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Tamiflu is one of the most effective anti-influenza drugs, which is currently manufactured by Hoffmann-La Roche from shikimic

acid. Owing to its importance, more than 60 synthetic routes have been developed to date, however, most of the synthetic routes

utilise the potentially hazardous azide chemistry making them not green, thus not amenable to easy scale up. Consequently, this

study exclusively demonstrated safe and efficient handling of potentially explosive azide chemistry involved in a proposed Tamiflu

route by taking advantage of the continuous-flow technology. The azide intermediates were safely synthesised in full conversions

and >89% isolated yields.

Introduction

Tamiflu is currently one of the most important drugs available
to combat the influenza virus and this has seen immense
research efforts by the scientific community to exclusively
focus on the development of new, better and practical ap-
proaches to manufacture this drug [1,2]. More than 60 synthe-
tic routes have been developed towards Tamiflu to date [1-3].
However, most of these synthetic approaches suffer from the
use of potentially hazardous azide chemistry, thus raising safety
concerns [4] and eventually ruled out for large scale synthesis
in batch systems [1,2]. The importance and use of azide chem-

istry in organic chemistry synthesis is well documented [5].

However, there are potential hazards associated with its applica-
tion thus posing safety concerns [6-8]. From the viewpoint of
azide chemistry, the synthesis of Tamiflu is very interesting in
many aspects, because azide chemistry is extensively utilised.
Most reported synthetic routes towards Tamiflu employ the
potentially explosive azide chemistry to introduce N-based sub-
stituents on the drug [5-8]. Furthermore, the current industrial
production route by Hoffmann-La Roche is no exception. Hoff-
mann-La Roche worked closely with a firm that specialises in
azide chemistry to develop its industrial process [1,2,6,9]. Nu-

merous reported routes demonstrate amazing potential and inge-
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nuity in the Tamiflu molecule assembly. However, most of
them are not amenable to easy scale-up due to the safety
concerns associated with azide chemistry [1,2]. Therefore, the
development of alternative practical and safe processes for
Tamiflu synthesis, which can be adapted at large scale is imper-
ative. The safety concerns associated with the use of azide
chemistry prompted the chemical community to develop azide-
free synthetic routes [1,2,7,10,11]. However, routes involving
azide chemistry proved to be more superior in most instances
than azide free alternatives [2,12]. Hayashi’s group developed
highly efficient two ‘one-pot’ sequences towards Tamiflu at
gram-scale, which proceeded in 10 steps with an outstanding
60% overall yield [1,13]. The approach required five isolations
only. Unlike Magano [1], the authors could not avoid the use of
the potentially explosive azide chemistry. The azide intermedi-
ate was not isolated to address the safety concerns posed by
azides. Positively, their approach was characterised by low
catalyst loading, no protecting group chemistry and absence of
halogenated solvents [1,13]. Generally, this approach is attrac-
tive for large scale manufacturing, however, the safety concerns
posed by the use of azide chemistry needs to be addressed espe-
cially at large scale where the risk is very high. In an effort to
address the safety concerns raised by the potentially explosive
acyl azide 1a (Scheme 1), Hayashi and co-workers [14] demon-
strated the handling of the Curtius rearrangement reaction
(transformation from acyl azide 1a to isocyanate 1b) in a micro-
reactor system (Scheme 1 and Figure 1). Acyl azide 1a is a

potentially explosive compound because of its nitro and azide
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moieties [14] and its safety concerns need to be dealt with for
large scale synthesis. Safety in this reaction was achieved
by in situ formation and consumption in flow of the hazardous
intermediates (azide 1a and isocyanate 1b) (Scheme 1 and
Figure 1).

Continuous-flow synthesis offers the generation and consump-
tion of dangerous intermediates in situ preventing their accumu-
lation, thus it represents a potential solution for dealing with
hazardous reaction intermediates and products [15]. Additional-
ly, microreactors can handle exothermic reactions extremely
well, due to the inherent high surface area to volume ratio and
rapid heat dissipation [16] unlike the conventional batch
process. Continuous-flow production may certainly enhance the
green metrics of synthesis in several ways [17] and their work
clearly demonstrated the possibility of using continuous-flow
systems as a way of solving the problems associated with
handling hazardous intermediates and products in the synthesis
of Tamiflu.

With this in mind, we investigated safe ways of handling this
important but hazardous azide chemistry in Tamiflu synthesis
by using continuous-flow technology. The two steps involving
azide chemistry in flow are reported herein (Scheme 2), with
the vision of further integrating the other steps towards continu-
ous-flow total synthesis of this drug. To this effect, we have
already reported continuous flow shikimic acid (3) esterifica-

tion; the first step in the synthesis of Tamiflu [18].

Me Me
TMSNg, pyridine
\_? ¢ cog PhMe, 0 to 23 °C \ S cog _simnr
o ;
clo¢  NO, NO,
1
Me Me
Ac,0, HOAc
0t023°C
\_? 5, FOH S, COuEt
o -
0=C=N  NO, AcHN  NO,

Scheme 1: Handling of azide chemistry in Tamiflu synthesis by Hayashi and co-workers [14].
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Figure 1: Synthesis of compound 2 from acyl chloride 1 via Curtius rearrangement using a continuous-flow system [14].
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Scheme 2: Azide chemistry in the synthesis of Tamiflu.

Results and Discussion
Continuous-flow synthesis of ethyl (35,4R,5R)-3-azido-4,5-

bis(methanesulfonyloxy)cycohex-1-enecarboxylate (5).

Mesyl shikimate azidation is a pivotal step in our proposed
Tamiflu route. Mesyl shikimate 4 in the presence of a suitable
azidating agent undergoes a highly regio- and stereoselective
nucleophilic substitution of allylic O-mesylate at the C-3 posi-
tion affording azide compound 5 (Scheme 3).

Nie and co-workers [19] reported the treatment of mesyl shiki-
mate 4 with NaN3 (4 equiv) in aqueous acetone (Me,CO/H,0
5:1) at 0 °C for 4 h in batch to afford azide 5 in 92% yield. The

use of high temperatures was detrimental to azide 5 yield due to
the formation of the side product ethyl 3-azidobenzoate (Sa).
For example, at room temperature for 3 h or at 50 °C for 2 h,
the aromatic side product 5a was obtained in 16% and 81%
yield, respectively. Consequently, the reaction was strictly done
at 0 °C and below. Therefore, the use of NaNj3 in high equiva-
lence (4 equiv) was to probably improve reaction kinetics at
low temperatures. Karpf and Trussardi [9] reported the synthe-
sis of azide 5 from mesyl shikimate 4 and NaN3 (1.1 equiv) in
DMSO for 3 h at room temperature in batch. Unlike Nie et al.
[19], they used only a slightly excess of NaN3 (1.1 equiv) at

room temperature to achieve good yields, however, the use of
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Scheme 3: Azidation of mesyl shikimate 5.

DMSO as solvent made the product isolation more difficult.
Despite also acknowledging aromatisation side reactions, this
communication did not report actual figures on yields for both
desired azide 5 and side product 5a. Kalashnikov et al. [20] ob-
served that the slightly basic nature of NaNj3 also contributed to
side reactions. To improve on Karpf and Trussardi’s approach
[9], they utilised less basic NH4N3 (1.5 equiv) generated in situ
from NH,4Cl from NaN3 in MeOH to azidate mesyl shikimate 4
for 5 h at room temperature in batch to afford desired azide §
(95%) and side product 5a was not quantified [20]. Ethyl
3-azidobenzoate (5a) is the common reported side product
[19,20] for the mesyl shikimate 4 azidation reaction
(Scheme 3).

We herein present a comprehensive study on various mesyl
shikimate 4 azidation procedures; with goal of safely and selec-

tively making azide 5 in flow.

Continuous flow C-3 mesyl shikimate azidation using sodi-
um azide (NaN3). A continuous flow system fitted with a
19 pL reactor (Chemtrix) was used to optimise the synthesis of
azide compound 5 from mesyl shikimate 4 using aqueous NaN3
(Figure 2). Initial studies had shown the same conversions in
both acetone and acetonitrile as solvents. Although acetone is a
greener solvent than acetonitrile [21,22], its use was accompa-
nied with eventual microreactor blockage caused by a resulting
precipitate from the acetone/aqueous NaNj mixture. Fortu-
nately, acetonitrile is also an acceptable green solvent [21,22].

Furthermore, acetonitrile has a higher boiling point than ace-
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OFt Na OFEt

5 5a

tone which is desirable for high temperature reaction interroga-
tion. Consequently, acetonitrile was the preferred solvent for
mesyl shikimate 4 for further optimisation in continuous-flow
systems.

Mesyl shikimate 4 (0.1 M) in acetonitrile was treated with
aqueous NaNj (0.11 M, 1.1 equiv) in a thermally controlled
microreactor system (Figure 2). Generally, good mesyl shiki-
mate conversions were obtained. As aforementioned, the reac-
tion affords two products, the desired azide compound 5 and the
side product 5a (Scheme 3). The findings on the effect of
various reaction conditions on conversion and selectivity are

presented graphically (Figure 3 and Figure 4).

It is evident that mesyl shikimate conversion increases with
increase in residence time and temperature (Figure 3). At 50 °C
and above, full conversions were achieved at incredibly low
residence times. Full conversion was achieved at 50 °C, 3 s resi-
dence time and 71% conversion at 0 © C and 3 s residence time
(Figure 3). Product selectivity to azide 5 is shown in Figure 4.

Generally, selectivity decreases with increase in residence time
and temperature (Figure 4). However, there is 100% selectivity
towards the desired azide 5 at 0 °C at all the investigated resi-
dence times with conversion ranging from 71% to 100%. There
was full conversion at 150 °C with 67% and 0% azide 5 selec-
tivity observed at 3 s and 300 s, respectively. At 50 °C, full
conversion was achieved with 100% and 73% azide 5 selec-
tivity at 3 s and 300 s, respectively (Figure 3 and Figure 4). It is

NaNj (aq) @—] Q
N3
OEt
o veo”
s
M Lz
sO.. OEt OMs
MsO" thermally controlled reactor 5
OMs
in acetonitrile
4

Figure 2: Continuous-flow system for C-3 azidation of mesyl shikimate using aqueous sodium azide.
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Figure 3: Mesyl shikimate azidation conversion in a continuous-flow
system using NaNs.
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Figure 4: Desired azide 5 selectivity in a continuous-flow system using
NaNs.

evident that high temperatures favour the undesired aromatic
azide compound 5a. Nie et al. [19] obtained 16% yield of the
aromatic compound Sa at room temperature for 3 h and 81% at
50 °C for 2 h in batch. The undesired aromatic azide 5a forms
from the desired azide product 5 via elimination and aromatisa-
tion [19,20]. Kalashnikov and co-workers [20] further ascer-
tained that the considerable basicity of NaN3 caused the side
reaction. Therefore, we investigated the effect of NaN3 concen-
tration on the reaction. Figure 5 illustrates the effect of NaN3
molar equivalent on mesyl shikimate 4 conversion and selec-

tivity of the desired azide 5 at 150 °C and 12 s residence time.

