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The sustainable production of polymers from biogenic platform chemicals shows great promise to
reduce the chemical industry’'s dependence on fossil resources. In this context, we propose a new two-
step process leading from dicarboxylic acids, such as succinic and itaconic acid, to N-vinyl-2-pyrrolidone
monomers. Firstly, the biogenic acid is reacted with ethanolamine and hydrogen using small amounts of
water as solvent together with solid catalysts. For effective conversion, the optimal catalyst (carbon sup-
ported ruthenium) has to hold the ability of activating H, as well as (imide) C=0O bonds. The obtained
products, N-(2-hydroxyethyl)-2-pyrrolidones, are subsequently converted in a continuous gas phase de-
hydration over simple sodium-doped silica, with excellent selectivity of above 96 mol% and water as the
sole by-product. With a final product yield of >72 mol% over two process steps and very little waste due
to the use of heterogeneous catalysis, the proposed route appears promising — commercially as well as in
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Introduction

Several carboxylic acids have been proposed as valuable plat-
form chemicals for the future bio-economy." However, their
potential is often hampered by a misfit between their highly
oxygenated nature and the available processing technologies,
which are optimized for the introduction of functionalities
into non-polar, oil-derived feedstocks. The design of tailored
conversion technologies, which target a partial deoxygenation,
while effectively utilizing the (acid) functionalities of the plat-
form, is thus an integral step towards the valorization of
alternative carbon sources.”

The reduction of biogenic acids to valuable chemicals, such
as diols, is well researched.®™® However, selective transform-
ations are often hard to achieve and mixtures of reduced pro-
ducts are obtained. Another approach that effectively utilizes
the acid functionality presents the conversion into pyrroli-
dones by reaction with amines. In this context, the reductive
amination of levulinic acid has found substantial
attention.'®** Here, the carbonyl functionality of the substrate
readily forms an imine intermediate with the added amine.
Consecutive reduction, even at comparably low hydrogen
pressure and temperature, yields cyclic pyrrolidones, which
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may find applications as solvents or pharmaceutical inter-
mediates. Touchy et al.’® tested the conversion of levulinic
acid with n-octylamine and found promoted platinum catalysts
holding superior performance in the synthesis of
N-alkylpyrrolidones. Their finding that the acid properties of
the promoting metal oxide play a prominent role in determin-
ing catalyst activity agrees well with the assumption that imine
formation is the rate determining step. This hypothesis was
later supported by research on TiO,-supported platinum cata-
lysts, where decoration of the metal surface with TiO, proved
to enhance catalyst acidity and activity.'® Using ethyl levulinate
as substrate, a plethora of amines, including alkyl-, phenyl-,
ether- and hydroxyl-functionalities, was shown to be suitable
for reductive amination with good yields.

Dicarboxylic acids, such as succinic and itaconic acid, are
not susceptible to reductive amination as they lack the necess-
ary carbonyl group. Instead they form amides, diamides and
imides, when reacted with amines at elevated temperatures.
Amide reduction has long been considered a major challenge
for heterogeneous catalysis."* Consequently, there are few pub-
lications on the successful production of pyrrolidones from
dicarboxylic acids. Budroni et al.'® have elaborated on the
reduction of succinic anhydride to y-butyrolactone, a main
intermediate in today’s pyrrolidone production, over Au/TiO,.
The one pot conversion with phenylamine to phenylpyrroli-
done was also demonstrated. However, the yield was limited to
<60% due to the sequential formation of the respective pyrroli-
dine. Other studies concerned the production of N-methyl-2-
pyrrolidone (NMP) from succinate containing fermentation

This journal is © The Royal Society of Chemistry 2019
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Step #1: Reductive Amidation of Dicarboxylic Acids
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Fig. 1 Schematic of the green value chain proposed herein. Two steps lead from dicarboxylic acids over N-(2-hydroxyethyl)-2-pyrrolidones (HEP)
to valuable N-vinyl-2-pyrrolidone monomers (NVP). (MP = methyl-2-pyrrolidone).*®

broth."® Here, N-methyl-succinimide was distilled from the
broth to be reduced over a commercial rhodium catalyst, yield-
ing up to 90% NMP at 220 °C and 100 bar H,. However, the
substrate scope was not expanded to allow for the production
of more valuable chemicals.

