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Abstract: Manufacturing valuable N-containing chemicals from
biomass is highly desirable yet challenging. Herein, we report a novel
strategy for efficient production of 2-(1-hydroxyethyl)-imidazoline (HI),
a high-value and versatile building block for synthesizing a myriad of
bioactive targets, directly from carbohydrates under mild reaction
conditions. With this strategy, bio-based HI was produced from
fructose in one step with as high as 77 C% isolated yield in the
presence of ethylenediamine (EDA) and InCl; at 130 °C. The
synergistic functions of EDA and InCl; were identified for the
transformation, wherein EDA promoted the scission of C-C bond of
fructose backbone via Retro-Aldol (R-A) reaction and rapidly trapped
in-situ formed reactive carbonyl-containing C; intermediate for HlI
formation to avoid undesired side reaction, and InCl; facilitated the
formation of this C; intermediate and final 1,2-hydrid shift step.

From environmental and sustainable points of view, it is highly
desirable to produce valuable N-containing platform chemicals
from renewable biomass resources.d Currently, direct
transformation of biomass, such as carbohydrates, into N-
containing chemicals seems a formidable task due to the fact that
complicated reaction pathways can be involved to introduce
additional nitrogen atoms into the pristine carbon-oxygen based
structures. Despite the particularly important role of N-containing
chemicals played in agricultural, pharmaceutical and cosmetic
industries,®! to date only very limited types of N-containing
chemicals, such as acrylonitrile,”! short diamines,®® amino
acids,[” pyrrole® and 2-methyl pyrazine,’® have been exploited
from biomass components. However, production of N-containing
chemicals, especially bearing heterocyclic moiety, usually suffer
from stringent reaction conditions and low product selectivity. For
instance, catalytic conversion of sugars in the presence of
ammonia solution at 180 °C afforded 2-methyl pyrazine, as the
main product, in around 21 C%.[ These facts highlight some of
the significant challenges that are encountered while attempting
the synthesis of value-added heterocyclic chemicals directly from
biomass resources.

2-imidazoline is a class of important heterocyclic compounds due
to its potent biological activity and surfactant property.[%11 Among
various 2-imidazolines, hydroxyl-functionalized 2-imidazoline is of
particular appeal, as the extra hydroxy functional group renders it
particularly useful for the synthesis of a plenty of physiologically
active compounds, such as RX 781094, cirazoline and

phentolamine as adrenergic antagonists (Scheme 1.3).1223 The
conventional manufacture of 2-imidazoline mainly relies on the
condensation of EDA with costly pre-functionalized fossil-based
chemicals, such as nitriles and esters, which usually involve
several synthetic steps from fossil fuel (Scheme 1.1).114
Developing novel sustainable synthetic routes to 2-imidazoline
from renewable biomass resources such as carbohydrates, in a
straightforward and efficient way, is highly desirable.

In carbohydrate chemistry, the R-A reaction is known to be
favoured at high temperatures and the cleavage of C-C bond
usually necessitate a temperature above 160 °C.[*518 This high-
temperature prerequisite for sugar R-A reaction can be
circumvented by introducing a primary or secondary amine, as
recently disclosed by Sels et al.58l The amine was found to
function in a similar manner as the catalysis process of nature-
evolved aldolases to promote the C-C bond scission via R-A
reaction, therefore resulting in a low energy requirement (~125
°C).[>*" Transition metal salts inherited with Lewis acid property
are well recognized catalysts for converting carbohydrates to
lactic acid (LA) as well as synthesizing heterocyclic compounds
via facilitating hydride shift.'®-201 |n  carbohydrates-to-LA
transformation, pyruvaldehyde (PA) is an important intermediate
which is highly reactive under high-temperature reaction
conditions due to the existence of two carbonyl groups. The side
reactions triggered by carbonyl-containing compounds mainly
account for the low carbon balance of the carbohydrate reaction
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Scheme 1. (1) Conventional synthesis of 2-imidazoline, (2) the proposed one-
step conversion of fructose to 2-(1-hydroxyethyl)-imidazoline (HI), (3) examples
of physiologically active compounds from hydroxy 2-imidazolines.



by forming cumbersome by-products, such as humin. We
envisage that by using EDA and metal salt not only the
fragmentation process for sugars can be accelerated, but also the
highly reactive PA in the reaction media can be trapped and
reacted, giving rise to the one-step formation of stable N-
containing heterocyclic chemicals.