The selectivity towards azide 5 decreases with increase in NaNj
concentration (Figure 5). Contrary, mesyl shikimate 4 conver-
sion is improved with increased NaN3 amounts (1 and 2 equiva-
lents). The unexpected decrease in selectivity with increase in

NaNj concentration can be understood by considering Kalash-
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Figure 5: Effect of NaN3 concentration on mesyl shikimate 4 conver-
sion and azide 5 selectivity.

nikov and co-workers’ [20] explanation on NaNj3 basicity-in-
duced aromatisation resulting in undesired azide 5a. Therefore,
an excess of NaNj3 increases reaction basicity resulting in the
undesired azide 5a being favoured.

The continuous flow mesyl shikimate 4 azidation was highly
regio- and stereoselective to the C-3 position [9,19,20,23]. The
two OMs groups at C-4 and C-5 remaining intact as reported in
batch [9,19,20]. The highly selective C-3 azidation is reason-
able and easily understood because the C-3 position is much
more reactive (allylic position) and less hindered (Figure 6).

Figure 6: Regio- and stereospecific nucleophilic -N3 group attack.

The optimum conditions in flow for this reaction were found to
be 1.1 equivalents of NaN3, 50 °C and 12 s residence time
affording full conversion towards the desired azide 5. Despite
of high temperatures, long reaction times and basicity being
detrimental to the selectivity of the desired azide 5 in batch, it is
evident from our study that the use of a microreactor signifi-
cantly improved the selectivity and massively reduced the reac-
tion times. The production of azide 5 in 100% conversion
simplified the purification procedure. Most importantly,
microreactors improved safety as the potentially explosive azide
chemistry was safely investigated even at very high tempera-

tures thus making the process greener.
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Although we successfully developed a safe and efficient contin-
uous-flow procedure for the synthesis of azide 5 from mesyl
shikimate 4 by using NaNj3 (aq), the vision, however, is further
integrating all the steps in Tamiflu synthesis. We knew that the
current step will not be compatible with the subsequent step
when considering telescoping as it requires anhydrous condi-
tions. This prompted us to investigate whether alternative
azidating agents, which are soluble in organic solvents, such as
diphenyl phosphoryl azide (DPPA), trimethylsilyl azide
(TMSA) and tetrabutylammonium azide (TBAA) are suitable
for the reaction.

Continuous flow C-3 mesyl shikimate azidation using either
DPPA or TMSA. The use of either DPPA or TMSA as the
azidating agent for mesyl shikimate 4 was investigated in a

Chemtrix continuous-flow system (Figure 7).

Mesyl shikimate (0.1 M) was treated with a mixture of either
DPPA or TMSA (0.11 M, 1.1 equiv) and TEA (0.12 M,
1.2 equiv) in a continuous-flow system (Figure 7). The reaction
was quenched with aqueous HCI (0.05 M, 0.5 equiv) within the
flow system.

Using DPPA as the azidating agent, an increase in both temper-
ature and residence time resulted in the increase in mesyl shiki-
mate conversion in microreactors (Figure 8). High tempera-
tures easily gave full mesyl shikimate conversions. Generally,
the trends found with the use of DPPA are comparable to NaN3.
Figure 9 illustrates the reaction selectivity at varying conditions.

Azide 5 selectivity decreases with increase in temperature and
residence time (Figure 9). This trend was the same as observed
with the use of NaNj as the azidating agent. However, azide 5
selectivity was better with NaN3 than DPPA. At 50 °C and 30 s
residence time, full conversion was achieved with 95% and
70% azide 5 selectivity using NaN3 and DPPA as the azidating

Beilstein J. Org. Chem. 2019, 15, 2577-2589.

100 A 4]

8

c

o

‘@

2 90+

c

[e}

o

™«

2

g 80

=z

=

%) —e— 25°C

= —@&—— 50°C

§ 70 4 ——-v-—- 100°C

— b= 150 °C

. T T T T T T
0 50 100 150 200 250 300

Residence Time (s)

Figure 8: Mesyl shikimate azidation conversion in a continuous-flow
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Figure 9: Desired azide 5 selectivity in a continuous-flow system using
DPPA.

agent, respectively. The lower azide 5 selectivity associated
with DPPA is a result of the base TEA used. Basic conditions
are reportedly detrimental to the azide 5 selectivity [20]. The
use of a base in the DPPA procedure was unavoidable as the

HCl ®
DPPA or TMSA
TEA (0]
in acetonitrile N
3
OEt
5 |
MsO"
MsO,,
SO OEt OMs
MsO" thermally controlled reactor 4
OMs
in acetonitrile

3

Figure 7: Continuous-flow system for C-3 azidation of mesyl shikimate using DPPA or TMSA.
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reaction did not proceed in its absence. This can be understood
by considering the DPPA azidating mechanism. The reaction
takes place in two discrete steps, the first being phosphate for-

mation followed by azide displacement (Scheme 4) [24].

We quenched the reaction within a microreactor using aqueous
HCI. Since basic conditions were thought to be detrimental to
azide 5 selectivity, investigation of the effect of TEA concentra-
tion on the selectivity was reasonable so as to further ascertain
this. Therefore, the effect of base (TEA) concentration on azide
5 selectivity was investigated at room temperature and 6 s resi-
dence time to ascertain its role in the formation of the unwanted
aromatic azide 5a. Figure 10 illustrates the findings.

120

100 A

80 4

60 -

40

Azide 4 Selectivity (%)

20 +

TEA Equivalents

Figure 10: Effect of TEA concentration on the reaction selectivity.

The selectivity towards the desired azide 5 significantly de-
creased with increase in TEA concentration (Figure 10). The
aromatization reaction becomes predominant with increasing
reaction basicity thus indeed confirming the detrimental effect
of basic conditions on the reaction. The use of 1 equiv TEA
rather than 1.1 equiv is obviously more logical from the above
selectivity study. However, it was accompanied by a 6%

conversion loss.

TMSA was another azidating agent, which was investigated for
mesyl shikimate azidation in a continuous-flow system
(Figure 7). The reaction conversion and selectivity at varying
conditions is presented graphically (Figure 11 and Figure 12).

o4  (PhO)PON;
R EtsN

Scheme 4: DPPA azidating mechanism in the presence of a base.

R-OPO(OPh,)
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Figure 11: Mesyl shikimate azidation conversion in a continuous-flow
system using TMSA.

Just as with the other investigated azidating agents, mesyl shiki-
mate 4 conversion increased with increase in temperature and
residence time (Figure 11). The conversions found with TMSA
were comparable with both NaN3 and DPPA. Mesyl shikimate
conversions of 64%, 66% and 71% were obtained at 25 °C and
3 s residence time by using TMSA, DPPA and NaNj as
azidating agents, respectively.

The azide 5 selectivity trend using TMSA was similar to DPPA
and NaNj (Figures 4, 9 and 12). There is a general decrease in
azide S selectivity with an increase in temperature and resi-
dence time (Figure 12). However, the use of NaNj gave better
azide 5 selectivity than TMSA. Azide § selectivity of 95%
(100% conversion) and 67% (100% conversion) were achieved
at 25 °C and 30 s residence time using NaN3 and TMSA, re-
spectively. The lower selectivity was because of the basic reac-
tion conditions as TEA was used as a base. The effect of the
basic reaction conditions on the selectivity is explained in detail
vide supra. Azide 5 selectivity was almost the same when
DPPA (69%) and TMSA (67%) was used at 25 °C, 30 s resi-
dence time and 100% conversion. It is reasonable since both

procedures utilised TEA (1.1 equiv).

We observed that DPPA and TMSA procedures can be used for
mesyl shikimate 4 azidation in continuous-flow systems. From
a green chemistry point of view, the use of TEA in both proce-

»
+ /\N@ N3@ N3
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Figure 12: Desired azide 5 selectivity in a continuous-flow system
using TMSA.

dures was found to be the bottleneck as it lowered azide 5 selec-
tivity. Furthermore, TEA is classified as a non-green reagent,
which is not ideal [21,22]. In an effort to resolve this, we inves-
tigated the use of TBAA for continuous-flow mesyl shikimate 4
azidation as it does not require a base.

Continuous flow C-3 mesyl shikimate azidation using tetra-
butylammonium azide (TBAA). The use of TBAA as mesyl
shikimate 4 azidating agent was investigated in a continuous-

flow system (Figure 13).

Mesyl shikimate 4 (0.1 M) in acetonitrile was treated with
TBAA (0.11 M, 1.1 equiv) in acetonitrile in a continuous-flow
system (Figure 14). Interestingly, full mesyl shikimate 4
conversion was observed for all investigated reaction condi-
tions, residence time (3-300 s) and temperature (0-150 °C).
TBAA proved to be an effective azidating agent for mesyl
shikimate 4. However, there was a variation in azide 5 selec-
tivity under the investigated conditions. The findings on reac-
tion selectivity are presented graphically (Figure 14).

Beilstein J. Org. Chem. 2019, 15, 2577-2589.
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Figure 14: Continuous-flow system for C-3 azidation of mesyl shiki-
mate using TBAA.

Generally, there is the same azide 5 selectivity trend as the
others. Azide 5 selectivity decreased with increase in residence
time and temperature (Figure 14). Despite initially promising
to be the best azidating agent, this procedure generally gave
poor selectivities towards our desired azide 5 compared
to the others azidating agents under the same reaction condi-
tions as a result of the basicity of TBAA, making it less green
[12]. The optimum conditions are 3 s and 0 °C affording full
conversion and 94% azide 5 selectivity. Using TBBA, it was
important to quickly analyse the sample soon after collection as
the reaction continues in the collection vial at room tempera-
ture. Azide 5 selectivity was reduced with time in the vial.
Therefore, the development of a suitable quenching procedure
may be helpful. The TBAA procedure seems to be a promising
NaN3 procedure replacement when considering the aforemen-
tioned anhydrous telescoping due to its superior azidating

power.

Various safe and selective procedures for the synthesis of azide
5 from mesyl shikimate 4 in continuous-flow systems were suc-

TBBA in acetonitrile @——— o)
N3
OEt
0 |
MsO"
MsO,,
o OEt OMs
MsO" thermally controlled reactor 5
OMs
in acetonitrile
4

Figure 13: Continuous-flow system for C-3 azidation of mesyl shikimate using TBAA.
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cessfully developed. NaNj (aq) is the best azidating agent for
mesyl shikimate 4 towards the desired azide 5. The optimum
conditions are 1.1 equivalents of NaN3, 50 °C and 12 s
affording full conversion (HPLC) towards the desired azide 5 in
91% isolated yield. Unlike all literature procedures [9,19,20],
side product 5a was not detected using our procedure at 50 °C
and 12 s residence time. The use of green solvents, excellent
selectivities, safe handling of potentially explosive intermedi-
ates rendered the overall process green. The reported batch pro-
cedures afforded azide 5§ in 91-93% yield over an average of
3 h [9,19,20] which evidently makes our continuous flow proce-
dure more superior. Our procedure could have benefited from
the ‘fast and hot’ strategy, which is exclusive to flow chemistry
technology. In this strategy, reagents are passed through a
heated zone under high temperature at very fast flow rates
allowing for rapid reaction completion and is out of the heated
zone before significant byproduct is formed [25]. NaNj is the
cheapest and greenest azidating reagent of all the developed
procedures, however, the drawback is that it is not possible to
integrate with the next step, but if this is the case then that
strategy will have to be implemented. Basic reaction conditions
and high temperatures promote the unwanted aromatisation
reaction. There was no aromatisation detected when pure azide
5 was heated. This means that basic conditions promoted OMs
elimination and subsequent aromatisation of azide 5 at high
temperatures. Our azidating procedures described herein
are superior to the reported long batch procedures (2-4 h)
[9,19,20].

