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Introduction

Sustainable succinylation of cellulose in a CO,-
based switchable solvent and subsequent Passerini
3-CR and Ugi 4-CR modificationf

Z. Soyler, ©2 K. N. Onwukamike,®® S. Grelier,” E. Grau,® H. Cramail ©° and
M. A. R. Meier (*

A rapid and effective dissolution and activation of cellulose was demonstrated by a reversible reaction of
CO, with the hydroxyl groups of the cellulose backbone in the presence of 1,8-diazabicyclo[5.4.0lundec-
7-ene (DBU). The dissolved cellulose was subsequently subjected to in situ derivatization with succinic
anhydride without the need of any additional catalyst under very mild conditions. As a result of our optim-
ization studies, cellulose was successfully converted to cellulose succinates with degrees of substitution
(DS) ranging from 1.51 to 2.59, depending on the reaction conditions and the molar ratio of succinic an-
hydride. The optimized reaction conditions were successfully applied to different types of cellulose
samples including microcrystalline cellulose (MCC) and organosolv wood pulp (WP), exhibiting similar
conversions. Furthermore, the carboxylic acid moiety, introduced by the succinylation, was further con-
verted via Passerini three-component reactions (Passerini-3CR) and Ugi four-component reactions (Ugi-
4CR). **P NMR revealed the quantitative conversion of carboxylic acid moieties on the cellulose back-
bone under mild conditions. All obtained products were thoroughly characterized by ATR-IR, *H, *C, and
3P NMR spectroscopies as well as by size exclusion chromatography (SEC). Thermal properties of the
obtained products were investigated by differential scanning calorimetry (DSC) and by thermogravimetric
analysis (TGA), revealing glass transitions (Tg) for all the Passerini and Ugi products between at 76-116 °C
and high thermal stability between 263-290 °C. The reported methodology represents a very mild, highly
efficient and sustainable route for the dissolution of cellulose and the synthesis of cellulose succinates.
The subsequent modifications of the obtained cellulose succinates via multicomponent reactions resulted
in materials with improved thermal properties and offers a straightforward and versatile modification
strategy for cellulose.

chemical structures.” Particularly, lignocellulosic biomass has
an annual natural production of 170 x 10° tons per year.’

Most of the raw materials used in the chemical industry are
petroleum derived. The increasing dependency of mankind on
crude oil highlights the concern of its finite availability along
with its environmental impact. In this context, renewable
materials research has become a mainstream topic." Biomass
constitutes a very promising alternative renewable resource,
offering sufficient amounts of carbon with a broad range of
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Cellulose, which constitutes 35-50% of the total ligno-
cellulosic biomass, offers considerable advantages as potential
sustainable alternative to petroleum-derived materials due to
its positive attributes, such as high mechanical and thermal
stabilities as well as biodegradability and biocompatibility.
Cellulose is a high molecular weight hydrophilic homopolymer
consisting of p-1,4 linked p-glucose units with 3-OH groups per
anhydroglucose (AGU). However, its lack of processability and
insolubility in common organic solvents as well as its insuffi-
cient physico-chemical properties constitute limiting factors
for its utilization by the chemical industry. Thus, chemical
modification via its accessible free hydroxyl moieties are
required and investigated.”> Chemical modifications of cell-
ulose, such as esterification,® etherification” and grafting
(from or onto)® are among the most common techniques.
Such derivatizations could be achieved via heterogenous or

This journal is © The Royal Society of Chemistry 2018
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homogenous approaches.® Until recently, heterogenous modi-
fications on the surface of cellulose fibres have been more
common due to the solubility challenge of -cellulose.
Homogenous modifications of cellulose, on the other hand,
are highly desirable as the latter enable to control the DS
simply by adjusting the reaction conditions.” Over the
past decades, various solvent systems have been
shown to be capable of solubilizing cellulose including
N-methylmorpholine N-oxide (NMMO),"® mixtures of dimethyl-
sulfoxide-tetrabutylammonium fluoride (DMSO-TBAF),"" or
N,N-dimethylacetamide-lithium chloride (DMAc-LiCl)."?

In 2002, Swatloski et al.'® reported on the possibility to
solubilise cellulose in ionic liquids (ILs). Due to their very low
vapor pressure and recyclability, ILs are regarded as environ-
mentally benign solvents for cellulose solubilisation. As shown
in the review of Miki-Arvela et al,'* extensive studies on
homogenous modifications of cellulose have been reported
using ILs as solvents. However, along with the debate over
their efficiencies, ILs still suffer from some limitations since
they are relatively expensive and easily contaminated in the
course of the reaction, thereby making their recovery relatively
difficult. Moreover, their toxicity and economic production are
still under investigation.?

Renewability as such, not only for the production of syn-
thetic polymers, cannot be considered satisfactory in terms of
sustainability. Thus, in order to reach fully sustainable
methods and procedures, avoiding toxic chemicals and limit-
ing waste production, or more generally considering all 12
principles of green chemistry for novel procedures, is
essential.®