Our group has recently shown the efficient conversion
(90 mol% yield) of itaconic acid and ammonia to N-unsubstituted
3- and 4-methyl-2-pyrrolidones over carbon-supported ruthe-
nium (conditions: 200 °C, 150 bar H,)."” The products of this
conversion may subsequently be transformed into N-vinyl-
2-pyrrolidone monomers by reaction with pressurized acety-
lene over a molecular potassium catalyst. The second reaction
is known as part of the fossil-based value chain running from
acetylene, over y-butyrolactone and 2-pyrrolidone, to N-vinyl-
2-pyrrolidone (NVP), pioneered by W. Reppe.'® NVP is polymer-
ized to yield polyvinylpyrrolidone, a water-soluble, non-toxic
polymer with growing application and demand, especially in
the pharmaceutical industries."’

Despite its long-standing use, vinylation with pressurized
acetylene raises concerns about its sustainability and safety.
Specifically, the use of a hardly reusable catalyst and the neces-
sity to remove traces of water to achieve effective conversion
are undesirable process specifications.”>*' The most promis-
ing alternative to produce NVP is presented by the thermal
reaction of ethanolamine and y-butyrolactone. The product,
N-(2-hydroxyethyl)-2-pyrrolidone (HEP) can be dehydrated in a
gas-phase reaction leading to a simple, continuous production
process, which is now in commercial application.>” Using con-
ventional y-butyrolactone as feedstock, this process remains
fossil resource-based.

We herein present the reductive transformation of dicar-
boxylic acids with ethanolamine, leading to N-(2-hydroxyethyl)-
2-pyrrolidones (reductive amidation), which are dehydrated to
yield bio-based monomers analogous to NVP. Specifically,
succinic acid is chosen as a model compound to study the
underlying reaction network and kinetics of this transform-

This journal is © The Royal Society of Chemistry 2019

ation. Catalysts are screened for activity in the rate-determin-
ing step of the overall transformation and process conditions
are optimized to show the potential for obtaining high yields
of valuable products. Due to the spectrum of dicarboxylic
acids obtainable from biomass, the substrate scope of the
reductive transformation as well as of the continuous gas
phase dehydration is explored. Overall, the envisioned two-
step process (Fig. 1) yields NVP-like monomers on the basis of
biogenic acids with water as sole by-product and, at the same
time, solvent of the heterogeneously catalyzed reactions. Given
the excellent yields obtained and the use of simple and/or
commercially available catalysts, this seems to offer real poten-
tial for an applicable Green Chemistry value chain.

Experimental

Catalytic materials and chemicals

Carbon-supported metal catalysts. 5Rh/C (Alfa Aesar), 5Pd/C
(ChemPur, Heraeus Type k-0201), 3Cu/C, 5Pt/C and 5Ru/C
(Sigma Aldrich) — where the number indicates the nominal
metal loading - were obtained from commercial sources.
These materials were dried for 2 h at 120 °C and then heated
at 5 K min~" under hydrogen flow to 350 °C, where they
remained for 3 h so as to ensure complete reduction. 5Co/C
and 5Ni/C were self-synthesized by incipient wetness impreg-
nation. A suitable amount of the respective precursor
(Ni(NO3),-6H,0, Alfa Aesar 98% or Co(NO3),-6H,0, Roth >98%)
was dissolved in just enough deionized water to fill the pores of
the activated carbon support (Norit, CABOT A SUPRA EUR). The
clear solution was slowly added to a well-stirred portion of the
support yielding a slightly wet paste, which was dried in a
vacuum oven (60 °C) over night. The catalyst was then calcined
in ambient air at 350 °C for 2.5 h (heating rate 5 K min™").
Subsequent reduction followed the protocol stated for commer-
cial catalysts.

Green Chem., 2019, 21, 6268-6276 | 6269
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RANEY catalysts. The aqueous slurry of activated RANEY®
Ni 2400 (W.R. Grace and Co.) was supplied by Sigma Aldrich
and used as received.

Metal oxide-supported Ru catalysts. Metal oxide-supported
Ru catalysts were prepared by wet impregnation. For a typical
recipe, a suitable amount of RuCl; (aber, 39-42% Ru) was com-
pletely dissolved in 40 ml of ethanol (ChemSolute, >99.9%).
2.0 g of dry support were slowly added, while the solution was
thoroughly stirred. The impregnation took place for 3 h, after
which the solvent was carefully evaporated at 40 °C. The cata-
lyst was subsequently dried in a vacuum oven (60 °C) over
night. Due to inferior performance of calcined Ru catalysts in
our studies, which may be attributed to the occurrence of
highly mobile RuO, species,*® these dry catalysts were directly
reduced in hydrogen flow, using the temperature program
indicated for the commercial materials above. The oxide sup-
ports themselves — TiO, (anatase, ST61120), ZrO, (tetragonal,
S761152), Al,O; (y-phase, SA6275) and SiO, (SS65137) — where
kindly provided by SAINT-GOBAIN.