Continuous-flow synthesis of ethyl (3R,45,55)-5-azido-4-
acetylamino-3-(1-ethylpropyloxy)cyclohex-1-enecarboxy-
late (7): The azidation of acetamide 6 is another azidation step
in our proposed Tamiflu synthesis route. Acetamide 6 is treated
with a suitable azidating agent to afford azide 7. The C-5 OMs
group on acetamide 6 undergoes nucleophilic replacement by
the N3 group (Scheme 5).

Beilstein J. Org. Chem. 2019, 15, 2577-2589.
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Scheme 5: C-5 azidation of acetamide 6 in our proposed route.

Karpf and Trussardi [9] reported acetamide 6 treatment with
NaNj (2 equiv) in a solvent mixture of DMSO and EtOH at
90 °C for 20 h affording azide 6 in 66% yield in batch. Nie et al.
[19] demonstrated batch azidation of acetamide 6 with NaNj3
(4 equiv) in EtOH/H,O (5:1) under reflux for 8 h to afford azide
7 in 88% yield. Kalashnikov and co-workers [20] reported the
treatment of acetamide 6 in batch with NaNj3 (3 equiv) by
refluxing the reaction in 78% aqueous ethanol for 15 h to afford
95% of azide 7. Nie and Shi [23] also reported a 3 h acetamide
6 azidating batch procedure using NaN3 (4 equiv) in DMF/H,0
(5:1) affording 84% azide 7.

Herein, we present acetamide 6 azidation using various
azidating agents in a continuous-flow system.

Continuous flow acetamide 6 C-5 azidation using NaNj,
Acetamide 6 was treated with NaN3 in a Chemtrix continuous-
flow system affording azide 7 (Figure 15).

Guided by batch literature [9,19,20,23], preliminary experi-
ments in flow were done using acetamide 6 (0.1 M) in DMF
and aqueous NaN3 (0.3 M, 3 equiv) in a 19.5 pL glass microre-
actor at 100 °C for 90 s affording azide 7 (63%). We achieved
59% of azide 7 when we replaced the hazardous DMF with
acetonitrile. The amount of azide 7 produced decreased (44%)

NaN3 (aq) o—
o,
O...
OFt thermally controlled reactor
AcHN
OMs
6

in acetonitrile

Figure 15: Continuous flow system for C-5 azidation of acetamide 6 using NaNs.
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when less NaN3 (2 equiv) was used. The reaction was further
optimised using acetonitrile as acetamide 6 (0.1 M) solvent and
aqueous NaNj (0.1 M, 3 equiv) in the Chemtrix 19.5 puL glass
reactor (Figure 15). The findings are graphically presented in

Figure 16.
110
. 80°C
100 S A —o— 100°C
" - —v— 120%C
%0 - - — v — 150°C
24 Y — % —  190°C

Azide 7 Formation (%)

0 20 40 60 80 100

Residence Time (s)

Figure 16: Continuous-flow C-5 azidation of acetamide 6 using NaNs.

As expected azide 7 formation is a function of temperature and
residence time (Figure 16). The conversion of acetamide 6 to
azide 7 increased with increased temperature. Conversion
towards azide 7 was 55% and 100% at 80 °C and 190 °C at 45 s
residence time, respectively. At 80 °C, azide 7 was formed in
35% and 59% conversion, respectively (Figure 16). The
hazardous DMF was successfully substituted with greener
acetonitrile. The optimum conditions were found to be 190 °C
and 45 s residence time to afford azide 7 in full conversion
(HPLC) and 89% isolated yield. In batch, good yields (66-95%)
were attained at reaction times between 3 h and 15 h at temper-
atures around 90 °C [9,19,20,23]. Our flow procedure was

therefore more efficient than all the reported batch procedures.

Continuous flow allowed for higher reaction temperatures than
batch, which resulted in faster reactions.

Beilstein J. Org. Chem. 2019, 15, 2577-2589.

Continuous flow acetamide 6 C-5 azidation using various
azidating agents. The use of other azidating agents other than
NaNj was also investigated in a continuous-flow system
(Figure 17).

Optimum conditions found for NaN3 (1 M, 3 equiv, 190 °C, and
45 s) were used to investigate the use of DPPA, TMSA and
TBAA as azidating agents for acetamide 6 (0.03 M) in a
19.5 pL glass microreactor (Figure 17). These azidating agents
were dissolved in acetonitrile, not in water as with NaNj.
Reagents flow rates were used to achieve the required reagents
equivalents in flow. Experimental details for this study are
outlined in the chapter Experimental. The findings of this study
are graphically presented in Figure 18.

120

100 A

80 4

60 -

Azide 7 formation

40 A

20 A

Sodium Azide TBAA DPPA TMSA

Figure 18: Continuous flow synthesis of azide 7 from acetamide 6
using various azidating agents.

We successfully azidated acetamide 6 affording azide 7 at
varying conversions (%) using azidating agents (TBAA, DPPA
and TMSA) other than NaN3 NaNj3 proved to be the best
azidating agent (Figure 18). It is evident that the application of
ionic bonded azides (NaN3 and TBAA) gave almost similar

azidating agent
in acetonitrile

’—

in acetonitrile

thermally controlled reactor

Figure 17: Continuous flow C-5 azidation of acetamide 6 using various azidating agents.
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conversion, 100% and 93%, respectively. Whilst the use of
covalently bonded azides (DPPA and TMSA) resulted in lower
conversions, 84% and 81%, respectively (Figure 18). NaNj is
the azidating agent of our choice on efficiency, affordability
and availability viewpoint. TBAA can be used as azidating
agent instead of NaN3 when anhydrous conditions are required
which are useful in multistep syntheses.

Azide 7 was successfully synthesised from acetamide 6 in a
continuous-flow system using NaNj3 as the azidating agent.
Optimum conditions for this reaction were found to be NaN3
(3 equiv), 190 °C and 45 s residence time affording full conver-
sion (HPLC) towards azide 7 in 89% isolated yield. The use of
NaNj3 (2 equiv) was accompanied by a 15% decrease in conver-
sion. However, full conversion (NaN3 (2 equiv)) was achieved
at a longer residence time (75 s) than using 3 equiv of NaNjy
(45 s). Our continuous-flow azidation procedure for acetamide
6 proved to be more efficient than all the literature procedures
[9,19,20,23]. Furthermore, it is a green process as full conver-
sion of potentially explosive azide 7 was achieved by using
green solvents water and acetonitrile. The reaction tempera-
tures for C-3 azidation (mesyl shikimate 4 azidation, 25 °C,
vide supra) differed dramatically with the C-5 azidation (acet-
amide azidation, 190 °C). This is because the nucleophilic
(-N3) attack on C-3 (allylic position) is easier than that on C-5
(non-allylic position). Generally, we developed a safe and
attractive continuous-flow procedure for the synthesis of azide

7 from acetamide 6.

Conclusion

Continuous-flow technology allowed for safe handling of the
potentially explosive azide chemistry is involved in our pro-
posed Tamiflu synthesis. Highly efficient, green continuous-
flow azide chemistry processes were successfully developed for
this study. This useful technique can be utilised for good syn-
thetic approaches towards Tamiflu, which were previously
ruled out for large scale synthesis in batch systems on the basis
of safety concerns poised by the use of the potentially explo-
sive azide chemistry and other hazardous chemistry. Therefore,
problems inherent in scale-up are effectively eliminated or
reduced, making microreactor technology a viable tool in the
synthesis of Tamiflu. The azide intermediates were safely syn-
thesised in full conversions and >89% isolated yields.

Experimental

Chemicals were supplied by Sigma-Aldrich, Merck and Indus-
trial Analytical and used as received. Anhydrous solvents were
supplied by Sigma-Aldrich and maintained by drying over
appropriate drying agents. Nuclear magnetic resonance (NMR)
spectra were recorded at room temperature as solutions in
deuterated chloroform (CDCl3). A Bruker Avance-400 spec-
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trometer (400 MHz) was used to record the spectra and the
chemical shifts are reported in parts per million (ppm) with cou-
pling constants in Hertz (Hz). Infrared spectra were recorded
from 4000 to 500 cm™! using a Bruker spectrometer and peaks
(Vmax) reported in wavenumbers (cm™!). Melting points of all
compounds were determined using a Stuart® Melting Point
Apparatus SMP30 and Agilent Zorbax C;g, 10 um,
4.6 mm x 250 mm column. Continuous-flow reactions were
performed on a Labtrix® Start system and a Uniquis FlowSyn
system. Reactions were monitored by Agilent 1200 high-perfor-
mance liquid chromatography (HPLC) fitted with a UV-vis
detector. HPLC analysis was performed on Agilent Zorbax Cig-
column (250 mm X 4.6 mm i.d, 5 um) ambient temperature
using an isocratic system. Analysis of collected samples was
done using HPLC method (mobile phase consisted of 70%
acetonitrile and 30% water. The sample injection volume was
5 uL, eluted at a flow rate of 1.5 mL/min and detected at
213 nm with a run time of 15 min).

Continuous-flow synthesis of ethyl (3S,4R,5R)-3-azido-4,5-
bis(methanesulfonyloxy)cycohex-1-enecarboxylate (5). All
the mesyl shikimate 4 azidation investigations were done in a
continuous-flow system fitted with a 19.5 puL glass reactor for
optimisation of the azidation of the OMs group at the allylic
C-3 position of mesyl shikimate 4 in the presence of various
azidating agents. Sodium azide (NaNj3), diphenylphosphoryl
azide (DPPA), trimethylsilyl azide (TMSA) and tetrabutylam-
monium azide (TBAA) were the various azidating agents inves-
tigated in this system. Two syringe pumps were used to pump
reagents from two 10 mL SGE Luer lock gas tight glass
syringes into the thermally controlled microreactor system
which was fitted with a 10 bar back pressure regulator. Mesyl
shikimate was dissolved in acetonitrile (0.1 M) and azidating
agent in appropriate solvent (0.11 M, 1.1 equiv) and pumped
into the flow system separately. The reaction was quenched
within the flow reactor using aqueous HCI (0.11 M, 1.1 equiv)
when necessary. Samples were collected and analysed using
HPLC resulting in 4.84 min retention time for azide 5. For char-
acterisation, an appropriate amount of toluene and water was
added to the reaction mixture after acetonitrile was driven off in
vacuo at room temperature. The organic layer was successively
washed with water and brine. The organic phase was dried over
anhydrous Mg,SOy4 and concentrated in vacuo at room tempera-
ture. The crude product was purified by silica column chroma-
tography using a 1:2 mixture of EtOAc and hexane to furnish
azide compound 5 as a colourless oil. FTIR (cm™!) v: 2984,
2941, 2105, 1711, 1660, 1350, 1245, 1171, 1011, 823; '"H NMR
(400 MHz, CDCl3) d 1.25 (t, J = 7.0 Hz, 3H), 2.56-2.66 (m,
1H), 3.08 (s, 3H), 3.12 (dd, J = 6.2 Hz, 1H), 3.16 (s, 3H), 4.18
(q, J = 7.0 Hz, 2H), 4.23-4.31 (m, 1H), 4.64-4.74 (m, 1H),
4.77-4.88 (m, 1H), 6.69 (s, 1H) ppm; '3C NMR (100 MHz,
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CDCl3) & 14.1, 31.1, 39.0, 39.4, 61.1, 61.9, 73.8, 79.1, 130.3,
131.9, 164.17 ppm.