Recently, a more sustainable CO,-based switchable solvent
system for cellulose solubilisation was proposed by Xie et al.'”
as well as by Zhang et al.'® almost simultaneously. This CO,
based switchable solvent strategy can be considered a break-
through for the solubilisation of cellulose in terms of
efficiency and sustainability. Basically, two distinct strategies
were reported concerning this solvent strategy, a derivative'®
and a non-derivative'” approach (Scheme 1). The derivative
approach includes the direct incorporation of CO, to the
hydroxyl groups of the cellulose in the presence of a super-
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Scheme 1 Derivative and non-derivative approaches for the dissolution
of cellulose using CO, as a reagent.
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base, such as DBU, resulting a reversible carbonate complex
on the cellulose backbone, in DMSO as a solvent. The non-
derivative approach employs an additional source of hydroxyl
groups, such as ethylene glycol, for the in situ solubilization of
cellulose. The term ‘switchable’ comes from the role of CO, in
the system. A carbonate anion is formed resulting in the solu-
bilisation of native cellulose, which can afterwards readily be
regenerated by releasing the CO, from the system. A superbase,
which is a part of the reversible complexation could be regen-
erated as well upon CO, release, thus facilitating the recovery
of the superbase from the system. Compared to classic ionic
liquids, this solvent system is more efficient, more sustainable
(i.e. no multi-step synthesis is required for IL synthesis and
recovery is straightforward), and cheaper, since the only
chemical to be synthesized is DBU (or another superbase).
Moreover, solvent recovery is easier. Recently, several studies
have been reported on the homogenous modifications of cell-
ulose using this solvent system, including acylation and graft-
ing from approaches. In all cases, milder reaction conditions
leading to higher conversions compared to classic ionic
liquids were described.'®?° Recent studies have shown that the
superbase has a dual role in this system, both being part of
the solvent system and acting as a catalyst in reactions.'®?°
Indeed, the superbase is not fully converted into its protonated
form in the solvent system. Therefore, the remaining free
superbase maintains its catalytic activity, thus explaining
higher conversions under mild reaction conditions.?

The acylation of cellulose using succinic anhydride is one
approach to introduce carboxylic acid moieties to the cellulose
backbone in a sustainable manner. Succinic anhydride can be
produced from bio-based raw materials such as sugars.”” In
addition, succinic anhydride does not lead to an undesired
corresponding by-product, which is yet another contribution
to the reduced environmental impact of the procedure.
Extensive studies are available on the homogenous succinyla-
tion of cellulose using succinic anhydride leading to various
DS ranging from 0.3 without any catalyst to 2.3 using catalysts
such as 4-(dimethylamino)pyridine (DMAP), depending also
on the reaction conditions.>*>® A variety of solvent systems
and catalysts have been studied for this cellulose modification
so far. For instance, Yin et al?® studied a N,N-dimethyl-
acetamide/LiCl solvent mixture for the succinylation of cell-
ulose in the presence of triethylamine as catalyst, leading to
DS values of up to 1.45. In addition, Sun et al.>® achieved a DS
of up to 2.34 in 1-butyl-3-methylimidazolium chloride
(BMIMCI) as solvent in the presence of DMAP as catalyst at
100 °C. Chen et al*® utilized the same catalyst for homo-
genous succinylation of cellulose in a tetra butylammonium
fluoride (TBAF)/dimethyl sulfoxide (DMSO) solvent mixture,
leading to a DS up to 2.11. Recently, homogenous succinyla-
tion of cellulose was also studied under catalyst free con-
ditions. Liu et al.”” studied a BMIMCI/DMSO solvent mixture
as well as 1-allyl-3-methylimidazolium chloride (AMIMCI) for
the succinylation of cellulose without catalyst, obtaining DS
values of up to 0.53 and 0.22, respectively. These previous
studies have shown that the presence of a catalyst is essential
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to obtain high conversions. Interestingly, none of these reports
focused on the recovery of the solvent systems and/or the cata-
lyst, which is of course important regarding the sustainability
of the procedure.

Along with various potential applications, such as absor-
bents for soil in agriculture or for the removal of heavy metals
from waste water,”® the carboxylic acid moieties introduced by
succinylation offer unique opportunities for further modifi-
cation of cellulose, for instance via multicomponent reactions
(MCRs) such as the Passerini three component (Passerini
3-CR) or the Ugi four component (Ugi 4-CR) reactions. MCRs
are well explored and comprehensively studied for a wide
range of chemical conversions. The latter reactions are very
robust, versatile and offer advantages such as high atom
economy, one pot reactions and high yields.>® To the best of
our knowledge, the corresponding multicomponent reactions
have so far only been used for the crosslinking studies of
carbohydrate polymers, including carboxymethyl cellulose and
chitosan, to obtain hydrogels.*® The modification of cellulose
via Passerini-3CR and Ugi-4CR, which has not been reported
before, is an innovative and powerful approach for the develop-
ment of cellulose-based materials with desired tunable pro-
perties by selective combination of the different components
employed.

Herein, we thus report an efficient and sustainable method-
ology for the modification of cellulose with succinic anhydride
in a CO,-based switchable solvent system (Scheme 2). This
improved methodology enables higher conversions under
milder conditions, if compared to previous studies (see litera-
ture discussion above).”* Moreover, we introduce the use of
multicomponent reactions as versatile and mild modification
strategy for cellulose. Indeed, succinylated cellulose prepared
with the highest degree of substitution (SFP 6) was further
modified via Passerini-3CR and Ugi-4CR with excellent conver-
sions and yields (Scheme 3).