Sodium-doped silica. Sodium-doped silica for the continu-
ous gas phase dehydration of N-(2-hydroxyethyl)-2-pyrrolidones
was prepared according to procedures published elsewhere.*'
3.0 g of silica (nanopowder 10-20 nm, Sigma Aldrich) was sus-
pended in 30 ml of a 0.17 M NaOH solution. After three hours
of continuous stirring, the solvent was evaporated at 40 °C.
The obtained catalyst was dried in a vacuum oven (60 °C) over
night, followed by calcination at 500 °C for 3 h in synthetic air
(heating rate 5 K min™").

Chemicals. Succinic acid (>99%), itaconic acid (>99%),
ethanolamine (>99%) and N-(2-hydroxyethyl)-2-pyrrolidone
(HEP, >98%) were purchased from Sigma Aldrich. N-(2-
Hydroxyethyl)succinimide (>95%), methylsuccinic acid (99%)
and 3-methyl-y-butyrolactone (98%) were supplied by abcr. All
chemicals were used without further purification, unless
otherwise stated. Additional imide substrates were self-syn-
thesized by thermal reactions of acids and amines.

Hydrogenation reactions with ethanolamine

Reductive amidations were conducted with hydrogen as a
reducing agent in 50 ml stainless steel autoclaves. Glass inlays
were used to protect the autoclaves against corrosive solutions.
For a typical experiment, 1.5 g of dicarboxylic acid was added
to 1.5 g of de-ionized water and a stoichiometric amount of
ethanolamine (1:1). 2.5 wt% of catalyst (37.5 mg) were added
and the resulting slurry was pre-mixed using a magnetic stirrer
bar. Subsequently, the autoclave was sealed and purged three
times with hydrogen before finally raising the pressure to
150 bar. For experiments at lower p(H,), nitrogen was added to
reach 150 bar total pressure. The so-prepared autoclave was
inserted into a pre-heated heating jacket (150 °C).
Homogeneous mixing was accomplished with 750 rpm of the
magnetic stirrer. After a pre-set time, the autoclave was
removed from its jacket, to be quenched in ice. Following cool
down to room temperature, the autoclave was depressurized
and opened. Solids were removed from the product solution by
a polyamide syringe filter before running HPLC analysis on an
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Organic Acid Resin column (CS - Chromatography Services)
with dilute phosphoric acid as mobile phase and a refractive
index detector.

Conversion and yield are calculated based on concen-
trations determined vie HPLC through the assumption of
mass conservation within the autoclave. For reasons that will
shortly become evident, the following definitions are applied
for the conversion X, yield Y; and selectivity S;:

X=1-— M (1)
nsubstrate(t == 0)
n:
Y e €= 0) @)

nsubstrate(t = 0)

S, i
;=
nsubstrate(t = O) - Znon-reduced n;

3)

For recycling experiments the catalyst was retrieved by use
of polycarbonate filter membranes after the reaction. Before
re-use it was washed with 60 ml of deionized water and sub-
sequently dried in a vacuum oven (60 °C, 14 h). These experi-
ments were conducted with a slightly upscaled batch size
(corresponding to 50 mg Ru/C) to allow for easier handling in
the recycle process. Liquid samples of the reaction mixtures
were diluted in 0.05 M HNO; (1:1000) and analyzed by
ICP-MS (Agilent 8800 ICP-MS Triple Quad) to quantify Ru
leaching.

For experiments on imide reduction, the amount of sub-
strate was adjusted to reflect the molar equivalent of 1.5 g of
the respective acid. The amount of solvent was increased to
~2 g, reflecting the water formed upon imide formation from
the acid and ethanolamine.

Continuous gas phase dehydration

The continuous gas phase dehydration was conducted at close-
to-ambient pressure in a stainless steel lab-scale setup, consist-
ing of dosing units, an evaporator, a tubular reactor (9 mm i.d.)
and a condenser with liquid sample collection. Previous to an
experiment, 1.0 g of catalyst was pelletized (mesh size
180-250 pm) and mixed with 4.0 g of inert material (SiC, 46grit
abcer). The mixture was filled into the reactor tube and topped
off with another 2.0 g of inert packing, before the setup was
sealed. Experiments were conducted with a 90:10 (vol%)
mixture of nitrogen and substrate gas. Substrate flow rates
were varied between 1.2 and 3.6 g h™'. Samples were collected
at defined time intervals after the setup reached a steady oper-
ating point. Conversion and yield were calculated based on
GC-determined (50 m CP-Wax-57 CB, ID-0.25 mm +
DF-0.20 um) concentrations and sample weights.