Continuous flow systhesis of ethyl (3R,4S,5S5)-5-azido-4-
acetylamino-3-(1-ethylpropyloxy)cyclohex-1-enecarboxy-
late (7). The continuous-flow system fitted with a 19.5 uL glass
reactor was used to optimise the C-5 azidation of acetamide 6.
Acetamide 6 (0.1 M) in acetonitrile and azidating agent in
appropriate solvent (0.3 M, 3 equiv) were pumped separately
using two syringe pumps from two 10 mL SGE Luer lock gas
tight glass syringes into the thermally controlled microreactor
system which was fitted with a 10 bar back pressure regulator.
NaNj, DPPA, TMSA and TBAA were the various azidating
agents investigated. Samples were collected and analysed using
HPLC resulting in 4.84 min retention time for azide 5. For char-
acterisation, the reaction mixture was collected and ethyl
acetate and water were added. The organic layer was separated,
washed with brine and dried over anhydrous Mg,SOy4. The
residue was concentrated in vacuo to yield crude product 7 as a
semi-crystalline oil. It was purified by silica column chromatog-
raphy and the fractions were concentrated in vacuo to afford
pure compound 7 as white crystals. Solid: mp 136.9-138.2 °C
(Lit. value [9] mp. 136.6-137.7 °C); FTIR (cm"l) v: 3266,
2971, 2099, 1713, 1658, 1558, 1249, 1075; 'H NMR
(400 MHz, CDCl3) 8 0.91 (m, 6H), 1.31 (t, J = 7.1 Hz, 3H),
1.42-1.63 (m, 4H), 2.10 (s, 3H), 2.18-2.33 (m, 1H), 2.88 (dd,
J =15.5,17.6 Hz, 1H), 3.29-3.37 (m, 1H), 3.41-3.52 (m, 1H),
4.23 (q, J = 6.97 Hz, 3H), 4.49-4.63 (m, 1H), 6.45-6.70 (m,
1H), 6.80 (s, 1H) ppm; '3C NMR (101 MHz, CDCl3) § 9.3, 9.5,
14.2, 23.2, 25.6, 26.3, 30.7, 57.3, 57.9, 61.1, 73.6, 77.2, 82.1,
128.1, 137.9, 165.7, 171.76 ppm.
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It was demonstrated that the y-valerolactone-based ionic liquid, tetrabutylphosphonium 4-ethoxyvalerate as a partially bio-based

solvent can be utilized as alternative reaction medium for copper- and auxiliary base-free Pd-catalyzed Sonogashira coupling reac-

tions of aryl iodides and functionalized acetylenes under mild conditions. Twenty-two cross-coupling products were isolated with

good to excellent yields (72-99%) and purity (>98%). These results represent an example which proves that biomass-derived safer

solvents can be utilized efficiently in common, industrially important transformations exhibiting higher chemical and environ-

mental efficiency.

Introduction

In the past few decades, the transition-metal-catalyzed coupling
reaction has represented one of the most powerful and atom
economical strategies for the efficient assembly of new
carbon—carbon bonds. It has therefore become the most attrac-
tive approach to the synthesis of a wide range of functionalized
organic molecules from laboratory to industrial scale [1-3].
Among these tools, the Pd-catalyzed coupling reactions have

received substantial attention, due to the mild operation condi-

tions, excellent functional group tolerance and chemoselectivi-
ty as well as wide applicability from syntheses of common
building blocks to agrochemicals, just to name a few advan-
tages [4-6]. From the series of palladium-assisted C—C bond
formation, the Sonogashira coupling reaction has been identi-
fied as a viable synthetic method for the preparation of various
alkenyl- and arylacetylenes [7,8] having great importance in

organic synthetic schemes of the pharmaceutical industry.
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From the environmental point of view, the Sonogashira reac-
tions are usually performed in fossil-based common organic
reaction media having high vapor pressure even at higher tem-
peratures, toxicity, flammability, etc., which could result in
several serious environmental concerns, especially when they
are released into the atmosphere. According to the FDA guide-
lines [9], the typical solvents of Sonogashira reactions such as
toluene [10], THF [11], DMF [12], NMP [13], DMA [14], or
MeCN [15] are classified into Class 2, of which applications
should be strictly limited, particularly in pharmaceutical
industry. To develop an environmentally benign alternative of
this useful method, the reaction has been extended to green sol-
vents such as water [16], fluorous solvents [17], supercritical
CO, [18], and very recently y-valerolactone [19]. The series of
these alternative media can implicitly be continued by ionic
liquids (ILs) [20], which have attracted considerable attention,
due to their extremely low vapor pressure, good solvating prop-
erties, reasonable thermal stability, and easily tuneable physical
properties [21]. Accordingly, the Sonogashira reactions were
also successfully performed in conventional ionic liquids such
as [BMIM][PFg] [22-25], [BMIM][BF,4] [23], [HMIM][BF4]
[24], [EMIM][NTf,] [26], [nBuPy][X] (X = PFg¢~, BF4~, NO3")
[27], [DectBusP][BF4] [28]. It was found that some of these
systems could operate copper-free [25,27,29] and/or auxiliary
base-free conditions [30]. Recently, some “designer" ionic
liquids were also developed for this purpose [29-33] from
which an imidazolium-based piperidine-appended one could act
as task specific compound operating either as a solvent in itself
[31] or as an additive to the common ionic liquids [30,33]. It
should be noted; however, significant catalyst loadings
(5-10 mol %) were necessary to obtain reasonable product

yields for latter reactions.

Although the Sonogashira coupling is a well-studied transfor-
mation, it has not been carried out in y-valerolactone-originated
ILs, which can act as solvent, ligand and base. Thus, the prepa-
ration of various acetylenes in a partially or even biomass-based
solvent without any auxiliary material could further control and
reduce the environmental impacts of this industrially important

transformation.

Herein we report a study on the palladium-catalyzed copper-
and added base-free Sonogashira coupling reactions to synthe-

Beilstein J. Org. Chem. 2019, 15, 2907-2913.

size various acetylenes in y-valerolactone-based ionic liquids
under mild conditions.

Results and Discussion

We recently demonstrated that copper-catalyzed Ullmann-type
N-C coupling reactions could be performed in tetrabutylphos-
phonium 4-alkoxyvalerate-type ionic liquids, which can easily
be synthesized from the renewable platform chemical y-valero-
lactone and have negligible vapor pressures even at high tem-
peratures [34]. In order to extend the applicability of valerate-
based ionic liquids, the conventional imidazolium-type media
and tetrabutylphosphonium 4-ethoxyvalerate ([TBP][4EtOV])
were compared in the coupling of iodobenzene (1a) and phenyl-
acetylene (2a) as a model reaction (Scheme 1) under typically

used “Sonogashira conditions” [7,35].

Because the role of ionic liquids as coordination agents for tran-
sition metal species was demonstrated [36,37] and palladium
carboxylate complexes are well-known compounds, it can be
proposed that the carboxylate group of the 4-ethoxyvalerate
anion could stabilize the catalytically active species and there-

fore the ligand can be eliminated from the catalytic system.

Complete conversions of 1a to diphenylacetylene (3a) were
detected in the presence of Pd, Cu, and triethylamine (Et3N) in
all the ILs (Table 1, #1). It should be noted that the typically
utilized base, Et3N has a foul smell and could affect the prod-
uct isolation procedure. In addition, it is well-established that

Table 1: Sonogashira coupling reaction of iodobenzene (1a) and
phenylacetylene (2a) in different ionic liquids.2

Conversion of iodobenzene in the presence of

lonic liquid Pd, Cu, and Et3N  Pd and Cu Pd
(#1) (#2) (#3)
[BMIM][BF 4] >99% <1% <1%
[EMIM][BF 4] >99% <1% <1%
[BMIM][Octyls]P  >99% <1% <1%
[BMIM][PFg] >99% <1% <1%
[TBPJ[4EtOV]  >99% >99% >99%

@Reaction conditions: 0.8 mL ionic liquid, 0.5 mol % PdClx(PPhg)o,
1 mol % Cul, 0.75 mmol phenylacetylene, 0.5 mmol iodobenzene,
0.75 mmol Et3N, T =55 °C, t = 3 h. POctyls: octylsulfate anion.

Pd catalyst
__ - Cu co-catalyst __
| + — \ / _— —
base: EtsN
1a 2a in ionic liquids 3a

Scheme 1: Palladium-catalyzed Sonogashira cross-coupling of iodobenzene (1a) and phenylacetylene (2a) in ionic liquids.
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the presence of Cu(I) salt can promote the in situ formation of
some Cu(l) acetylides, which can readily undergo oxidative
homocoupling of alkynes even in their slight excess in the reac-
tion mixture [15,38,39]. Thus, the elimination of these auxil-
iary materials could result in an environmental benign alterna-
tive protocol. Hence, the scope of the reaction was investigated
with a combination of palladium, copper co-catalyst and Et3N
as a base. By elimination of toxic EtzN (LDsg(rat, oral) =
560 mg/kg) [40], no reactions were detected in imidazolium-
type ILs. However, complete conversion of 1a was observed in
[TBP][4EtOV], without Et3N, proving that the solvent can act
as a base in itself (Table 1, #2) as it was demonstrated for
Cu-catalyzed C-N coupling reactions [34].

When, we attempted to couple 1a and 2a in the absence of any
copper salt as cocatalyst, complete formation of 3a was also
detected after 3 h revealing that copper can be eliminated from
the system without any decrease in the system’s efficiency.

The source of palladium could also have a significant effect on
the reaction’s performance [23]. It was found that while
Pd(PPhj),, palladium acetate (Pd(OAc),), PdCIl,(PPh3),, and
tris(dibenzylideneacetone)dipalladium (Pd,(DBA)3) all cata-
lyzed the Sonogashira reaction, the PdCl,(PPh3), precursor
turned out to have the best activity in the light of reaction rates
(Figure 1). In the presence of 0.5 mol % of PdCI,(PPhj), the
treatment of 0.5 mmol 1a with 0.75 mmol of 2a afforded com-
plete conversion of 1a in 40 min. Similar performance of
PdCl,(PPhj), were reported by Ryu, when [BMIM][PFg] was
used as reaction medium [26]; however, by the use of 10 times
higher catalyst loading.

1004 e A = Pd(OAc),
S o0 A e PdCl,(PPh,),
= A Pd,(DBA),
Y 801 v Pd(PPh,),
g 704
2
§ 60- .
Re) ]
& 50-
5 1
.% 40 -
©
Z 304 ]
[e]
O v

20

20 30 40 50 60

Reaction time (min)

Figure 1: Effect of catalyst precursors used in Sonogashira coupling
reaction of iodobenzene (1a, 0.5 mmol) and phenylacetylene (2a,
0.75 mmol). Reaction conditions: 0.8 mL [TBP][4EtOV], 0.5 mol %
catalyst, T =55 °C.
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The moisture content of the reaction environment could have a
significant effect on the efficiency of a transition-metal-cata-
lyzed reaction. Because [TBP][4EtOV] was isolated from an
aqueous solution, the investigation of possible influence of the
residual water content on the reaction was highly desired. We
found that no decrease in the formation of 3a was detected
when the moisture content was varied between 0.05 and
5.0 wt % (Table 2). Since the method is hardly sensitive to the
residual moisture content, to exclude water from the reaction
mixture no special pretreatment or handling of the solvent is

necessary.