Results and discussion

In this work, we demonstrate the rapid and efficient dis-
solution and activation of cellulose for the subsequent deriva-
tization with succinic anhydride. The dissolution of cellulose
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was achieved at 50 °C in 30 minutes (compared to previously
reported 60 °C for 3 h) by applying 2-5 bar of CO, pressure in
the presence of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU, 1 eq.
with respect to -OH groups of cellulose) in DMSO as a solvent.
Thus, applying the derivative approach (see Scheme 1 and
Introduction), the hydroxyl groups on the cellulose backbone
could react reversibly with CO, to yield carbonate anions,
resulting in a DMSO soluble polymeric structure (Scheme 1).
Since very mild conditions were applied for the effective dis-
solution of cellulose, this solvent system exhibits several
advantages in terms of efficiency and sustainable economy
over ionic liquids, for which much longer times (6-12 h) and
higher temperatures (90-120 °C) are usually required."® The
activation is reversible and under release of the CO, cellulose
can easily be regenerated. However, our observations showed
that the solvent system could be preserved in a closed system
under argon atmosphere for a couple of weeks, maintaining its
efficiency. DMSO is often used as solvent or co-solvent for the
homogenous functionalization of carbohydrates as it provides
higher solubility and efficiency than its alternatives DMAc and
DMEF.*" Moreover, DMSO is regarded as an environmentally
relatively benign solvent due to its high boiling point and low
vapor pressure. Consequently, DMSO is selected as ‘greenest’
possible solvent and is thus widely employed for the
functionalization of carbohydrate polymers, especially for cell-
ulose.** Furthermore, DBU, which is part of the solvent system
in this work, is a well-known organocatalyst for various trans-
formations, including esterification and alkylation reactions.*?
This organocatalyst, along with being a part of the solvent
system, maintained its catalytic activity in the course of the
reactions with excellent efficiency in this work.

Filter paper (whatman™ cellulose filter paper, no. 5) was
utilized as a cellulose source for the optimization studies of
the succinylation reaction. All the cellulose samples were dried
under vacuum for 24 h at 100 °C prior to modification in order
to minimize potential negative effects of residual water on the
conversion. The optimization results for the succinylation of
cellulose samples with succinic anhydride are summarized in
Table 1. '"H NMR spectroscopy was used for the determination
of the DS of the succinylated cellulose samples. For this, the
obtained succinylated cellulose samples were dried under high
vacuum at elevated temperatures to reduce the effect of

® HO
H (o]
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Scheme 2 Dissolution and activation of cellulose for the subsequent derivatization with succinic anhydride using CO,-based switchable solvent.
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Scheme 3 Modification of the succinylated filter paper via Passerini-3CR (right) and Ugi-4CR (left) reactions.

Table 1 Summary of the degree of substitution (DS) of modified filter
paper with succinic anhydride (SA) under different reaction conditions
(4% w/w DMSO concentration)

Products Eq. SA? T (°C) Time (min) Ds”
SFP 1 2.25 RT 30 1.51
SFP 2 2.25 RT 60 1.53
SFP 3 2.25 RT 90 1.51
SFP 4 3 RT 30 1.88
SFP 5 3.75 RT 30 2.16
SFP 6 4.5 RT 30 2.59
SFP 7 6 RT 30 2.62
SFP 8 4.5 60 10 2.22
SFP 9 4.5 60 30 —¢
SFP 10 4.5 80 10 2.06
SFP 11 4.5 80 30 —.c

“Equivalents of succinic anhydride with respect to anhydroglucose
units (AGU). ?DS was calculated from "H NMR spectroscopy. ¢ Not
determined, insoluble material. (RT: room temperature).

residual water on the DS value calculation. The method used
for calculation of the DS values can be found in the ESI{ and
relies on a large number of scans for each measurement at
increased temperature, to ensure well-resolved 'H NMR
spectra. The correctness of the method was later confirmed by
further analysis of the obtained derivatives of the cellulose suc-
cinate (see discussion below). The effects of the concentration
of cellulose, of the succinic anhydride molecular ratio as well
as of the reaction time and temperature were investigated. The
initial screening of the optimization studies was conducted by
using ATR-IR spectroscopy. The optimization was performed
by monitoring the intensity of the carbonyl peak at around
1703 cm™" that is characteristic of the substituted ester moiety.
Spectra were normalized to the intensity of the C-O stretching
vibration of glycopyranose as internal reference at around
1050 cm™' to have a relative comparison of the different
degrees of modifications, since the pyranose oxygen absorp-
tion is not influenced significantly upon the succinylation
process.

This journal is © The Royal Society of Chemistry 2018

Absorbances in the fingerprint region around 982, 896 and
606 cm ™' are associated with the anhydroglucose unit of
native cellulose. The peak at around 3300 cm™" corresponds to
stretching vibrations of the OH groups of native cellulose,
which is reduced and replaced after the modification by a very
broad signal between 2390-3680 cm™' characteristic of the
introduced -COOH stretching vibrations. In addition, new
peaks at 1704 and 1148 cm™" were observed and attributed to
the C=0 and C-O stretching vibrations of the introduced car-
boxyl moiety, respectively (Fig. 1). A complete overview of the
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Fig. 1 ATR-IR data of native filter paper, succinylated filter paper
(SFP 6), Passerini (P1) and Ugi (U1) products of filter paper.
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Fig. 2 'H (left) and **C NMR (right) of the succinylated filter paper (SFP 6) in DMSO-d.

optimization data can be found in the ESL{ 'H and >C NMR
spectroscopies were used for a further confirmation of the
structure of the succinylated cellulose. After the modification,
the peaks belonging to the backbone of the cellulose and the
new peaks introduced by succinylation are clearly observed
(Fig. 2). The new broad peak at around 11.8 ppm corresponds
to the protons of the carboxylic acid moiety. Methylene groups
of the introduced succinate at around 2.5 ppm overlap with
the NMR solvent DMSO-ds and cannot be clearly observed in
"H NMR. However, *C NMR reveals the presence of the
methylene signals at around 28.36 and 28.02 ppm. Moreover,
the new peaks at around 172.46 and 170.77 ppm are character-
istic of the ester and acid functionalities of the introduced suc-
cinates, respectively. Moreover, peaks associated with ester
groups attached to positions cs, c3; and c, were clearly
observed by >C NMR (Fig. 2).