X—1— NHEP,in (4)
NHEP,out
Yi _ N out (5)
NHEP,in

Stability tests were performed with a reduced amount of
catalyst (0.1 g), thus limiting conversion to intermediate levels.

This journal is © The Royal Society of Chemistry 2019
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Results
Reaction network analysis

Ruthenium catalysts of different types have previously been
shown to be effective in the reduction of biomass-derived
chemicals such as sugars,® acids®**’ and amides.”® Most
importantly, Ru/C has been utilized for the reductive conversion
of itaconic acid and ammonia to 3-/4-methyl-2-pyrrolidone."” It
is therefore sensible to test for the activity of Ru/C in the reduc-
tive amidation of the green value chain proposed herein.
Results for the reaction of succinic acid and ethanolamine
(Fig. 2) underline the fundamental suitability of carbon-sup-
ported ruthenium for the reductive formation of N-(2-hydroxy-
ethyl)-2-pyrrolidone (HEP). Moreover, the sequence of inter-
mediates and products observed, allows for the construction
of a consistent reaction network (Fig. 3): with increasing reac-
tion time, the amount of acid in the solution rapidly declines,
giving way to mono- and, to a lesser extent, diamides. Their
subsequent cyclization to the imide limits the maximum
concentration of amides observed during the course of reac-
tion. N-(2-hydroxyethyl)succinimide shows good stability in

1.0
# succinic acid
08! mono- and diamide
X imide
= X HEP*
S 0.6 -
E @ HEBA**
]
£
204
2
0.2
0.0 ‘ ; = !

0 5 10 15 20 25
Reaction Time [h]

Fig. 2 Concentration-time-profile of the reductive amidation of succinic
acid with ethanolamine. (Conditions: 150 °C, 150 bar H,, 750 rpm, 1.5 g acid,
1.5 g deionized water, 1 mol. equivalent of amine, 37.5 mg Ru/C) The corres-
ponding reaction network is outlined in Fig. 3. *HEP = N-(2-hydroxyethyl)-
2-pyrrolidone, *HEBA = N-(2-hydroxyethyl)-4-hydroxybutanamide.

amidation

o

Ho. SN H H N-(2-hydroxyethyl)-
N

N N, "
o o, o o: 2-pyrrolidone (HEP)
o, fast > °  monoamide v §<_7
(I — imide i
1 —_—
succinic acid (SA) u i NOV\)I\H/\/ON
—_— ] on
o g N-(2-hydroxyethyl)-4-
°  diamide hydroxybutanamide (HEBA)
talyti Ru/C

Fig. 3 Proposed reaction network for the reductive amidation of succi-
nic acid with ethanolamine. Water and ethanolamine, which are con-
sumed and/or formed, are implicit in the network.
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aqueous solution and thus reaches a maximum intermediate
yield close to 60% after 2 h. Its amount declines only as more
and more pyrrolidone is formed by reduction.

Given the fast initial rate of amide and imide formation,
which is also observed in the absence of catalyst, and the com-
parably slow conversion to reduced products, the latter step
emerges as rate-determining. N-(2-hydroxyethyl)succinimide,
due to its abundance and cyclic structure, is identified as the
most likely substrate to be hydrogenated on the ruthenium
surface.’® Moreover, N-(2-hydroxyethyl)-4-hydroxybutanamide
(HEBA) - the acyclic equivalent of HEP - is observed as a
second product, which initially forms at a rate proportional to
that of HEP. This is tentatively assigned to their formation
from a joint substrate (N-(2-hydroxyethyl)succinimide) via two
competing reactions on the ruthenium surface (hydrogenolysis
of C=0 vs. C-N bond)."* On the same note, previous publi-
cations have reported that the catalytic hydrogenation of
imides may lead to lactams or hydroxyl carboxamides depend-
ing on catalyst selectivity and process conditions.>

At any rate, HEBA formation from HEP via hydrolysis was
excluded in separate experiments on product stability under
reaction conditions. On the other hand, the apparent decline
in N-(2-hydroxyethyl)-4-hydroxybutanamide formation in later
reaction stages is rationalized by the conversion to HEP
through intramolecular condensation. This reaction is known
to proceed without catalyst at elevated temperatures,®® where-
fore the HEBA formed here is not lost to the production of
HEP and may be considered a valuable product.