Table 2: Effect of water content on Sonogashira coupling of iodo-
benzene (1a) and phenylacetylene (2a).2

Entry Water content (wt %) Isolated yields of 3a (%)
1 0.05 85
2 1.0 86
2 2.5 82
4 5.0 83

@Reaction conditions: 0.8 mL [TBP][4EtOV], 0.5 mol % PdClx(PPh3)a,
0.75 mmol phenylacetylene, 0.5 mmol iodobenzene, T =55 °C,
t=3h.

Hereafter, the air-stable and readily available PdCI,(PPh3), was
selected as a catalyst precursor to facilitate C—C bond couplings
involving various iodoaromatic compounds (1a-1) and phenyl-
acetylene (2a) in [TBP][4EtOV] in the absence of any addition-
al ligands and auxiliary base at 55 °C for 3 h. In general, the
catalytic system could be applied to various iodoarene sub-
strates and the substrate reactivity was not influenced dramati-
cally by the electronic parameters of the substituents. Both elec-
tron-withdrawing (chloro, fluoro and bromo) and electron-do-
nating (methyl, methoxy) groups were tolerated on the aryl
iodide (Table 3, entries 2—7). Under identical conditions,
2-iodothiophene, and iodopyridine derivatives could also easily
be converted to the corresponding acetylene with good or even
excellent isolated yields (3i—n). When 2-amino-3-iodopyridine
(1i) was converted no C-N bond formation was detected
excluding the copper impurities assisted Ullmann-coupling
reactions. When 2-chloro-5-iodopyridine (11) was reacted with
1 equiv of 2, 2-chloro-5-(2-phenylethynyl)pyridine (31) was iso-
lated as product with a yield of 72%. By the use of 2.5 equiv of
2, the chloro group also undergoes a coupling reaction to form
2,5-bis(2-phenylethynyl)pyridine (3m) under identical condi-
tions (Table 3, entries 12 and 13).

By comparison with the conversion of 4-chloro-1-iodobenzene
(1g), no formation of 1,4-bis(phenylethynyl)benzene was
detected. It agrees with the activated substituents of 2-substi-

tuted pyridine derivatives. It can be concluded that by varying
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Table 3: Palladium-catalyzed Sonogashira coupling of various iodoaromatic compounds (1a-l) with phenylacetylene (2a).2

Rt =)

Pd catalyst

R\<,:’ \> _ <:>

[TBP][4EtOV]
1a-n 2a 3a-I
# lodoaromatic compounds Product Yield (%)P
1 1a @| 3a 85
2 1b Q' 3b 96
3 1c 4®7| 3¢ 95
4 1d H@O@—l 3d 82
5 1e F@I 3e 80
6 1f CIOI 3f 87
7 1g Br©—| 3g 52
s
8 1h U—l 3h 80
9 1i \ I 3i 75
\ /
[
10 1j N, 3 93
NH,
11 1k F3CQI 3k 9
cl
12 11 YA 3l 72
N
13¢ 11 C—\ /! 3m 69
N

aReaction conditions: 0.8 mL [TBP][4EtOV], 0.5 mol % PdClx(PPhg)2, 0.75 mmol phenylacetylene, 0.5 mmol iodoaromatic compound, T =55 °C,
t = 3 h; Pisolated yields; ©1.25 mmol (2.5 equiv) of phenylacetylene, 3m: 2,5-bis(2-phenylethynyl)pyridine.

electronic and steric properties of substituents of the iodoaro-
matic substrates at all ortho-, meta-, and para- positions, no sig-
nificant changes in the product yields were achieved according
to previous studies [26,41]. Regarding the negligible influence
of the 4-substituents, i.e., no Hammett-plot can be obtained for
the above reaction, it can be stated that the rate determining step
of the Sonogashira coupling is not related to the formation of

Pd-aryl species.

Subsequently, a series of different acetylenes, which can readily
be dissolved in [TBP][4EtOV] were subjected to the coupling
reaction under identical conditions. By comparison of the effi-
ciency of conversion of iodobenzene and its electron-donating
4-methoxy (1d) and electron-withdrawing 4-nitro (1m) deriva-
tives with different aliphatic acetylenes (4, 6, and 8), no
significant differences in isolated yields were observed
(Table 4, Table 5 and Table 6) verifying the wide range of func-

2910



tional group tolerance by side of acetylenic substrates, as well.
Same results were reported by Alper and co-workers, who
perform this reaction in [BMIM][PF¢] as alternative solvent
[22].

The possible reuse of the catalyst was subsequently investigat-
ed by the model reaction of 0.5 mmol of 1a and 1.5 equiv of 2a
in the presence of 0.5 mol % PdCl,(PPhj3), at 55 °C for 2 h.
After the first extraction of the product from the reaction mix-
ture by the addition of 10 X 5 mL of pentane, 3a was isolated
with a yield of 88%. It should be noted that this reaction veri-
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fied the reproducibility of the experiments (cf. Table 3, entry 1).
Same amounts of substrates were added to the Pd catalyst
contained in the ionic liquid phase followed by heating to
55 °C. In the second run 12% of decrease in the isolated yield
was detected; however, after the 4th cycle, it became signifi-
cant (Figure 2). The same tendency was reported by Toma for
various acetylenes [24]. The '3C NMR investigations of the
[4EtOV]™ anion throughout the reaction did not indicate any
change in its composition. Nevertheless, a reaction of the
alkoxyvalerate anion with HI that formed during the reaction
could be assumed.

Table 4: Palladium-catalyzed Sonogashira coupling of various iodoaromatic compounds (1a, d, m) with propargyl alcohol (4).2

OH OH
R1@I + = Pd catalyst R1©%/
[TBP][4EtOV]
1a,d, m 4 5a—c
# R Product Yield (%)°
1 1a H 5a 80
2 im NO> 5b 78
3 1d OCH3 5¢c 85

@Reaction conditions: 0.8 mL [TBP][4EtOV], 0.5 mol % (PPhg)2PdCly, 0.75 mmol propargyl alcohol, 0.5 mmol iodoaromatic compounds, T = 55 °C,

t = 3 h; Pisolated yields.

Table 5: Palladium-catalyzed Sonogashira coupling of various iodoaromatic compounds (1a, d, m) with 1-ethynyl-1-cyclohexanol (6).2

HO OH
R1@-| + % M R1 —
[TBP][4EtOV]
1a,d, m 6 7a—c
# R Product Yield (%)P
1 1a H 7a 85
2 1m NO, 7b 99
3 1d OCH3 7c 99

@Reaction conditions: 0.8 mL [TBP][4EtOV], 0.5 mol % (PPhg)2PdCl,, 0.75 mmol 1-ethynyl-1-cyclohexanol, 0.5 mmol iodoaromatic compound,

T =55 °C, t =3 h; Pisolated yields.

Table 6: Palladium-catalyzed Sonogashira coupling of various iodoaromatic compounds (1a, d, m) with 3-ethyl-1-pentyn-3-ol (8).2

R1O' = og Hy —ocaalyst - = og H
T on.’ [TBPJ4EOV] YA
1a,d, m 8 2 9a-c 2%
# R Product Yield (%)°
1 1a H 9a 87
2 m NO» 9b 85
3 1d OCHg 9c 81

@Reaction conditions: 0.8 mL [TBP][4EtOV], 0.5 mol % (PPhg)2PdCl,, 0.75 mmol 3-ethyl-1-pentyn-3-ol, 0.5 mmol iodoaromatic compound, T = 55 °C,

t = 3 h; Pisolated yields.
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Figure 2: Re-use of Pd catalyst for Sonogashira coupling of iodo-
benzene (1a) and phenylacetylene (2a). Reaction conditions: 0.8 mL
[TBP][4EtOV], 0.5 mol % catalyst, T =55 °C, t=3 h.

Conclusion

In conclusion, we have demonstrated that a y-valerolactone-
based ionic liquid, tetrabutylphosphonium 4-ethoxyvalerate can
be utilized as an alternative solvent for Pd-catalyzed Sono-
gashira coupling reactions of aryl iodides and functionalized
acetylenes under mild conditions. The reactions were per-
formed by using 0.5 mol % catalyst loading and we pointed out
that both copper and external base could be eliminated from the
reaction mixture without any decrease in catalytic activity. The
protocol was tested for a wide range of substrates and several
products (3a—n, Sa—c, 7a-c, 9a—c) were isolated in good to
excellent yields. The Cu- and base-free reaction can be per-

formed under air and are highly tolerant to moisture.

Experimental

The sources of chemicals are listed in Supporting Information
File 1. The NMR spectra were recorded on a Brucker Avance
250 MHz spectrometer. The water contents of the ionic liquids
were determined by Karl Fischer titration performed by
HANNA Instruments 904.

The y-valerolactone-based ionic liquid ([TBP][4EtOV]) was
prepared as described in [34] with details presented in Support-
ing Information File 1.

Exact mass measurements were performed on a high-resolution
Q-Exactive Focus hybrid quadrupole-orbitrap mass spectrome-
ter (Thermo Fisher Scientific, Bremen, Germany) equipped
with a heated electrospray ionization (ESI) source. Samples
were dissolved in acetonitrile/water 1:1 (v/v) solvent mixture
containing 0.1% (v/v) formic acid. Solutions were directly

introduced into the ion source using a syringe pump. Under the

Beilstein J. Org. Chem. 2019, 15, 2907-2913.

applied conditions, the compounds form protonated molecules,
[M + H]* in positive ionization mode (ESI).

Detailed experimental procedures, characterization data are re-
ported in Supporting Information File 1.

General procedure for Sonogashira coupling
reactions

In a 4 mL screw-cap vial, 0.5 mmol of corresponding iodoarene
compound, 1.5 equiv of phenylacetylene or propargyl alcohol,
0.005 equiv PdCl,(PPh3);, and 0.8 mL of ionic liquid were
mixed and stirred at 55 °C for 3 h. After cooling, the mixture
was partitioned between 5 mL of water and 5 mL of pentane.
After separation, the aqueous phase was extracted subsequently
with 2 x 5 mL of pentane. The combined organic phase was
washed with brine, dried over MgSOQy, filtered, and the solvent
was evaporated under reduced pressure (ca. 10 mmHg). The
oily residue was purified by chromatography on silica gel
(Merck Silicagel 60 (0.063—0.200 mm) for column chromatog-
raphy (70-230 mesh ASTM)) eluted with n-pentane/EtOAc.
The purity of the isolated products was >98%. The detailed ex-
perimental procedure as well as the characterization of isolated
compounds are provided in Supporting Information File 1.

