TPR
(vide supra). Even in the case of Ir/Re of 0.5 (entry 9), the
valence state of Re in the spent catalyst was +0.5, which was
lower than that of the fresh catalyst (entry 8). This behavior
was rationalized by the reduction of Re species during the
N-methylation of EDA in the presence of H, and was in con-
trast to the almost unchanged valence of Re species in 5 wt%
Re/C-BP catalyst (+2.1 and +1.9 for the fresh and spent cata-
lysts, respectively)."” This difference between the bimetallic
and monometallic catalysts indicated that the co-presence of Ir
species triggered the deeper reduction of Re species. Given
that the Re-Ir/C-BP catalyst was reusable (see Section 3.2), the
alteration of Re valence was not an issue for the catalytic
activity, and rather the reduced species with sulfurized ones
was suggested to be responsible for the higher activity of Re-
Ir/C-BP than Re/C-BP.
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The values of Ir average valence for the series of Re-Ir/C-BP
catalysts were determined from the Ir L;-edge XANES spectra
(Fig. S91) in the same manner as the case of Re L;-edge XANES
and are listed in Table 6. In the case of the monometallic cata-
lyst 4 wt% Ir/C-BP, the average valence of Ir was +2.9, and this
positive value originated from the formation of sulfurized
species (i.e., IrS,), suggested by the curve fitting analysis of its
EXAFS data (entry 3 in Table 6 and Fig. S10t). The presence of
Re species diminished the average valence of Ir slightly to ca.
+2 regardless of the Ir/Re ratios (entries 4-6), implying that the
presence of Re led to the slightly deeper reduction of Ir species
compared to the monometallic case. The curve fitting analysis
of the EXAFS oscillations indicated that these positive values
were mainly due to the presence of the Ir-S bond, while the
major constituent was Ir-Ir, indicating that a part of Ir on
these catalysts was sulfurized. The decrease in CN of the Ir-S
bond was observed for the Re-Ir/C-BP (Ir/Re = 1.0) catalyst
possibly because of the shortage of S originally present in
C-BP against the total loading amount of Re and Ir (entry 8).
The same reason was invoked for the decrease of CN of the Ir-
S bond for the Re-Ir catalyst supported on the desulfurized
C-BP (entry 9). In the case of the spent Re-Ir/C-BP (Ir/Re = 0.5)
catalyst, the average valence of Ir did not change significantly,
and the coordination environment was maintained (entry 7),
which was connected to the good catalyst reusability.

Altogether, the aforementioned characterization data
demonstrated that in the optimal Re-Ir/C-BP (Re 4 wt%, Ir/Re
= 0.5) catalyst, the particles consisting of Re and/or Ir with ca.
0.9 nm diameter were dispersed uniformly on the C-BP

Table 6 Valence of Ir from Ir Ls-edge XANES data and curve fitting results of Ir Ls-edge EXAFS data of catalysts®

XANES EXAFS

Entry Sample valence’ Shell(s)

CN° R?[107! nm]

6°[107 nm] AE,/[eV] R#[%] FF range” [nm-nm] Valence'

1 Ir powder 0 Ir-Ir 12 2.76

2 Iro, +4¢ Ir-O 6  1.98

3 Ir/C-BP (Ir 4 wt%) +2.9 Ir-S 1.5 2.28

Ir-Ir 7.2 273

4 Re-Ir/C-BP (Re 4 wt%,  +2.2 Ir-O 0.5 1.98

Ir/Re = 0.13)/ Ir-S 1.4 233

Ir-Ir (or Ir-Re) 6.5 2.77

5 Re-Ir/C-BP (Re 4 wt%,  +2.2 Ir-0 03 2.01

Ir/Re = 0.25)/ Ir-S 14 2.32

Ir-Ir (or Ir-Re) 9.1 2.75

6 Re-Ir/C-BP (Re 4 wt%,  +2.0 Ir-S 1.4 2.32

Ir/Re = 0.5)/ Ir-Ir (or Ir-Re) 8.9 2.71

7 Re-Ir/C-BP (Re 4 wt%,  +2.6 Ir-S 1.3 2.34

Ir/Re = 0.5, after Ir-Ir (or Ir-Re) 8.0 2.72
reaction)