Choice of catalyst

Given the above, any catalyst suitable for the formation of HEP
from succinic acid requires high activity in the selective hydro-
genation of imide functionalities. We therefore tested a range
of noble and non-noble metals for their performance in the
hydrogenation of N-(2-hydroxyethyl)succinimide (Fig. 4). With

0.6

W Yield(HEBA)

M Yield(HEP)
s i °
£ 04 | ® Conversion
°
£
c
2
2
2
c
S
~ 0.2
=
[
£

[ ] [ ]

° . °
ot Mo o
Raney Ni/C Co/C Cu/C Pd/C Rh/C Pt/C Ru/C

Fig. 4 Screening of catalytic metals for N-(2-hydroxyethyl)succinimide
hydrogenation. (Cond.: 150 °C, 150 bar H,, 6 h, 750 rpm, 37.5 mg
catalyst).
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the exception of RANEY® Ni, which leads to the production of
small HEP quantities, none of the non-noble metal catalysts
facilitates the targeted hydrogenation. Even common reduction
catalysts such as Pt/C, Pd/C and Rh/C show low yield under the
applied conditions. Carbon-supported ruthenium, on the
other hand, stands out with an order of magnitude increase in
valuable product yield (HEBA and HEP) as compared to the
next best catalyst in the series.

Carbonyl groups in amides and, by analogy, also in imides
are known to be extremely stable against reduction due to
their low electrophilicity."**' Consequently, any metal with the
ability to activate the imide C=O functionality would be
superior for the tested reaction. While platinum for example
has an outstanding ability to activate hydrogen, ruthenium
combines the potential for hydrogen activation with that for
C=0-bond activation, as has recently been underlined by
experimental®” and theoretical®® considerations. This combi-
nation then proves beneficial for the reduction of imides, as is
underlined by the presented data.

Ruthenium as the most promising metal may then be sup-
ported on different carrier materials, possibly influencing the
catalytic performance (Table 1).”° It is observed that zirconia
and alumina lead to an increase in the overall yield of valuable
products (HEP and HEBA), whereas yields stay the same over
Ru/TiO, and decrease for Ru/SiO,. Since differences such as
the above often originate from metal dispersion and/or
support acidity, these catalyst properties were subjected to
further study (see ESLT p. 5). While slight variations of both pro-
perties were evident in our set of oxide-supported catalysts, a
simple correlation with catalyst activity was not found. Further

Table 1 Support influence on the performance of Ru-based catalysts in
N-(2-hydroxyethyl)succinimide hydrogenation (Cond.: 150 °C, 150 bar
H, 6 h, 750 rpm, 37.5 mg catalyst)

Conversion Y} Y* Y (HEP) Y (HEBA)
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studies to elucidate these aspects are ongoing. In the meantime,
commercial Ru/C already offers promising catalytic activity and
is thus used for the further development of the targeted value
chain. The obtained trends are expected to be transferable to a
range of support materials, excluding specific cases of strong
metal-support-interaction and bifunctionality due to a direct
participation of the support in the ongoing reaction.*'

Optimal process parameters

Since amide reductions traditionally require harsh conditions,
it is interesting to test the dependence of reductive amidation
on process parameters. Raising the temperature above 150 °C
leads to an increase in conversion and valuable product yield
(Fig. 5a). At the same time, the overall selectivity towards valu-
able products is lowered, due to (i) the reduction of hydroxyl
entities in the N-(2-hydroxyethyl)-substituent and (ii) the for-
mation of pure reduction products, such as butanols. A signifi-
cant decline in the amount of N-(2-hydroxyethyl)-4-hydroxy-
butanamide (HEBA) product underlines the effect of thermally
activated condensation to HEP.

Furthermore, a positive and linear correlation is found
between hydrogen pressure (50-150 bar) and the desired
product yield (Fig. 5b). While this effect might be attributed to
gas-liquid mass transfer limitations, results obtained for the
reduction of itaconic acid in the same setup show that hydrogen
mass transfer is orders of magnitude faster than the reductive
amidation studied herein.'” The results from experiments con-
ducted at different stirring intensities and catalyst loadings
further support this (see Fig. S27). It is therefore possible that
p(H,) exerts its influence on the reaction by inducing a higher
coverage of the catalysts metal surface with activated hydrogen
(6n), which benefits the ongoing reduction. A slight change in
product selectivity hints towards the different degree of hydro-
gen influence in desired and undesired reaction pathways.