Supporting Information

Supporting Information File 1

Source of chemicals, the detailed experimental procedure
as well as characterization data of isolated compounds.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-284-S1.pdf]
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The acylation of the acetonitrile anion with lactones and esters in ethereal solvents was successfully exploited using inexpensive

KOt-Bu to obtain a variety of B-ketonitriles and trifunctionalized building blocks, including useful O-unprotected diols. It was

discovered that lactones react to produce the corresponding derivatized cyclic hemiketals. Furthermore, the addition of a catalytic

amount of isopropanol, or 18-crown-6, was necessary to facilitate the reaction and to reduce side-product formation under ambient

conditions.

Introduction

B-Ketonitriles represent highly versatile intermediates for the
synthesis of heteroaromatic compounds and a wide variety of
pharmaceuticals. A recent review by Kiyokawa et al. summa-
rizes the applications of these valuable compounds and the
abundant methods that have been developed over recent
decades to prepare them [1], most of which still involve envi-
ronmentally unfriendly transition-metal-based reactions. Acyl-
ations of in situ-generated nitrile anions with esters to produce
B-ketonitriles were first reported long ago, for example by using
sodium methoxide [2], sodium ethoxide [3] or sodium amide
[4,5]. The reaction was found to proceed more efficiently when

using sodium amide as the base [5], although the inherent risks

of employing explosive sodium amide in synthesis are well
known [6] and amidine side-product formation was observed at
times through reaction of the nucleophilic amide base with
nitrile. Furthermore, clearly two equivalents of base (and
nitrile) were necessary to drive the reactions to completion as
the acylated product is more acidic than the nitrile starting ma-
terial. More recently, ester or Weinreb amide reactions with
acetonitrile using lithium bases at low temperature [7], or simi-
larly NaH at high temperatures [8], have been reported as
feasible alternatives with varied success and usually a lack of
general applicability (e.g., enolizable esters and ketone prod-

ucts may react undesirably under these highly basic reaction
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conditions). Furthermore, these methods constitute either
expensive, less scalable procedures employing an excess of
reagents, hazardous, flammable, or toxic reagents and high tem-
peratures are required, which, in turn, may be detrimental to
more highly functionalized starting materials. Nevertheless, this
reaction under milder conditions is a valuable C-C bond-
forming reaction for the preparation of B-substituted carboxylic
acid derivatives, in general, from cheap commercially available

esters, and as such merited further investigation.

We required a green, safe and scalable process for the facile
production of O-unprotected hydroxylated B-hydroxynitrile 1
via trifunctionalized B-ketonitrile 2 by a direct, atom-economi-
cal ring opening of enolizable d-valerolactone (3, Scheme 1).
Although a two-step (or four-step, should hydroxy group
O-protection prove to be necessary prior to acylation) protocol
could, in theory, be envisaged to produce p-ketonitrile 2 from 3
by ring-opening esterification to afford hydroxy ester 4 fol-
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Scheme 1: Proposed retrosynthesis of the free diol 1.
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lowed by reaction with acetonitrile (CH3CN), a multistep ap-

proach would be less economical in industry (Scheme 1).

Results and Discussion

To date, the most economically appealing conditions from an
environmentally friendly perspective entail relatively mild base-
promoted (potassium tert-pentoxide or potassium tert-butoxide)
acylation of substituted nitrile anions with esters under ambient
conditions, as published by Ji et al. (2006) [9] and Kim et al.
(2013) [10]. The large excess of ester and expensive base
(potassium tert-pentoxide) required in the former method, in
our opinion rendered it less economical and practical as a scal-
able option. Furthermore, when we applied Kim’s (KOz-Bu)
method to d-valerolactone, we obtained a highly viscous oil
made up of a mixture of inseparable compounds that were
unidentifiable by crude "H NMR spectroscopy (see Supporting
Information File 1). Similarly, using dry THF, 1 equiv CH3CN
and 1 equiv KOz-Bu at rt, we obtained within minutes a precipi-
tated amorphous gum which, upon work-up (partitioning be-
tween EtOAc and water) and removal of the solvents in vacuo,
afforded a complex mixture of undesirable products by
TH NMR spectroscopy. However, to our delight, upon the addi-
tion of 20 mol % isopropanol (IPA) to the THF reaction mix-
ture, we obtained a moderate amount of the desired product,
albeit not as the open-chain fB-ketonitrile 2, but exclusively as
the corresponding, cyclized hemiketal 5 (Scheme 2).

Furthermore, when using the green, sustainably produced sol-

vent 2-methyltetrahydrofuran (2MeTHF) [11,12], in place of
THF, we obtained a significantly higher yield of 5. Remarkably,

1.1 equiv LiBH,4

Oj“ abs. EtOH OH
o <oH 0°Ctort HO/\/\)\/CN
(100%)
5 1
CN

o oH

6

t (62%)

OH
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Scheme 2: Preparation of O-unprotected, trifunctionalized synthons from lactones.
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a crude yield of 80% of the hemiketal was obtained from tech-
nical grade, solidified 8-valerolactone that had previously been
stored at rt (a compound which is known to polymerize
unavoidably upon storage, and the technical grade reagent
contains up to 25% polymerized material). The crude product
was shown to be almost pure by 'H NMR and TLC. It can be
seen in Supporting Information File 1 that the crude product ob-
tained using 2MeTHF was significantly more enriched/purer in
hemiketal 5 than that obtained using THF as the solvent. Pure
product was readily obtained in 70% yield after purification by
column chromatography. We reasoned that the lower aqueous
miscibility of 2MeTHF, as compared to THF, resulted in a more
efficient product extraction procedure, which further contribut-
ed to the increased yield of 5. Varying the amount of IPA
resulted in lower yields and more complex product mixtures.
Substitution of IPA with zert-butanol or ethanol resulted in sig-
nificantly lower product yields and a more complex product
profile, as observed by crude product 'H NMR spectroscopy.

The mechanism by which IPA facilitates the reaction towards
the formation of the cyclic hemiketal and indeed, the desired
B-ketonitrile scaffold, has not been conclusively determined in
this work. It is well known that strong-base deprotonation of
acetonitrile leads to the formation of a nitrile-stabilized carb-
anion, in resonance with a ketene iminate anion. It has been
calculated that the latter CN double-bonded species is relative-
ly unstable compared to the CN triple-bonded carbanion
species, which has the negative charge localized on the a-car-
bon atom [13]. This carbanion is therefore an excellent nucleo-
phile and is usually generated from nitriles using metal amides
or other strong bases [14,15]. Under our reaction conditions at
rt, we propose that the presence of a catalytic amount of IPA in-
creases the dielectric constant of the solvent as a whole, thereby
increasing the solubility of both the KOz-Bu base and the aceto-
nitrile derived KCH,CN salt. This effectively accelerates the
generation of the latter and as such, its reaction with the lactone
(or ester) carbonyl carbon. By increasing the solubility of the
conjugate base salt, the pK, of acetonitrile in the ethereal sol-
vent is effectively lowered by adding a small amount of polar,
protic IPA and this facilitates acetonitrile deprotonation. Alter-
natively, the addition of a crown ether is also known to en-
hance nucleophilic substitution reaction rates, but in this case
through the suppression of ion-pairing [16]. We also investigat-
ed this option for the first time in the synthesis of B-ketonitriles
from esters, as described later (see Table 1). Finally, it is prob-
able that the presence of protic IPA suppresses enolization as
the reaction progresses, by quenching KO?-Bu generated
enolates and similarly, reactive alkoxide anions. This reduces
the occurrence of undesirable side-reactions, e.g., intermolecu-
lar aldol reaction, lactone/ketonitrile product dimerization and

ring-opening polymerization.
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The application of this method to produce the analogous
hemiketal 6 from y-butyrolactone was not as efficient. Al-
though the desired product 6 could indeed be isolated in 15%
yield from y-butyrolactone when the same reaction conditions
were applied in THF, the use of 2MeTHEF as solvent resulted in
a complex mixture with only traces of the desired product, as
revealed by crude product NMR spectroscopy. It is thought that
the semivolatility of product 6 may have also resulted in lower

yields compared to 5.

It is well known that cyclic compounds often react differently
dependent on their ring size, with 5-membered rings being gen-
erally more constrained and therefore more likely to ring-open
than 6-membered rings. For example, in sugars, hemiacetal
pyranoses (due to reduced bond angle strain) are energetically
much more favored in solution compared to the corresponding
5-membered furanoses [17]. Significantly, Iq (500 MHz) and
13C NMR (126 MHz) of the purified product 6 (pure by TLC)
indicated traces of what appears to be the uncyclized $-ketoni-
trile 7 (see Supporting Information File 1). This suggests
that, in solution, the keto—hemiketal equilibrium for the
butyrolactone product does not favor completely hemiketal 6,
as was observed for the 6-membered cycle 5. The authors
therefore propose that formation of the 6-membered hemiketal
ring is more energetically favored under these reaction condi-
tions, compared to the analogous 5-membered system.
This effectively shields both the enolizable ketone and the steri-
cally unhindered primary hydroxy functional groups in the
valerolactone-derived product in situ, which reduces the
occurrence of side-reactions and side-products, e.g., aldol reac-
tions and polymerization, and results in a higher yield of the
desired product compared to that obtained from y-butyrolac-

tone.

With compounds 5§ and 6 in hand, simple and mild reduction
protocols at rt satisfyingly afforded the desired diols 1 and 8,
thereby indicating that the hemiketals are still fully reducible
under standard ketone reduction conditions. Purification of 6
afforded only a 10% overall yield of the diol 8, but the direct
conversion of crude intermediate product 6 resulted in a
doubling of the overall yield of the diol from lactone to 20%
(Scheme 2).

Due to the interest in the potential preparation of pyrimidines
from B-ketonitriles and guanidine [18], we wanted to test the
general applicability of this method for access to a variety of
alkyl and aryl-substituted f-ketonitriles (as summarized in
Table 1). When we applied this methodology to ethyl cyclo-
propane carboxylate in THF, we were delighted to obtain the
desired (relatively volatile) product 9 in modest yield, because

in our hands previous attempts to prepare 9 in sufficient
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Table 1: Preparation of a variety of B-ketonitriles.

CH3CN, KOt-Bu

Beilstein J. Org. Chem. 2019, 15, 2930-2935.

o)
R1J\/CN

R o R
Entry  Product R R2 CH3CN KOt-Bu Additive Solvent  Yield (%)
(equiv) (equiv) (equiv) (time at rt)
1 9 >4~ Et 2 2 09) N 482
2 10 @E— Me 2 2 ('(';g QTSL';F 47
3 1 m@i— Me 2 2 ('0?;\) 2"??1}')‘”: 53
4 12 >§— Me 2 2 ('52) 2h€|2e':'1l)-|F 762
5 13 %?- Me 2 2 (IoFTQ) 2“?§E';F 47
6 14 Q; Me 2 2 (IoFTQ) 2'\2'2611')‘”: 43
7 15 Oé— Me 2 2 09) N 68
8 16 @E Me 2 2 09) N 290
9 17 Ph s Et 15 1.1 ('(';.’2*) fs'f’(')e;'l‘r']'): 64
10 18 Q; Me 1.2 12 (IoFT?) "('ZT E)E 38
11 18 Q; Me 12 12 18‘?5?1‘")’”‘6 (3’%?5] ) 58
12 18 Q\; Me 12 12 18"(36‘_’1‘")’ n-6 fs'f’(')e;ﬁf 67

aSemivolatile products of which yield losses may have occurred upon solvent removal in vacuo. PA significant amount of the corresponding carboxylic
acid was isolated as side-product. This suggests that base-catalyzed ester alcoholysis may be a competing side-reaction.

amounts by following a literature procedure using NaH (in
refluxing THF) [8] had failed. The reaction, again with
20 mol % IPA added and under an inert N, atmosphere,
afforded a similar product yield using 2MeTHF as solvent.
Increasing the reaction time to 24 h did not increase
the product yield, and residual starting material was
observed throughout the reaction course, by TLC
monitoring. Due to the persistent presence of unreacted
starting materials in all examples given, it was decided
to dose with second equivalents of base (KOz-Bu) and CH3;CN
after 1 h of reaction, as seen in most examples in Table 1.
Disappointingly, we were unable to further significantly
increase product yields, for example for the phenyl-substituted
fluoxetine (Prozac®) intermediate 10 [19], which remained at
ca. 50%.