8 Re-Ir/C-BP (Re 4 wt%, +1.8 Ir-S 0.8 2.27

Ir/Re = 1.0)’ Ir-Ir (or Ir-Re) 9.1 2.70

9 Re-Ir/C-BP(deS-973)  +1.7 Ir-S 0.8 2.27

(Re 4 wt%, Ir/Re = 0.5)’ Ir-Ir (or Ir-Re) 6.3  2.69

0.060 10.0 0.1 0.141-0.346 +1.0
0.093 -5.1
0.060 1.1 0.2 0.141-0.346 +1.3
0.075 7.3
0.100 0.6
0.060 -10.0 0.2 0.141-0.346 +1.1
0.080 8.4
0.100 -1.6
0.072 7.8 0.1 0.141-0.346 +0.9
0.100 -7.5
0.063 10.0 0.8 0.141-0.346 +0.9
0.100 -6.7
0.073 2.6 0.2 0.141-0.346 +0.5
0.100 -6.0
0.060 9.9 0.3 0.141-0.346 +0.5
0.096 -10.0

“EXAFS data are shown in Fig. S10.1 For the curve fitting analyses, the raw data were k3-we1ghted and Fourler transformed in the k range of
30-120 nm . ? Determined from the white line area intensity of XANES data (Fig. $9t).  Coordination number. ¢ Bond distance. ¢ Debye-Waller
factor. / Difference in the origin of photoelectron energy between the reference and the sample. ¢ Residual factor. " Fourier filtering range.

'Determined by EXAFS results: valence = (CNy,_o + CNy, g) X 4/6. JReduced in H, at 773 K. FReaction condltlons EDA 4.0 mmol; Re-Ir/C-BP (Re
4 wt%, Ir/Re = 0.5, reduced in H, at 773 K) 0.10 g; water 5.0 g; CO, 1.0 MPa + H, 4.0 MPa (r.t.); 413 K; 16 h. 'Valence state based on chemical
composition.
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Fig. 7 Double logarithmic plots of EDA conversion rate as a function of (A) concentration of EDA, (B) partial pressure of H,, and (C) partial pressure
of CO; in the N-methylation of EDA over Re—Ir/C-BP (Re 4 wt%, Ir/Re = 0.5). Reaction conditions: EDA 4.0—-10.0 mmol for panel A or 4.0 mmol for

panels B and C; Re-Ir/C-BP (Re 4 wt%, Ir/Re = 0.5, reduced in H; at 773 K)

0.10 g; water 5.0 g; CO, 1.0 MPa + H, 4.0 MPa (r.t.) for panel A, CO, 1.0

MPa + H, 1.0-4.0 MPa + Ar (4-P(H,)) MPa (r.t.) for panel B, or CO, 0.3-1.0 MPa + H, 4.0 MPa + Ar (1-P(CO,)) MPa (r.t.) for panel A; 413 K; 0.5-6 h.

The detailed data are summarized in Tables S14-S16.+

support. The Re species were more sulfurized, compared to
the Ir species, yet not fully sulfurized; in other words, both
metallic and sulfurized species were involved in these par-
ticles. Considering that S atoms were originally present in
C-BP, the Re species were assumed to be in close proximity to
the support surface and modified with the Ir species. The top
surface of particles supported on C-BP was able to behave as
metallic sites. Considering the reaction results in Tables 2 and
3, the steps of N-formylation and subsequent hydrogenation
were assumed to be promoted mainly by the metallic and sul-
furized Re species, respectively, while the Ir species behaved as
a promotor for deep reduction of Re species.