Further experiments focused on the dependence of reduc-
tive amidation on substrate concentration cg, which was modi-
fied through the amount of water added to the reaction
mixture. Following common adsorption theory, lower amounts
of water (higher cs) increase the substrate surface coverage 0
of the catalyst and thus influence the rate of surface reactions.
Assuming the latter to be rate-determining, product yields
after a specified time vary accordingly. However, no significant
change in product yields is observed in the respective data

= Yield(HEP) c)
—O-S(HEP+HEBA)

/

A

——O—
o\"/.

Catalyst [mol mol™] [molmol™*] [mol mol™"] [mol mol™*]
5Ru/C 0.43 0.33 0.18 0.15
5Ru/TiO, 0.44 0.31 0.14 0.16
5Ru/Al,0;  0.55 0.39 0.17 0.22
5Ru/ZrO, 0.56 0.44 0.14 0.30
5Ru/SiO, 0.23 0.21 0.12 0.09
“Of target products.

a) 10 1.0 _ p) W = Yield(HEBA)
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Fig. 5
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Influence of process conditions on the reduction of N-(2-hydroxyethyl)succinimide using Ru/C. (Center point for all variations are standard

conditions: 150 °C, 150 bar H,, 6 h, 750 rpm, 37.5 mg catalyst, 2 g H,O solvent.)
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(Fig. 5c¢). Notwithstanding future in depth analysis, this may
be associated with a decoupling of ¢s and 6, i.e. saturation of
the substrate adsorption isotherm. In the case at hand, this
means that the chosen solvent (water) does not compete effec-
tively with the organic substrate for the adsorption sites on
Ru/C, wherefore the surface is likely covered with organic moi-
eties. This, in turn, agrees well with the behavior of carbon-
supported Ru in the aqueous phase hydrogenation of acetic
acid with molecular hydrogen.*

To further elucidate the role of substrate adsorption on
Ru/C, the imide structure to be reduced in our experiments
was systematically varied (Table 2). It is interesting to see that
methyl substituents attached to the carbon atoms of the succi-
nimide cycle hardly have any influence on the yield of pyrroli-
done (compare entries 1 and 2 or 3 and 4). However, adding an
ethyl-substituent to the imide N-atom (entries 4 and 5), which
greatly increases the thermodynamic stability of the succin-

Table 2 The influence of substituents on the effective hydrogenation
of succinimides in aqueous solution (Cond.: 150 °C, 150 bar H,, 6 h,
750 rpm, 37.5 mg Ru/C)

Y (Pyrrolidone)
Substrate/structure [mol mol™]
(g 0.18
N N-(2-hydroxyethyl)methyl-
o o S
ﬁ succinimide
OH 0.18
K’ N-(2-hydroxyethyl)succinimide
N
~~r
\ 0.10
Oﬂto N-ethylmethylsuccinimide
\I 0.12
OWO N-ethylsuccinimide
H 0.04

O succinimide

[fz
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imide in an aqueous environment, doubles the pyrrolidone yield
obtained under otherwise equivalent conditions. This may
further underline the importance of the respective imides in
the rate determining step of reductive amidation. Finally, the
fastest conversion rates are obtained for substrates containing
an additional hydroxyl group derived from ethanolamine. Since
the hydroxyl group, due to its position, is unlikely to have a
direct electronic effect on the carbonyl to be reduced, the effect
is tentatively assigned to a change in substrate adsorption.

Substrate scope and catalyst stability in reductive amidation

The target of the reductive transformations discussed so far is to
convert biogenic acids into N-(2-hydroxyethyl)2-pyrrolidones
serving as substrates for the gas phase dehydration to vinyl
monomers. In this context, high product yields must be achieved,
so as to guarantee the economic viability of the proposed sustain-
able value chain. Therefore, the conversion of ethanolamine with
the suggested platform chemicals - succinic and itaconic acid -
was tested under optimized reaction conditions. Methylsuccinic
acid was added to the set, in order to reveal the influence of the
double bond contained in itaconic acid (Table 3).