Other methods were explored in an attempt to increase product
yields. Although a putative radical mechanism that may be
promoted in the presence of oxygen had previously been postu-
lated by Kim et al. [10], we did not obtain increased product
yields when carrying out the reaction in air. Furthermore,
heating the reaction mixtures above rt when using NaH as a
base in refluxing THF was clearly detrimental to product yield

according to our previous observations and was not attempted.

Significantly, no side-products were observed in the organic
extract after work-up, and a series of B-ketonitriles (some of
which are semivolatile compounds) was successfully prepared
and isolated under standard, ambient conditions in modest
yields. The best yields were obtained for the 2-propyl 12 (76%)
and cyclohexyl 15 (68%) analogues. We were pleased to obtain
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the highly versatile and synthetically useful cinnamoylacetoni-
trile 17 [20] from renewable ethyl cinnamate in 64% yield, as
this yield was comparable to more expensive and hazardous

lithiation protocols [7].

Finally, we attempted method optimization for the production
of a commercially important pharmaceutical intermediate, thio-
phene-substituted B-ketonitrile precursor 18 of the antidepres-
sant drug duloxetine (Cymbalta®) [21,22]. It was interesting to
note that, although 38% of the thiophene product could be ob-
tained using methyl zert-butyl ether (MTBE) with 0.1 equiv IPA
as co-solvent/additive, a significantly higher yield of 18 was ob-
tained when we used 10 mol % 18-crown-6 ether instead of IPA
in a similarly catalytic amount. The yield was further improved
to 67% using 2MeTHF as the solvent. It should be noted that
the use of the crown ether resulted in recovery complications
for some of the other compounds (e.g., when this methodology
was applied to d-valerolactone and y-butyrolactone) and may
therefore not be universally beneficial.

Conclusion

In conclusion, mild, environmentally friendly procedures were
developed for the preparation of trifunctionalized building
blocks (hydroxylated B-ketonitriles) and valuable B-ketonitriles
(including enolizable compounds) in modest to good yields
from lactones and esters. We are currently investigating novel
applications of diols 1 and 8, as well as the application of this
methodology for the synthesis of glycomimetic products from
sugar lactones, and for the synthesis of various pyrimidines.

Supporting Information

Supporting Information File 1

Experimental procedures, compound characterization data
and NMR spectra.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-287-S1.pdf]
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sustainable catalysis

Abstract

Raw material from biomass and green preparation processes are the two key features for the development of green products. As a
bio-lubricant in metalworking fluids, estolides of ricinoleic acid are considered as the promising substitute to mineral oil with a
favorable viscosity and viscosity index. Thus, an efficient and sustainable synthesis protocol is urgently needed to make the prod-
uct really green. In this work, an environment-friendly Brgnsted acidic ionic liquid (IL) 1-butanesulfonic acid
diazabicyclo[5.4.0]Jundec-7-ene dihydrogen phosphate ((HSO3-BDBU]JH,PO,4) was developed as the efficient catalyst for the pro-
duction of oligomeric ricinoleic acid from ricinoleic acid under solvent-free conditions. The reaction parameters containing reac-
tion temperature, vacuum degree, amount of catalyst and reaction time were optimized and it was found that the reaction under the
conditions of 190 °C and 50 kPa with 15 wt % of the [HSO3-BDBU]H,PO related to ricinoleic acid can afford a qualified product
with an acid value of 51 mg KOH/g (which corresponds to the oligomerization degree of 4) after 6 h. Furthermore, the acid value of
the product can be adjusted by regulating the reaction time, implying this protocol can serve as a versatile method to prepare the
products with different oligomerization degree and different applications. The other merit of this protocol is the facile product sepa-
ration by stratification and decantation ascribed to the immiscibility of the product and catalyst at room temperature. It is also worth
mentioning that the IL catalyst can be used at least for five cycles with high catalytic activity. As a result, the protocol based on the
IL catalyst, i.e. [HSO3-BDBU]H,PO4 shows great potential in industrial production of oligomeric ricinoleic acid from ricinoleic

acid.

Introduction
In recent years, the biomass has attracted much attention due to  and utilization of biomass provides an alternative avenue to
its abundance, renewability and potential of conversion to use- liberate us from the reliance on petroleum resource [1]. Nowa-

ful chemicals. It can’t be denied that the diverse transformation  days, fuels, fine chemicals and functional molecules/materials
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can be derived from biomass such as lignocellulose and plant
oils [2,3], wherein the plant oils play an important role in the
polymer industry [4]. Especially, the characteristics of non-
volatility and biodegradability make plant oil the most promis-
ing material to develop functional polymeric materials with su-
perior performance [5-7].

Castor oil is one kind of nonedible oil and can be extracted
from the seeds of the castor bean plant. Globally, around one
million tons of castor seeds are produced every year and the
leading producing areas are India, China, and Brazil [8]. The
castor oil has long been used as purgative or laxative to counter
constipation and nowadays it is used commercially as a highly
renewable resource for the chemical industry [9,10]. Numerous
platform chemicals such as ricinoleic acid and undecylenic acid
can be prepared from castor oil, wherein ricinoleic acid is a
crucial platform chemical for derivation of useful chemicals
[11-14].

Ricinoleic acid can be easily prepared by hydrolysis of castor
oil [15]. The presence of both hydroxy and carboxy groups in
the molecule of ricinoleic acid enables it to undergo intermolec-
ular esterification, thus resulting in the formation of the
oligomeric ricinoleic acid. The oligomeric ricinoleic acid with
different acid value (which is an indirect index for oligomeriza-
tion degree) has different applications. For example, as an addi-
tive in shampoos, the oligomeric ricinoleic acid with an acid
value of 60-90 mg KOH/g is required while for cosmetic
formulations, an acid value of 2040 mg KOH/g is suitable [16-
19]. The oligomeric ricinoleic acid can also be used as lubri-
cant for metal cutting oils due to its appropriate viscosity, good
adsorptivity and film formation ability on metal surfaces.
Furthermore, the biodegradability of these estolides in the envi-

ronment makes them attractive as green products.

In parallel with the increasing demand for high-quality
oligomeric ricinoleic acid, the synthetic method has kept on
developing. Traditionally, p-toluenesulfonic or sulfuric acid are
used as catalysts for the preparation of oligomeric ricinoleic
acid. However, the equipment corrosion and the tedious workup
process are inevitable, which reduce the process efficiency.
Moreover, the byproduct formation and the resulting product
coloration reduce the product quality. To address the above
issues, the enzyme catalysis is proposed accordingly. Neverthe-
less, the high cost, low efficiency and operational unstability of
enzymatic reaction make it difficult to industrial production
[20-25]. Very recently, tin(II) 2-ethylhexanoate has been re-
ported as an efficient catalyst for the synthesis of oligomeric
ricinoleic acid [19]. Unfortunately, the separation of oligomeric
ricinoleic acid and the recovery of the catalyst still encounters

difficulties. Therefore, it is urgently desirable to develop an
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efficient, green and recyclable catalyst and design simple oper-
ating procedures for the preparation of estolides oligomeric rici-

noleic acid.

Ionic liquids (ILs) have been proved to be efficient catalysts in
various organic syntheses due to the designable structure,
tunable properties as well as superior solubility [26,27].
Furthermore, the thermal stability and negligible vapor pres-
sure of ILs can facilitate the product separation after reaction.
To the best of our knowledge, the IL 1-butylsulfonic-3-
methylimidazolium tosylate ([HSO3-BMim]TS) can be used as
catalyst in the synthesis of oligomeric ricinoleic acid, the
estolide with an acid value of 48 + 2.5 mg KOH/g was ob-
tained after 14 h [28]. Nevertheless, the product separation and

catalyst reusability have not yet been investigated until now.

Based on the fact that Brgnsted acids present excellent catalytic
activity for this intermolecular esterification reaction and
Brgnsted acidic ionic liquids have been successfully used as
catalyst in organic syntheses [29-31], we designed a series of
Brgnsted acidic ionic liquids and applied them as catalysts for
the preparation of oligomeric ricinoleic acid from ricinoleic
acid to develop a facile synthesis and separation protocol. Grati-
fyingly, the IL [HSO3-BDBU]H,PO,4 showed to be efficient
both in synthesis and product separation [32]. Through process
parameter selection, it was found that a product with different
acid value can be obtained by changing the reaction time at
190 °C and 50 kPa with 15 wt % IL as catalyst. The viscosity
characterization showed the product derived from 6 h of reac-
tion, whose acid value is 51 mg KOH/g and the corresponding
average oligomerization degree is 4, meets the requirement of
lubricant additive index. Notably, after reaction, the product and
IL catalyst can be easily separated by phase separation and the
recovered catalyst can be used at least for five cycles without
obvious deactivation, which shows tremendous advantage for
large-scale industrial application. The reaction and separation
procedures are depicted in Scheme 1.

Results and Discussion

Considering protic acids have catalytic effects on the esterifica-
tion reaction, we designed and synthesized a series of ILs con-
taining protic anions as shown in Scheme 2. With the synthe-
sized ILs as catalyst, the ricinoleic acid esterification was per-
formed and the catalytic activity of these functional ILs was
evaluated with the acid value of the product as it is a conve-
nient index to monitor the degree of oligomerization by
reflecting the concentration of carboxy groups in the system,
which has been cross verified by HPLC method [19,28].

The results showed that the protic anion is necessary for the

intermolecular esterification as no catalytic activity can be ob-

352



[HSO3-BDBUJH,PO, (15wt %)  H

Beilstein J. Org. Chem. 2020, 16, 351-361.