From our observations, the concentration of cellulose consti-
tutes a predominant factor for homogenous reactions of cell-
ulose. Therefore, different concentrations of cellulose were
tested to determine the highest possible conversion and 4%
(w/w) of cellulose concentration gave the best result in terms of
conversion. Lower concentrations of cellulose (i.e. 2% and 3%
(w/w)) led to lower conversions (ESI Fig. S31). Higher concen-
trations, above 4%, resulted in a very viscous reaction mixture
during the addition of succinic anhydride. Thus, the magnetic
stirring could not be maintained at these higher concentrations.

Furthermore, different reaction temperatures were tested
and the highest conversions were obtained applying room
temperature. Higher reaction temperatures, such as 60 and
80 °C, resulted in lower conversions and after 30 min of reac-
tion time, the product isolated by reprecipitation was insoluble
in common organic solvents, probably due to crosslinking (ESI
Fig. S2, S4 and S57). Similar results were observed in previous
studies at high reaction temperatures (100 °C). Here, lower
reaction temperatures (60-80 °C) resulted in crosslinked
materials, presumably due to the higher reactivity of the
applied solvent system in comparison to previous studies.>

218 | Green Chem., 2018, 20, 214-224

The optimum reaction time for obtaining the highest conver-
sion and yield was also investigated and found to be
30 minutes. Applying longer times did not improve the DS.

Additionally, the molar ratio of succinic anhydride has a pro-
nounced influence on the reaction. The DS could be adjusted
(from 1.51 to 2.59, the highest reported in literature yet) by
changing the molar ratio of succinic anhydride (from 2.25 to
4.50 eq. per AGU), resulting in different material properties (ESI
Fig. S1t). The optimized reaction conditions were applied to
different types of cellulose samples, including microcrystalline
cellulose (MCC) and organosolv wood pulp (WP), exhibiting
similar conversions, thus also demonstrating the reproducibility
and versatility of the established procedure (ESI Fig. S61).

Size exclusion chromatography (SEC, relative calibration) of
the succinylated cellulose samples revealed high molecular
weights in the range of 150-270 kDa, depending on the type of
the cellulose. As expected, succinylated filter paper (SFP) had
the highest molecular weight with 271 kDa. Succinylated
microcrystalline cellulose (SMCC) and organosolv wood pulp
(SWP) exhibited similar molecular weights with 150 and
160 kDa, respectively (Table 2, Fig. 3 and ESI S257). Moreover,
although the reported values are relative to the PMMA stan-
dards used for calibration, reaching such high molecular
weights for the modified cellulose samples highlights the
mildness of the applied procedures and indicates that the
possible degradation of the cellulose backbone was mini-
mized. The thermal properties of the succinylated filter paper
with the highest DS (SFP 6) were further characterized by
differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). No thermal transition was observed. Moreover,
it showed low thermal stability (5% degradation temperature
of 202 °C) when compared to unmodified filter paper (305 °C)
(Table 2). This could be ascribed to the high acid content,
introduced via succinylation, on the cellulose backbone, which
presumably causes the degradation of the polymeric structure
at high temperatures. After the reaction, DMSO and DBU were
successfully recovered via a facile work-up. Fractional distilla-

This journal is © The Royal Society of Chemistry 2018
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Table 2 SEC data, degrees of substitutions, conversions of carboxylic acid moieties, and thermal behaviours of modified cellulose samples

Product M, (kDa) M,, (kDa) o DS? Conversion? (%) Yield® (%) Ty (°C) Ta (°C)
Filter paper — — — — — — — 305
SFP 6 271 714 2.6 2.59 — 86 — 202
SMCC 166 353 2.1 2.51 — 91 — —/
SWp 167 593 3.5 2.57 — 82 — —

P1 177 587 3.3 2.59/2.64° 100 87 91 289

P2 212 690 3.2 2.59/2.64° 100 92 76 278

U1 193 533 2.6 2.59/2.64° 88.7 83 116 263
U2 242 656 2.7 2.59/2.64° 97.6 92 99 276
U3 225 647 2.8 2.59/2.64° 99.6 89 112 290

“ GPC measurements were carried out relative to poly(methyl methacrylate) calibration in DMAc/LiBr (1% w/w). ” DS was calculated by 'H NMR.
°DS value was calculated from *'P NMR of Passerini product. ¢ Conversion of the carboxylic acid moieties were calculated by *'P NMR. ° Yields
were calculated from DS values (detailed calculations can be found in the ESI).” Not measured.
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Fig. 3 GPC traces of succinylated filter paper (SFP 6) and Passerini products P1 and P2 (left) as well as Ugi products U1-U3 (right).