The conversion of succinic acid is especially successful,
yielding more than 60 mol% of valuable products at 150 °C.
Utilizing the improved rates of imide hydrogenation and HEBA
condensation at 200 °C this value is increased to 75 mol%,
while maximizing the final HEP content at the same time.
Further enhancements are then limited by the chemo-
selectivity of the catalyst, which still allows for the formation
of N-ethyl-substituted by-products and substrate hydrogen-
ation without nitrogen incorporation (e.g. formation of
y-butyrolactone and butanols).

These results are well transferable to methylsuccinic acid,
reaching up to 74 mol% yield of N-(2-hydroxyethyl)-methyl-
pyrrolidones. For itaconic acid, however, yields are consistently
lower than for the other two acids, despite comparable conver-
sion levels. This is rationalized by the possibility of additional
reactions taking place on the methylene functionality prior to
its reduction. More specifically, ethanolamine is known to
react with itaconic acid in a thermally-activated aza-Michael
addition yielding N-(2-hydroxyethyl)-2-pyrrolidone-4-carboxylic
acid - another monomer from biomass.*® The resulting un-
desired competition between addition and reductive amidation
may, however, be circumvented by the selective reduction of
itaconic acid to methylsuccinic acid at mild conditions pre-

Table 3 Substrate scope of reductive amidation as exemplified with three common dicarboxylic acids (Cond.: 150 or 200 °C, 150 bar H,, 24 h,

750 rpm, 37.5 mg catalyst, 1 wt. equiv. of water)

Dicarboxylic acid substrate Conversion [mol mol™"]

Y (Pyrrolidone)* [mol mol™] Y (Butanamide)” [mol mol ]

Succinic acid (150 °C) 0.75
Succinic acid (200 °C) 0.98
Methylsuccinic acid (150 °C) 0.81
Methylsuccinic acid (200 °C) 0.88
Itaconic acid (150 °C) 0.73
Itaconic acid (200 °C) 0.96

0.40 0.17
0.74 0.01
0.50 0.10
0.74 0.00
0.39 0.06
0.39 0.02

4 Equivalent of HEP in the case of succinic acid. ? Equivalent of HEBA in the case of succinic acid.
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Fig. 6 Assessment of Ru/C catalyst stability by recycling through
several N-(2-hydroxyethyl)succinimide reduction batch experiments.
(Cond.: 200 °C, 150 bar H,, 6 h, 750 rpm; dry catalyst weight for runs
1-5:50.0 mg, 56.7 mg, 53.5 mg, 52.8 mg and 49.0 mg).

vious to the introduction of ethanolamine. For example, the
electrochemical production of methylsuccinic acid from itaco-
nic acid containing fermentation broth has been reported.**

Finally, the viability of reductive amidation as a production
tool depends on the stability of the noble metal catalyst. In
this context, no signs of catalyst deactivation are observed
during five consecutive batch reactions (Fig. 6). After a slight
increase in the yield of desired products from the first to the
second use cycle of a catalyst batch, further recycling experi-
ments show constant catalytic performance. ICP-MS analysis of
the filtered product solution indicates a small and decreasing
fraction of ruthenium leaching from the catalyst over sequential
use cycles. However, the observed stability of catalyst perform-
ance would indicate a negligible contribution of the leached
species to the ongoing reduction. Finally, it was tested whether
the removal of Ru/C from an ongoing reaction precludes further
substrate conversion (Fig. S31). Since hydrogenation reactions
are completely suppressed after the filtration step, the hetero-
geneous nature of the applied catalyst is verified.

Gas phase dehydration of N-(2-hydroxyethyl)-2-pyrrolidones

Having achieved high yields of N-(2-hydroxyethyl)-2-pyrroli-
dones via reductive amidation, gas phase dehydration (Fig. 7)
offers a simple means to produce N-vinyl-2-pyrrolidones,
which serve as valuable monomers. With water as the only by-
product and the possibility of achieving excellent selectivity
over inexpensive, non-toxic, solid catalysts it was chosen as
second step of the here-presented value chain.

Firstly, the functionality of a simple Na,O/SiO, catalyst
(1:20 molar ratio)*! was verified using commercially available
N-(2-hydroxyethyl)-2-pyrrolidone as test substrate (Table 4).
Here, 2-pyrrolidone appears as main side-product, due to the
undesired cleavage of the C-N bond. However, 2-pyrrolidone
formation can be mitigated by the choice of reaction con-
ditions. In detail, the right balance between residence time
and reaction temperature has to be achieved, so that the gas
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Fig. 7 Simplified schematic of the gas phase dehydration of N-(2-
hydroxyethyl)pyrrolidones in lab-scale. Vinylpyrrolidone monomers are
obtained after condensing the product stream.