Herein, we propose a novel approach for direct conversion of
carbohydrates to HI catalyzed by metal chloride salts in the
presence of EDA. The transformation can be achieved through a
one-pot reaction involving the fragmentation of sugars into triose-
based fragments via EDA promoted R-A cleavage and a
subsequent synthesis of HI product catalyzed by a metal chloride
salt. Based on this strategy, fructose and even polysaccharide
inulin can be efficiently converted to HI under quite mild reaction
conditions (110-150 °C).

Our study began with screening a wide variety of salts, mainly
metal chlorides, for the aminolysis of fructose with EDA in air at
140 °C. HI, derived from C3 fragment, was obtained as the main
product in these reactions after 3 h, as shown in Figure 1. The
product vyield, given in C%, was determined by gas
chromatography and represented the fraction of carbon
originating from the sugar feedstock that was found in the product.
The addition of metal salt generally improved the catalytic
performance for HI production except using NiCl,, CoCl, and
alkali metals (LiCl and NaCl), which gave similar yields to the
blank test (8%) without metal salt. Among all metal salts tested,
InCl; exhibited the highest catalytic performance, affording 2-
imidazoline product in 65% yield. Other metal salts, including
AICls, CrCls, FeCls, Fe(OTf)s, YCls, ZrCl,, CeCls, NdCls-6H,0 and
EuCl;-6H,0 also afforded decent product yields, showing in the
range of 48-62%. The significant difference in catalytic
performance of Fe(lll) salts (~50% from FeCl; and Fe(OTf)3) and
Fe(ll) salts (~20% from FeCl,) revealed that the Lewis acidity
property of metal salts possibly played a crucial role in this
catalytic transformation. Considering the higher catalytic
efficiency of InCls, this catalyst was selected for further
investigations.

The influence of reaction temperature, loading of InCls, H,O
content and reaction atmosphere were further investigated. The
results indicated that the temperature of 130 °C (Table S1), 7.5
mol% of InCls (Figure S3), and inert reaction atmosphere (Table
S2, entries 1 and 2) were the best choices for efficient conversion
of fructose to HI. An appropriate amount of H,O (less than 16.7
mmol) in the catalytic system was found to be necessary for
achieving high catalytic reaction efficiency since both overmuch
and deficient H,O led to a substantial drop in product yield (Table
S2, entries 2-9). This H,O effect may be realized via balancing
the iminization and hydrolysis steps in the cascade reactions.

To gain insights into the reaction pathways, the conversion of C3
fragments, including glyceraldehyde (GA), dihydroxyacetone
(DHA), PA and LA, which are well-known compounds arising from
fructose fragmentation, was investigated at 130 °C under argon
atmosphere (Table 1). Without InCls, conversions of GA and DHA
with EDA gave only 13% and 11% yields of HI respectively, much
lower than 52% obtained from PA (Table 1, entries 3, 6 and 9).
On the contrary, good yields (> 80%) were achieved for the
conversion of all three Cz fragments in the presence of InCls
(Table 1, entries 1, 4 and 7), although a markedly faster reaction
rate for HI formation was observed in the case of PA. No HI
product could be obtained from LA even employing InCl; (Table
1, entry 10). These results demonstrate that GA, DHA and PA
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Figure 1. Catalytic performance of metal salts for the transformation of fructose
to HI. Reaction conditions: fructose (180 mg, 1 mmol), EDA (1.2 g, 20 mmol),
metal salt (5 mol%), 140 °C, 3 h, in air. Yields determined by GC using n-
hexadecane as an internal standard.

Table 1. Conversion of Cs-fragments into HI®

Entry Substrate Cat. Time (h) Yield (%)®!
1 GA InCls 4 82
2 GA InCl3 1 6
3 GA 4 13
4 DHA InCl3 4 80
5 DHA InCl3 1 5
6 DHA 4 11
7 PA InCl3 4 85
8 PA InCl3 1 40
9 PA 4 52
10 LA InCl3 4 —

[a] substrate (0.67 mmol), InCls (4 mol%), EDA (10 mmol), H20 (5.6 mmol), 130
°C, Ar. [b] yields based on GC calculation using n-hexadecane as an internal
standard.

could be involved in the catalytic aminolysis of fructose and InCls
plays a key role in the transformation of these Cs;-based
intermediates into HI. Among these three C; intermediates, PA
can be most readily converted to HI. Notably, the similar yields
from fructose (8%, Figure 1) and trioses (~12% from DHA and GA,
Table 1, entries 3 and 6) in the absence of InCl; reveal the
facilitating function of EDA to R-A fructose fragmentation.
Altogether, these results demonstrate the crucial role of InCl; for
the transformation of GA and DHA into PA and to a lesser extent
for the transformation of PA into HI. The contribution of InCl;z in
the R-A reaction should also not be ruled out.