tion was applied to recover the DMSO (90 °C, 25 mbar). The
remaining mixture, composed of DBU and succinic anhydride/
succinic acid or salts, was transferred into ethyl acetate and
washed with a 6 M NaOH (3 x 10 mL) solution to recover DBU
(56%). The high purity of recovered DBU could be shown by 'H
and C NMR spectroscopy (ESI Fig. $30 and S31f). Indeed,
the relatively low recovery yield of the DBU might be improved
in the future by applying larger scale reactions by avoiding
sample loss. In this work, the recovery of the unreacted succi-
nic anhydride or succinic acid/salt was not attempted, again
due to the small reaction scales used for this initial study.
Finally, the obtained succinylated filter paper with the
highest DS (DS: 2.59 from "H NMR, SFP 6) was further deriva-
tized by Passerini three-component (Passerini 3-CR) and Ugi
four-component (Ugi 4-CR) reactions. Two different reactions
for Passerini 3-CR and three different reactions for Ugi 4-CR
were performed in order to easily tune the properties and the
molecular structure of the modified cellulose. All reactions
were performed under homogenous conditions using DMSO
as a solvent. The concentration of the starting materials in
Passerini and Ugi reactions is a key parameter. Thus, different
concentrations of succinylated cellulose were tested and 50
mg mL~"' was found to be most efficient. Reactions were per-

This journal is © The Royal Society of Chemistry 2018

formed at 50 °C to ensure the homogeneity of the reaction
media and also to reduce the viscosity of the reaction mixture,
enabling feasible stirring. Passerini reactions were completed
within the 24 hours, while 48 hours were required for Ugi reac-
tions to achieve highest conversions of the carboxylic acid moi-
eties. The conversion of carboxyl moieties was determined by
3P NMR spectroscopy. The unreacted carboxylic acid moieties
as well as the free hydroxyl groups reacted with the phosphory-
lating agent, revealing a broad peak between 140-155 ppm and
at around 134 ppm, respectively. Results have shown that all
Passerini reactions on succinylated filter paper resulted in full
conversions of carboxyl moieties, since no signal at around
134 ppm was observed in *'P NMR. Thus, the DS value of suc-
cinylation obtained from 'H NMR (DS: 2.59) could be con-
firmed by *'P NMR revealing very similar DS values (DS: 2.64
from *'P NMR). This consistency also verifies the reliability of
our method for the determination of DS values of succinylated
cellulose (Table 2 and ESI Fig. S18-S227). The details of the
calculation of the conversion of the carboxylic acid moieties of
the Passerini and Ugi products by *'P NMR are described in
the ESLt{ Very high conversions of the carboxyl moieties
(88.7-99.6%), depending on the structure of the utilized com-
ponents, were observed for the Ugi reactions (Table 2). All
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Fig. 4 DSC data of filter paper, succinylated filter paper (SFP 6) and Passerini products P1 and P2 (left) as well as Ugi products U1-U3 (right).

Passerini and Ugi products of cellulose were soluble in
common organic solvents including tetrahydrofuran, chloro-
form, dichloromethane, methanol as well as dimethyl sulfo-
xide and dimethyl formamide, thus significantly simplifying
their analysis. The success of the MCRs was also observed by
ATR-IR spectroscopy (Fig. 1 and ESI Fig. S7-S11f). In both
cases, the broad signal between 2390-3680 cm™", which rep-
resents the carboxylic acid moiety introduced via succinyla-
tion, almost completely disappeared and is replaced by less
broad peaks between 3150-3700 cm™ ", which are attributed to
the mixtures of newly introduced »(N-H), via MCRs, and
unreacted »(O-H) stretching vibrations from the cellulose
backbone. Regarding the Passerini products, a new peak at
around 1660 cm™' corresponding to the introduced amide
functionality appeared. The Ugi products exhibit an additional
peak at around 1625 cm™" associated to the C=O stretching
vibrations of another amide functionality, since two amide
groups were introduced. Further confirmation of the multi-
component products was obtained using 'H and '*C NMR
spectroscopy (Fig. 5, 6 and ESI Fig. $12-S171). "H NMR of the

modified filter papers revealed that the broad peak at around
11.8 ppm, which is associated with hydrogen of carboxyl
moiety, disappeared and new corresponding peaks of the com-
ponents appeared and are clearly seen after the modification.

Moreover, the hydrogen of amide moiety, introduced via
Passerini and Ugi reactions, was clearly observed at around
6.5 ppm in 'H NMR. *C NMR provides further confirmation
of the completion of the Passerini and Ugi reactions. Peaks at
around 170 ppm, corresponding to carboxyl moieties of succi-
nylated filter paper, disappeared and were replaced by peaks
belonging to carbonyl groups of the amide groups at around
169 and 168 ppm for Passerini and Ugi products, respectively.
The peaks associated with the cellulose backbone are barely
observed by "*C NMR after the modification. The general over-
view of the peaks and spectra can be seen in the Experimental
section and ESI,{ respectively.

Elemental analysis of the Passerini and Ugi products
further proved the purity of the modified cellulose samples,
since no residual DMSO was found (i.e. no sulphur content).
Furthermore, as expected, the nitrogen content was signifi-

THF-d,

B

Chemical Shift (ppm)

Fig. 5 *H (left) and 3C (right) NMR of the Passerini product P1.
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Fig. 6 H (left) and *C (right) NMR of the Ugi product U1.

cantly higher in the Ugi products if compared to the Passerini
products (see ESI Table S17).

Moreover, SEC traces did not reveal any major change in
hydrodynamic volume upon further modification of filter
paper, resulting in very high molecular weights between 177
and 225 kDa (Table 2, Fig. 3) and thus no significant degra-
dation of the cellulosic backbone. The slight decrease of the
molecular weights of the Passerini and Ugi products compared
to succinylated filter paper could be ascribed to a different
swelling behavior. However, comparison of the SEC data should
remain within the Passerini and Ugi products, not with succiny-
lated cellulose, due to the highly different solubility (and thus
hydrodynamic volume and swelling behavior) of the samples.