Table 4 Performance of the sodium-doped silica catalyst (Na,O/SiO,,
1:20 molar ratio) in the gas phase dehydration of commercial N-(2-
hydroxyethyl)-2-pyrrolidone at different conditions (Cond.: 90 vol% Ny,
10 vol% substrate in gas flow, 1.0 g catalyst 180—250 pm mesh)

Temperature WHSV® Conversion Y (NVP) Y (2-pyrrolidone)
[eC] [h™] [mol mol™"] [mol mol™*] [mol mol™]

350 1.2 1.00 0.83 0.16

350 2.4 0.99 0.95 0.03

350 3.6 0.89 0.86 0.01

400 1.2 1.00 0.78 0.15

400 2.4 1.00 0.93 0.05

400 3.6 1.00 0.96 0.02

“Weight hourly space velocity on a ggupstrate gcata]ys[l basis.

mixture leaves the catalyst bed immediately after full conver-
sion is reached. A positive example of this is obtained at
WHSV = 2.4 @upstrate Eeac - h™ ' and T = 350 °C, where the reac-
tion yields 95 mol% N-vinyl-2-pyrrolidone. The stability of the
catalytic material at reaction conditions was further assessed
by running the setup for 8 h at constant operating conditions
(Fig. S67). No obvious deactivation is observed in line with a
very limited amount of catalyst coking evidenced by thermo-
gravimetric analysis.

Further tests concern the applicability of the same catalyst
and process conditions to the dehydration of methyl-N-(2-
hydroxyethyl)-2-pyrrolidones, which are obtained by the con-
version of itaconic and methylsuccinic acids. To satisfy the
need for relatively large substrate quantities in order to
operate the continuous setup, 3-methyl-N-(2-hydroxyethyl)-2-
pyrrolidone was synthesized by thermally reacting 3-methyl-
y-buytrolactone and ethanolamine (see ESIf). The desired
product (>95% NMR, see Fig. S7f) is obtained after
vacuum distillation. Subsequent gas phase dehydration on the
continuously operated setup yields 75 mol% of 3-methyl-N-
vinyl-2-pyrrolidone at previously optimized conditions

This journal is © The Royal Society of Chemistry 2019
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(WHSV = 2.4 goupsirate ear ~ D' and T = 350 °C). Since the
main by-product is 3-methyl-2-pyrrolidone, a reduction in resi-
dence time through an increase in substrate flow rate (WHSV =
3.6 Zsubstrate eat ~ D) increases yields to 90 mol% of vinyl-
pyrrolidone. Overall, the setup was operated continuously for
7 h converting 20 Zoubstrate Zeatalyst « (se€ Fig. S107). The
collected product mixture was vacuum distilled leading to the
facile separation of 3-methyl-N-vinyl-2-pyrrolidone (>95%
NMR, see Fig. S87), which may be used for polymer synthesis.
It thus appears that an industrial process could make use of
rather simple and efficient separation techniques.

Conclusions

The reaction network for the reductive amidation of dicar-
boxylic acids with ethanolamine has been elucidated, clearly
showing the rate-determining nature of the hydrogenation
step. Based thereon, the challenge of this transformation lies
in (i) the low reducibility of the intermediate imide functional-
ity and (ii) the possibility for over-reduction, e.g. of the
hydroxyl-substituent introduced with ethanolamine. Ru/C
stands out from the set of common reduction catalysts tested
herein, due to its ability to activate not only H,, but also C=0
bonds. It could be shown that, using optimal process con-
ditions, the reductive amidation of succinic and itaconic acid
can yield up to 75 mol% of valuable products. In order to con-
clude the sustainable value chain leading from biogenic acids
to monomers, N-(2-hydroxyethyl)-2-pyrrolidones were de-
hydrated in a continuous gas phase reactor leading to NVP
monomers. With water as the only by-product and the use of
solid catalysts, this process shows promise to overcome the
drawbacks of fossil-based NVP production. The achievable
yield of NVP from succinic acid over the whole two-step
process is above 72 mol% and could be further optimized by
the design of improved chemoselective catalysts for reductive
amidation. As a potential for future research, it is noted that
the applied Ru/C catalyst requires long reaction times to
achieve high conversion and product yield. It would thus be
interesting to develop alternative materials with a more pro-
nounced ability to activate C=O bonds. Investigations in this
direction are ongoing.
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