The monitoring of the reaction progress with time by *C NMR is
presented in Figure 2. The spectrum of fructose exhibits typical
NMR peaks between 60 and 105 ppm. Peaks at 104.4, 101.5 and
98.1 are attributed to C-2 (anomeric carbon) of a-fructofuranose,
Pfructofuranose and  p-fructopyronose  respectively  as
reported.! Upon mixing fructose with EDA (t = 0 min), high field
chemical shifts at 93.5-98.4 ppm for C-2 of all forms of fructose
were observed, indicating the complete formation of
hemiaminal,?? which was also corroborated by the appearance
of multiple new peaks around 42.7 ppm, attributed to EDA moiety
of the formed hemiaminal.

The spectrum recorded after 1 h at 130 °C showed new intensive
peaks at 18.8, 39.9, 40.2, 41.7, 49.1, 57.2, 177.8 ppm, which were
ascribed to the iminized 2-imidazolidine intermediate (IM-4)
potentially generated from the conjugated imine intermediate (IM-



1044 1015 98.1

Fructose

0 min

ah ° oH @

Figure 2. *3C NMR spectra of fructose and the reaction mixture at different times.
Reaction conditions: fructose (180 mg, 1 mmol), EDA (20 mmol), InCls (7.5
mol%), 130 °C, under Ar.

3) via cyclization during the catalytic process (Scheme 2). This
type of cyclization can easily take place in the reaction of
aldehyde with EDA for 2-imidazoline formation according to
previous reports.?324 The detection of intermediate with m/z of
157 (Figure S6-3) in the reaction mixture by LC-MS further
corroborated the formation of IM-4. In addition, characteristic
peaks, including at 16.6, 39.3, 41.8, 52.7, 175.5 ppm, of HI were
detected. Other small peaks appeared in the 160—190 ppm region,
likely arising from various ketimine, aldimine or carbonyl (> 180
ppm) compounds involved in the overall process. With further
increase of the reaction time, the product peaks evidently grew at
the expense of IM-4 consumption, being dominant in the spectrum
after 4 h. It should be noted that some characteristic peaks of IM-
4 were still present even prolonging the reaction time to 24 h,
implying that the formation of nitrogenous oligomers or polymers
containing IM-4 structure units, may occur because of Maillard
(Browning) side reaction,?>2% which was supported by the colour
change of the reaction mixture from colourless to dark brown.