The thermal properties of the Passerini and Ugi products
were investigated by DSC and TGA. All Passerini and Ugi pro-
ducts derived from succinylated filter paper showed glass tran-
sitions (7,) between 76-116 °C (Fig. 4). The glass transition
temperatures of Ugi products were found at higher tempera-
tures (99-116 °C) than the ones of the Passerini products
(76-91 °C), presumably due to the two amide functionalities
present in the Ugi products, which lead to additional hydrogen
bonding and thus less mobility of the polymeric chains.
Interestingly, we showed the possibility to tune the thermal
properties of modified cellulose samples by simple variation of
the components chosen for the MCRs, which might also lead
to thermal processibility. The TGA measurements showed that
all the Passerini and Ugi products possessed high thermal
stability, with degradation between 263-290 °C, higher than
the one of the succinylation cellulose (202 °C) and close to the
native cellulose (305 °C) (ESI Fig. S26 and S277).

Conclusions

In this work, we report a rapid and efficient dissolution and acti-
vation of cellulose for the subsequent derivatization with succinic

This journal is © The Royal Society of Chemistry 2018

184 160 136 112 88 64 40 16
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anhydride in a CO, based switchable solvent under very mild con-
ditions. We demonstrated that the degree of substitutions can be
adjusted (1.51 to 2.59) by changing the reactions conditions and
the molar ratio of succinic anhydride. The reported solvent
system is more efficient, more sustainable, and also cheaper com-
pared to other procedures, since the only chemical to be syn-
thesized is DBU, less toxic and easier to recover. Additionally, this
solvent system did not employ any additional catalyst, since DBU
is the part of the solvent system and also acted as a catalyst.
Additionally, the recovery of DMSO and DBU was successful
using a facile work-up. This work thus constitutes a valuable con-
tribution towards a more sustainable polymer industry and
shows several advantages compared to previous studies on the
succinylation of cellulose, where more expensive solvent systems,
additional catalysts (such as DMAP), higher equivalents of succi-
nic anhydride (6 eq. per AGU) were utilized at elevated tempera-
tures (100-120 °C). Finally, introducing thermal transitions
(here Ty) to cellulose remains an important research interest. By
utilizing the carboxylic acid moiety introduced in the succinylated
cellulose, we successfully carried out Passerini 3-CR and Ugi 4-CR
post modifications. The procedure presents a straightforward
functionalization with a high atom economy leading to cellulose-
based materials with adjustable thermal properties. The possi-
bility to tune the properties of the Passerini and Ugi products by
simply utilizing various aldehydes, amines and isocyanides via a
one pot procedure facilitates the synthesis of a variety of cell-
ulose-based materials that are not accessible via etherification,
esterification or other commonly applied methods.

Experimental part
Materials

All chemicals were used without further purification, unless
otherwise stated. Filter paper was purchased from Whatman™
(filter paper, no. 5), organosolv wood pulp was kindly provided
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by our colleague, microcrystalline cellulose (MCC, powder),
dimethyl sulfoxide (DMSO, anhydrous, >99.9%), 1-pentyl iso-
cyanide (97%), Dbutylamine (99.5%), cyclohexyl iso-
cyanide (98%), 2-phenylpropionaldehyde (98%), benzoic acid
(ACS reagent, >99.5%), 2-chloro-4,4,5,5-tetramethyl-1,3,2-di-
oxaphospholane (TMDP, 95%), chromium(m) acetylacetonate,
(99.99% trace metals basis) were purchased from Sigma
Aldrich. 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU, 98%), succi-
nic anhydride (>95) isobutyraldehyde (>99%), tertbutyl isocya-
nide (98%) was purchased from TCI Europe N.V. Deuterated
chloroform (CDCI;-d), deuterated dimethyl sulfoxide
(DMSO-dg), deuterated tetrahydrofuran (THF-dg) was purchased
from Merck. CO, was purchased from air liquid (>99%). Native
cellulose samples were dried prior to use (24 h at 100 °C) in
order to reduce the amount of water to a minimum. Other sol-
vents, such as hexane, were used in technical grade.

General procedure for the solubilization and in situ synthesis
of cellulose succinate

Cellulose (0.50 g, 3.08 mmol) was suspended in 12.5 mL of
DMSO followed by addition of 1,8-diazabicyclo[5.4.0]Jundec-7-
ene (1.41 g, 9.25 mmol) and allowed to stir for 30 minutes at
50 °C in the presence of CO, (2-5 bar) to obtain a clear solu-
tion. Afterwards, succinic anhydride (1.39 g, 13.8 mmol, 4.5
eq. per AGU) was added to the clear solution of cellulose and
stirred for 30 minutes at room temperature. The resulting reac-
tion mixture was poured to vigorously stirring water (200 mL).
Then, water was slightly acidified with a diluted (0.05 M)
hydrochloric acid solution to obtain white precipitates. The
crude product was collected and dissolved in DMSO and repre-
cipitated in water (200 mL). The white product was further
washed with water (200 x 3 mL) to remove DMSO, DBU and
unreacted succinic anhydride, completely. The pure white
product was dried under vacuum at 70 °C for further analysis.
The yield was calculated from DS value. Yield: 86% ATR-IR
(em™): 2390-3680 mixtures of (COOH), 1(O-H), v,5(CH,), and
v4(CH,), 1703 1(C=0), 1147 y(C-0) "H NMR (500 MHz, DMSO-
de) 6y ppm: 11.8 (br, 1H), 3.0-5.3 (m, AGU, 7H), 2.46-2.57
(m, 4H). *C NMR (500 MHz, DMSO-ds) 6c ppm: 172.46,
170.77,101.97, 99.14, 75.27, 72.03, 71.20, 62.22, 28.36, 28.02.