3.5. Kinetic study on N-methylation of EDA over the Re-Ir/
C-BP catalyst

Kinetic analysis of the N-methylation of EDA was conducted
with the optimal catalyst, Re-Ir/C-BP (Re 4 wt%, Ir/Re = 0.5).
The dependence of concentration of EDA, partial pressure of
H,, and that of CO, on the conversion rate of EDA was
measured at 413 K, and the corresponding double logarith-
mic plots are drawn in Fig. 7 (the detailed reaction data are
listed in Tables S14-S16%). The reaction order with respect
to the EDA concentration was determined to be 0, indicating
that the catalyst surfaces were saturated with EDA molecules.
In contrast, a lack of Ir species on the catalyst surfaces (ie.,
5 wt% Re/C-BP) previously provided 0.5 of the reaction order
with respect to the EDA concentration in the same reaction,*”
suggesting the lower affinity of Re/C-BP for EDA compared to
the Re-Ir/C-BP catalyst. As suggested by the CO chemisorption
measurements (vide supra), the addition of Ir enriched the
metallic sites, which could be favorable for interacting with
the substrate molecules and result in the enhancement of cata-
lytic activity. The reaction orders with respect to partial
pressure of H, and CO, were evaluated to be 1.0 and 0.8,
respectively, both of which were larger than the reported reac-
tion orders over Re/C-BP (ie., 0.5 for partial pressure of H,
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and 0.6 for that of CO,).*” The increases of these reaction
orders possibly arose from the competitive adsorption of EDA
and gaseous compounds over the surfaces of the Re-Ir/C-BP
catalyst. The key behavior of the Re-Ir/C-BP catalyst was thus
to exhibit high affinity for EDA, as suggested from these
kinetic results.

4. Conclusions

Sulfurized Re-Ir bimetallic catalysts supported on carbon
black (Re-Ir/C-BP) were developed as highly active and durable
catalysts for the quadruple N-methylation of ethylenediamine
(EDA) with CO, and H, as the sources of methyl groups. The
optimum catalyst, Re-Ir/C-BP (Re 4 wt%, Ir/Re molar ratio =
0.5), exhibited 21 h™" turnover frequency (TOF) for introducing
N-methyl groups on the basis of the mole of Re and Ir, and
this TOF was 6.4-fold higher compared to a previously devel-
oped sulfurized Re catalyst. The reaction operated under the
optimized conditions afforded the target product of N,N,N',N'"-
tetramethylethylenediamine (TetraM-EDA) in up to 82% yield.
This catalyst was also effective for the multiple N-methylation
of various aliphatic amines that possess the C2 (or C3) unit
wedged between two amino groups. On the other hand, ali-
phatic monoamines, aniline, and diamines composed of
>C4 methylene backbones wedged between two amino groups
did not undergo N-methylation well. Such contrasting reactiv-
ity of substrates suggested that the strong interaction of the C2
(or C3) unit wedged between two amino groups (i.e., chelating
effect) with the catalytically active sites was the prerequisite for
the N-methylation over the Re-Ir/C-BP catalyst. The kinetic
study on the N-methylation of EDA indeed indicated that the
catalyst surfaces were readily saturated with the substrate
molecules. The combination of various characterization tech-
niques indicated the presence of highly dispersed sulfurized
Re and Ir species in the same particles (ca. 0.9 nm), where the
Re species were more sulfurized than the Ir species. The poss-

This journal is © The Royal Society of Chemistry 2025
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ible role of Ir was the deep reduction of Re species, which led
to the suppression of Re leaching after the use of the Re-Ir/
C-BP catalyst and its subsequent exposure to air. This feature
of Re-Ir/C-BP offered better ease of handling compared to Re/
C-BP, which lost >20% of Re species after the same treatment.
The catalytic N-methylation system using CO, and H, operat-
ing in water could pave the way for a green approach to prepar-
ing N-methylated aliphatic amines.
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