Based on the obtained results, a plausible reaction pathway for
the catalytic conversion of fructose with EDA into HI is proposed
in Scheme 2. The reaction starts with a nucleophilic attack of the
NH: group of EDA on the carbonyl function of fructose resulting in
the formation of a hemiaminal intermediate. Imine species IM-1 is
then generated from the hemiaminal via dehydration and
undergoes R-A fragmentation mainly facilitated by EDA to result
in the cleavage of aC—/C, giving rise to the two Cs fragments, IM-
2 and GA. The generation of IM-1 and IM-2 is supported by LC-
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MS analysis (Figure S6-1 and 2). Conversion of IM-2 into GA is
then achieved through equilibrium with DHA and GA is
dehydrated into PA which in turn evolves to the bis-imine
intermediate IM-3 due to the large excess of EDA. 2-imidazolidine
IM-4, readily formed from IM-3 via cyclization, can be eventually
converted into HI via a hydrolysis into 2-acetyl-imidazolidine and
a subsequent InCls-catalyzed 1,2-hydrid shift reaction.?”281 The
IM-4 hydrolysis process is in line with the above-mentioned
beneficial H,O effect in fructose-to-HI transformation (Table S2).
The application scope of this catalytic aminolysis process was
further extended to other feedstocks, which include glucose,
sucrose and inulin, representing typical monosaccharide,
disaccharide and polysaccharide, respectively (Table 2). The
catalytic conversion of glucose in the presence of EDA and 7.5
mol% InCl; at 130 °C gave 24% yield of HI after 13 h (Table 2,
entry 5). Even lower product yields were obtained from sucrose
(13%), a disaccharide composed of glucose and fructose, and
inulin (18%), a polysaccharide consisting of fructose. The good
tolerability of the glycosidic bonds to hydrolysis into
monosaccharides in the weak basic medium possibly accounts
for these more modest results.? Indeed, when a two-step
reaction strategy, comprising fructose production from inulin
hydrolysis catalyzed by InCl; in aqueous medium and subsequent
aminolysis of generated fructose to the desired HI product in the
presence of EDA, was employed for one-pot conversion of inulin,
HI yield can be achieved up to 53% (Table 2, entry 8). Besides
the scope extension of carbohydrate feedstocks, varied 1,2-
diamines can be also utilized to synthesize the corresponding
hydroxyl-functionalized heterocyclic product. Taking trans-1,2-
diaminocyclohexane as the example, the catalytic conversion of
fructose with trans-1,2-diaminocyclohexane and 17% water in
presence of InCl; enabled the synthesis of 2-(1-hydroxyethyl)-
hexahydro-benzimidazole (HHB) with two diastereomers 1 and 2
in a ratio of 1:1.3 and in a satisfactory total isolated yield of 66%.
The typical catalytic conversion of fructose under the optimized
reaction conditions provided HI in 74% GC yield (Table 2, entry
1), which is comparable to the obtained 77% isolated yield (Table
2, entry 2), and 75% yield based on *C NMR quantification
(Figure S4). A scale-up reaction with fructose loading of 5 g gave
a comparable yield of 73% after 4 h (Table 2, entry 3). In addition,
after removing the HI product and the remaining EDA by
distillation under vacuum, the resultant dark brown polymeric
residue containing InCl; catalyst (see Figure S5) was reused for
the new batch of fructose conversion and afforded Hl in a yield of
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Scheme 2. Proposed reaction pathway for the conversion of fructose into HI in the presence of InClz and EDA.
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Table 2. Catalytic conversion of carbohydrates into heterocyclic compounds in
the presence of InClz and 1,2-diamine.

Entry  Substrate Time (h) Product Yield(%)®
1 Fructose 4 74
2 Fructose 4 770
30 Fructose 4 73
44 Fructose 4 . OH 75

5 Glucose 13 (:’NH\ 24
6 Sucrose 24 13
7 Inulin 13 18
8tel Inulin 5+4 53

m
9 Fructose 4 Cj’:»_\aH O‘:?’}_(UH 66!

€] (2
Reaction conditions: substrate (1 mmol, based on monosaccharide unit), InCls
(0.075 mmol), EDA (20 mmol), H20 (11 mmol), at 130 °C, under Ar. [a] GC yield
using n-hexadecane as the internal standard unless otherwise stated. [b]
Isolated yield by column chromatography. [c] A scale-up test with 5 g of fructose.
[d] The reaction carried out with recycled InCls catalyst. [e] The reaction was
carried out via a two-step strategy (SI).

75%, identical to the fresh one, indicating a full catalytic activity of
the recycled InCl; and implying this one-pot strategy could be
served as a feasible way for sustainable synthesis of HI from
carbohydrate feedstocks. The environmental factor (E-factor),’
a green chemistry metric, of this catalytic transformation was
evaluated to be 2 when regarding both added and produced water
as waste and considering the recyclability of the excess EDA (see
Sl), showing its superiority to the traditional synthetic processes
(5-50) for fine chemicals.

In conclusion, a novel catalytic process for efficient production of
bio-based HI directly from carbohydrates is presented. Up to 77%
isolated yield of HI was obtained from fructose in the presence of
ethylenediamine and a catalytic amount of InCls. For this
transformation, a plausible catalytic reaction pathway via an
iminized 2-imidazolidine intermediate (IM-4) was proposed and
the synergistic effect of EDA and InCl; was identified. Moreover,
this strategy is applicable to other carbohydrates, even including
polysaccharide inulin, and other 1,2-diamines for corresponding
heterocyclic products. It therefore represents a promising strategy
for sustainable synthesis of valuable heterocyclic chemicals from
biomass resources via a simple way.
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