General procedure for the Passerini (3-CR) on succinylated
filter paper

Succinylated filter paper (0.1 g, 0.24 mmol, DS: 2.59) was sus-
pended in 2 mL of DMSO and allowed to stir at 50 °C to obtain
a clear solution. Afterwards, the (2 eq. with respect to -COOH
group, DS: 2.64) corresponding aldehyde (1.26 mmol) and iso-
cyanide (1.26 mmol) were added dropwise to the reaction
mixture and allowed to stir for 24 hours at 50 °C. After the
completion of the reaction, the resulting mixture was poured
to vigorously stirring water (100 mL) to obtain white precipi-
tates. The crude product was collected and dissolved in THF
(3 mL) and reprecipitated in water (100 mL). Then, the precipi-
tates were collected and dissolved in THF (3 mL) and reprecipi-
tated in hexane (100 mL). This washing procedure with hexane
was repeated two times to completely remove unreacted
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Passerini components. The pure white product was filtered
and dried under vacuum at 50 °C, 24 h for further analysis.
Yields were calculated from theoretical yields of respective
Passerini products. P1: Yield: 87% ATR-IR (cm™'): 3195-
3506 mixtures of y(N-H) and v(O-H), 2965-2877 v,4(CH,),
vs(CH,), 1737 ester ©(C=0), 1665 amide v(C=0), 1149 y(C-0)
'H NMR (500 MHz, THF-dg) 8y ppm: 6.44 (br, 1H), 4.74
(m, 1H), 3.30-5.35 (m, AGU, 7H), 2.69 (m, 4H), 2.19 (br, 1H),
1.3 (s, 9H), 0.95 (s, 6H). *C NMR (500 MHz, THF-dg) 5 ppm:
172.72, 168.94, 79.40, 51.71, 31.47, 29.25, 19.31, 17.83. P2:
Yield: 92% ATR-IR (cm™"): 3174-3509 mixtures of »(N-H) and
Y(O-H), 28722960 v,5(CH,), v5(CH,), 1737 ester 1(C=0), 1655
amide »(C=0) 1149 1(C-0) 'H NMR (500 MHz, THF-dg) 6y
ppm: 7.09 (br, 1H), 4.87 (m, 1H), 3.40-5.20 (m, AGU, 7H), 3.18
(br, 2H), 2.67 (m, 4H), 2.21 (br, 1H), 1.51 (m, 2H), 1.33 (m,
4H), 0.97 (s, 6H), 0.90 (s, 3H). *C NMR (500 MHz, THF-dy)
Sc ppm: 172.92, 169.54, 79.40, 39.98, 31.55, 30.17, 23.28, 19.31,
17.83, 14.45.

General procedure for the Ugi (4-CR) on succinylated filter
paper

Succinylated filter paper (0.1 g, 0.24 mmol, DS: 2.64) was sus-
pended in 2 mL of DMSO and allowed to stir at 50 °C to obtain
a clear solution. Afterwards, the (2 eq. with respect to -COOH
group, DS: 2.64) corresponding aldehyde (1.26 mmol), amine
(1.26 mmol) and isocyanide (1.26 mmol) were added dropwise
to the reaction mixture and allowed to stir for 48 hours at
60 °C. Upon completion of reaction, the mixture was precipi-
tated in vigorously stirring distilled water (100 mL), the
obtained precipitate was washed further with distilled water
(100 mL) followed by dissolving in THF (3 mL) and reprecipi-
tated in n-hexane (100 mL). This was repeated at least twice to
completely remove un-reacted starting materials. The obtained
white precipitate was filtered and dried under vacuum at
50 °C, 24 h for further analysis. Yields were calculated from
theoretical yields of the respective Ugi products U1: Yield: 83%
ATR-IR (em™'): 3642-3132 mixtures of y(N-H) and »(O-H),
2961-2872 1,4(CH,), 15(CH,), 1739 ester (C=0), 1678, 1622
amide »(C=0), 1157 y(C-0) 'H NMR (500 MHz, THF-dg) y
ppm: 7.14-7.35 (m, 5H), 6.50 (br, 1H), 4.43 (br, 1H), 3.48-3.55
(m, 3H), 3.10-5.42 (m, AGU, 7H), 2.62 (br, 4H), 1.69 (br, 2H),
1.08-1.38 (m, 14H), 0.88-0.99 (br, 3H). >C NMR (500 MHz,
THF-dg) 5¢c ppm: 172.53, 169.42, 168.28, 143.80, 125.96-128.80,
73.30, 50.53, 50.16, 39.07, 31.85, 27.69-28.02, 20.19, 17.62,
13.08. U2: Yield: 92% ATR-IR (cm™'): 3692-3146 mixtures of
V(N-H) and »(O-H), 2958-2856 v,,(CH,), v5(CH,), 1743 ester
y(C=0), 1672, 1640 amide »(C=0) 1159 (C-O) 'H NMR
(500 MHz, THF-dg) 6y ppm: 6.97 (br, 1H), 4.35 (br, 1H),3.65
(br, 1H), 3.38 (br, 2H), 3.02-5.40 (m, AGU, 7H), 2.67 (br, 1H),
2.45 (br, 4H), 1.22-1.31 (m, 6H), 0.92-1.08 (br, 8H), 0.79-0.92
(m, 9H). >C NMR (500 MHz, THF-dg) §c ppm: 173.03, 169.87,
168.87, 73.78, 48.77, 45.81, 33.52, 33.34, 32.54, 28.96, 27.84,
26.51, 21.01, 20.15, 19.43, 13.93. U3: Yield: 89% ATR-IR (cm™):
3612-3150 mixtures of y(N-H) and »(O-H), 2963-2872
Vas(CH,), vs(CH,), 1745 ester y(C=O0), 1670, 1642 amide
¥(C=0), 1162 1(C-0). 'H NMR (500 MHz, THF-dg) &;; ppm:

This journal is © The Royal Society of Chemistry 2018
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7.31 (br, 1H), 4.39 (br, 1H), 3.29 (br, 2H), 3.00-5.40 (m, AGU,
7H), 2.63-2.10 (br, 5H), 1.53 (br, 2H), 1.28 (br, 11H), 0.92
(br, 6H), 0.82 (br, 3H). "*C NMR (500 MHz, THF-dg) 5 ppm:
173.77, 173.02, 170.69, 73.71, 51.76, 50.99, 30.38, 29.89, 28.89,
28.94, 28.13, 27.83, 20.76, 20.27, 19.83.

Recovery of DMSO and DBU

After precipitation of the product in water, the filtrate contain-
ing DMSO and DBU was evaporated using the rotary evapor-
ator recovering water. Then, DMSO was distilled using a distil-
lation apparatus (90 °C, 25 mbar). The remaining mixture was
transferred to ethyl acetate (50 mL) and washed with water (3 x
10 mL, 6 M, NaOH). The organic phases were collected and
dried over NaSO,. Then, the mixture was filtered and ethyl
acetate was evaporated using rotary evaporator to obtain DBU
(recovery yield: 56%).

31p NMR Method for DS determination

Degree of substitutions (DS) were determined by *'P NMR
using a Bruker Ascend™ 400 MHz spectrometer with 1024
scans, a delay time d1 of 3 seconds and a spectral width of
90 ppm (190-100 ppm). Samples were prepared according to
the following procedure: an exact amount of 25 mg of a
sample was weighted and dissolved in 500 pL of CDCI;.
Pyridine (150 pl) was added upon complete dissolution.
Afterwards,  2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospho-
lane (2-CI-TMDP, 100 pl, 0.63 mmol) was added to the solution
and allowed to stir for 5 minutes a solution of chromium(i)
acetylacetonate (50 pL, 50 mM in pyridine:CDCl;/3:2) as
relaxation agent and endo-N-hydroxy-5-norbornene-2,3-di-
carboximide (125 pL, 123.21 mM in Pyridine: CDCl;/3:2,
0.0154 mmol) as internal standard were added and the solu-
tion was stirred for further 5 minutes. Then, 700 pl of the solu-
tion was transferred to an NMR tube. DS values and carboxyl
moiety conversions of Passerini and Ugi products were calcu-
lated according to the reported equation.* Additionally, the
calculations of the carboxyl moieties on Ugi products were per-
formed by taking *'P NMR of the Passerini products as refer-
ence, since Passerini products showed full conversions of the
carboxyl moieties.

Instrumentation

Nuclear magnetic resonance spectroscopy (NMR). "H NMR
spectra were recorded using Bruker Avance DRX 500 MHz with
(for succinylated cellulose samples) 3000 scans and a time
delay d1 of 5 seconds at 80 °C. Data were reported in ppm rela-
tive to DMSO-d, at 2.5 ppm and with (for multicomponent pro-
ducts) 1024 scans and a time delay d1 of 5 seconds at 50 °C.
Data were reported in ppm relative to THF-dg at 1.73 and
3.58 ppm. *C NMR spectra were recorded using a Bruker
Avance DRX 500 with 30000 scans and a time delay d1 of 5
seconds at 50 °C. Data are reported in ppm relative to THF-dg
at 25.37 and 67.57 ppm (for multicomponent products) and
DMSO-d; at 39.51 ppm (for succinylated cellulose samples).
All products were dissolved in THF-dg and DMSO-d¢ with the
concentrations of 30-50 mg mL™".

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

Infrared spectroscopy (IR). Infrared spectra of all samples
were recorded on a Bruker alpha-p instrument using ATR
technology.

Size exclusion chromatography (SEC). Measurements were
performed using a SEC system with DMAc (1 g L™" LiBr) as
eluent with a sample concentration of 3 ¢ L™' on a Polymer
Laboratories PL-GPC 50 Plus Integrated System containing an
autosampler, a PLgel 5 pm bead-size guard column (50 x
7.5 mm), followed by three PLgel 5 pm Mixed-C columns (300
x 7.5 mm), and a refractive index detector at 50 °C with a flow
rate of 1 mL min~'. The system was calibrated against poly
(methyl methacrylate) standards with molecular weights
ranging from 700 to 2 x 10° Da. The dissolved samples were fil-
tered through polytetrafluorethylene (PTFE) membranes with a
pore size of 0.2 pm prior to injection.

Differential scanning calorimetry (DSC). DSC experiments
were carried out with a DSC821e (Mettler Toledo) calorimeter
using 100 pL aluminum crucibles. An amount of 30 mg for
each sample was measured in two heating cycles of
—75-250 °C with heating and cooling rate of 15 K min™". The
second heating curves were considered for the accurate exam-
ination. Samples were measured at least three times for the
verification of the results.

Thermal gravimetric analysis (TGA). TGA measurements
were conducted with a Netzsch STA 409C instrument applying
a-Al,O; as a crucible material and reference sample. The
samples (~20 mg) were heated from 25 °C to 500 °C under
nitrogen flow with a heating rate of 5 K min~". Weight loss of
the sample was evaluated for the determination of the thermal
degradation.
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