CeH13
OH + (n—1)H,0

OH 50 kPa, 190 °C
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Scheme 1: [HSO3-BDBU]H,PO4-promoted oligomerization and separation.
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Scheme 2: Structures of ILs used in this work.

served for the IL with aprotic anion (Table 1, entries 1 and 2).
For the ILs containing protic anions, the ILs containing
polyprotic anions are more conducive to esterification (Table 1,
entries 1-4 vs 5), which may originate from its higher proton
concentration in the reaction system. With H,PO4~ as anion, the
ILs containing different cations were then synthesized and their
catalytic activity on the esterification reaction was investigated.
The results (Table 1, entries 5-9) revealed that the cation also

affected the catalytic activity of the IL. Taking the decrease of

0
HPO4

@ N/\/\/s\\O

H,PO,

[HSO3-BDBU]H,PO4

acid value as catalytic activity index, the ionic liquid 1-butane-
sulfonic acid triethylamine dihydrogen phosphate ([HSO3-
BNEt;]H,PO,) performed best among the tested ionic liquids in
this study (Table 1, entry 8). However, the IL [HSO3-
BDBU]H,PO,4 showed a much more attractive feature in prod-
uct separation as stratification of product and catalyst was ob-
served in the flask within a few minutes after reaction (Table 1,
entry 9). Therefore, the IL [HSO3-BDBU]JH,PO,4 not only acts

as an efficient catalyst but also provides a facile protocol for
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Table 1: Screening of ILs in the esterification of ricinoleic acid?.

o
. CeHia
IL (15 wt %, based on ricinoleic acid)
H —
n HOJkW\(CG 13 H o A OH + (n-1)H,0
OH 50 kPa, 180 °C, 2 h o’n
ricinoleic acid polyricinoleic acid

Entry IL Acid value (mg KOH/g)

1 - 153

2 [NMP]CF3SO3 152

3 [NMP]HSO4 83

4 [NMP]PTSA 90

5 [NMP]H2PO4 68

6 [HSO3-BPy] HoPO4 63

7 [HSO3-BMim] HoPOy4 53

8 [HSO3-BNEt3]H2PO4 51

9 [HSO3-BDBU]JH2PO4 92

4Reactions were performed with ricinoleic acid (10 g, 30 mmol) and IL (15 wt %).

product and catalyst separation and thus avoids the workup pro-  intermolecular dehydration esterification. The reaction tempera-
cedure. In this context, [HSO3-BDBU]H,PO,4 was selected as  ture, catalyst loading, and vacuum degree on the reaction
the suitable catalyst for further investigations. outcome were in detail investigated and the acid value of the

product was used to evaluate the reaction results (Table 2). It
Having selected the IL [HSO3-BDBU]H,POy4 as catalyst, the  was easily found that a higher temperature was favorable for the

process optimization was performed to further promote the formation of oligomeric ricinoleic acid (Table 2, entries 1-5).

Table 2: Optimization of the key reaction parameters?.

i HSO3-BDBU]H,PO Gohra
n HO)L(\/)MCSHB [ 3 1H2PO, H o N ; OH + (n-1)H,0
OH reaction conditions o’n
ricinoleic acid polyricinoleic acid
EntryP IL amount® (wt %) Temp. (°C) Vacuum degree (kPa)  Acid value (mg KOH/g)
1 10 160 50 123
2 10 170 50 106
3 10 180 50 92
4 10 190 50 88
5 10 200 50 86
6 0 190 50 148
7 5 190 50 117
8 15 190 50 73
9 20 190 50 69
10 15 190 0 101
11 15 190 10 63
12 15 190 30 52
13 15 190 50 44
14 15 190 70 43

aStandard reaction conditions: ricinoleic acid (10 g, 30 mmol) and different amount of IL at a variety of temperature and vacuum degree; Preaction
time, 2 h (entries 1-9), 8 h (entries 10-14); ®based on ricinoleic acid.
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When the temperature was 190 °C, the acid value dropped to
88 mg KOH/g in 2 h. Further increasing the reaction tempera-
ture cannot lead to a significant drop of acid value. Thus,
190 °C was selected as the suitable reaction temperature. With
the optimal reaction temperature, the amount of catalyst was
studied at 190 °C and a vacuum degree of 50 kPa (Table 2,
entries 6-9). As expected, the introduction of [HSO3-
BDBU]JH,PO4 can improve the intramolecular esterification
greatly compared with the scenario without catalyst and the
catalyst loading has a positive effect on the oligomerization
degree. When the amount of [HSO3-BDBU]H,PO, exceeded
15 wt % relative to ricinoleic acid, the catalytic efficiency was
almost unchanged. Therefore, the optimum amount of catalyst

was determined to be 15 wt % in the following investigation.

The vacuum degree is another factor to affect the intermolecu-
lar esterification as different vacuum degree can result in a dif-
ferent water removal rate, which may lead to a different equilib-
rium toward estolides product. Five different levels of vacuum
degrees were applied to the reaction system, the results showed
the oligomerization degree increased with increasing vacuum
degree (Table 2, entries 10-14). A stable acid value was
approached when the vacuum degree was higher than 50 kPa.
Consequently, 50 kPa was select as a suitable vacuum degree.

According to the above results, the suitable conditions for the
esterification of ricinoleic acid were set at 190 °C under a
vacuum degree of 50 kPa and with 15 wt % [HSOj;-
BDBU]JH,PO, as catalyst. Under the selected conditions, the
acid value versus reaction time was inspected by sampling
every 2 h (Table 3, entries 2-10). Simultaneously, the IH NMR
spectra of the samples in CDCl3 were also examined. In the
'H NMR study, a peak found at 3.62 ppm gradually disap-
peared and a new peak at 4.88 ppm appeared (Figure 1). This is
associated with the changes of the chemical environment for the
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C12-H bond. That is, in ricinoleic acid (/;, Figure 1), the Cy; is
attached to the hydroxy group while in the corresponding ester
product (I>_;0, Figure 1), C5 is linked to the ester bond, thereby
resulting in a change in the chemical shift of H connected with
Cj,. As the chemical shift of H in methyl at 0.87 ppm does not
change before and after the reaction, it is used as reference and
the peak integral ratio of C1,-H (A,,) to methyl-H (A,,) in the
IH NMR spectra is used to determine the oligomerization
degree. Theoretically, oligomeric ricinoleic acids with different
oligomerization degree have their characteristic A,/A,, values
as listed in Table 3. For a specific sample, both the peaks for
C-H and for methyl-H were integrated and the ratio of A,/A,,
was calculated. Then the resulting value was compared with the
theoretical ones to determine the oligomerization degree of the
product. It should be noted that this calculation is based on the
assumption that the oligomerization degree of the product is
monodisperse. Actually, the obtained oligomerization degree is
the average oligomerization degree. By adopting the index
A,/A,,, the relationship of acid value and oligomerization
degree can be constructed. According to the 'H NMR results,
the value A,/A,, increased as the reaction proceeded (Table 3,
entries 2—-10 vs entry 1), which means that the average oligo-
merization degree of oligomeric ricinoleic acid can be adjusted
by changing the reaction time.

For oligomeric ricinoleic acid, its physicochemical properties
depend on the oligomerization degree. In order to be used as
lubriant in metal-working fluid, the viscosity and the viscosity
index of oligomeric ricinoleic acid should fall into the accept-
able scope according to Hostagliss L4 oil soluble lubricant addi-
tive product index. To determine the suitable reaction time and
obtain the qualified product, the viscosity and viscosity index of
samples derived from 4 h, 6 h and 8 h of reaction (i.e. NK-A,
NK-B and NK-C) were further measured and the results are
compared with the commercial product Hostagliss L4 (Table 4).

Table 3: Acid value and the average oligomerization degree of oligomeric ricinoleic acid versus reaction time?3.

Entry Reaction time Acid value Experimental Theoretical Average oligomerization
(h) (mg KOH/g) An/Am An/Am degree
1 0 162 - -
2 2 73 0.1682 0.1670 2
3 4 60 0.2219 0.2220 3
4 6 51 0.2530 0.2500 4
5 8 44 0.2680 0.2670 5
6 10 38 0.2781 0.2780 6
7 12 32 0.2861 0.2857 7
8 14 26 0.2915 0.2917 8
9 16 21 0.2963 0.2963 9
10 18 17 0.2999 0.3000 10

aThe ricinoleic acid with an acid value of 162 mg KOH/g was used as raw material and interval sampling was performed every 2 h.
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Figure 1: Monitoring oligomerization process by 'H NMR (400 MHz, CDCls).
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Table 4: Physicochemical properties of oligomeric ricinoleic acid compared to Hostagliss L4.

Entry Sample Acid value (mg KOH/g)
1 Hostagliss L4 52
2 NK-A 60
3 NK-B 51
4 NK-C 44

As the results listed, NK-B meets the specifications of lubricant,
which indicated that 6 h of reaction under the catalysis of
[HSO3-BDBU]H;PO4 can afford the standard-compliant bio-
lubricant oligomeric ricinoleic acid.

Reusability of [HSO3-BDBU]JH2PO4
As the IL catalyst [HSO3-BDBU]H,POy is immiscible with the

product at room temperature, stratification occurs after reaction,

Viscosity (mm?/s)
Viscosity index

40 °C 100 °C
400 45 169
373 39 154
408 46 171
514 53 167

thus renders an easy catalyst recyclability and product separa-
tion. After decanting the upper product and washing the
remaining IL with a small amount of dichloromethane, the
weight of [HSO3-BDBU]JH,PO4 was examined and then the
fresh ricinoleic acid was added for the next cycle synthesis of
oligomeric ricinoleic acid. The IL catalyst was used in five
cycles of reaction and the resulting acid value of the product in

each cycle was presented in Figure 2 along with the weight of
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Figure 2: Reusability of the IL catalyst. Reaction conditions: 10 g (30 mmol) ricinoleic acid, 190 °C, 6 h, 50 kPa.

catalyst. It can be seen that [HSO3-BDBU]H,PO,4 can be
utilized repeatedly for at least five times and only a slight de-
crease in catalytic activity was observed, which may be due to
the weight loss of the recovered catalyst. To check the stability
of the [HSO3-BDBU]H,PO, during reusability, the "H NMR of

NONOONLIT N ©ONLW M~ ©© W
QOO ©®® B A R RN
BOOOBONOOMOO NN NA N~ = -
T ~I—

[HSO3-BDBU]JH,PO,4 was examined after five cycles of reac-
tion and the results were presented in Figure 3. It can be seen
that the IL catalyst was stable during the reaction as the spec-
trum remained basically unchanged compared with the fresh

catalyst.
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Figure 3: '"H NMR (400 MHz, DMSO-dg) spectra of [HSO3-BDBU]H,POy: a) Fresh one; b) used one after five cycles.
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Proposed mechanism

According to our experimental results, the protic acid is crucial
for the reaction. Therefore, it is inferred that the reaction under-
goes proton-promoted intermolecular esterification and the
reaction mechanism with catalyst [HSO3-BDBU]H,POy is
depicted in Scheme 3. Firstly, the Brgnsted acidic IL [HSO3-
BDBU]JH,POy4 activates the carbonyl group of ricinoleic acid,
leading to the generation of intermediate A. Concurrently, the
hydroxy group in another ricinoleic acid molecule may be acti-
vated by the cation of IL and attacks the intermediate A (step I),
generating a tetrahedral intermediate B. Finally, dehydration
and deprotonation of the tetrahedral intermediate occurs
(step II), forming dimeric ricinoleic acid C. The carboxyl and

+
le} OH
i I

OH

.C
o+ HO/C\(\MCGHM — HO \(\M%Hm —
A
|
|
|
I
|
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hydroxy groups in the dimeric ricinoleic acid may further
undergo esterification, providing the oligomeric ricinoleic acid

with different oligomerization degree.

Conclusion

To conclude, a highly efficient Brgnsted acidic IL catalyst
[HSO3-BDBU]JH,PO,4 was developed for the esterification of
ricinoleic acid. The reaction performed well under solvent-free
conditions, the qualified biolubricant oligomeric ricinoleic acid
can be prepared at 190 °C and under vacuum degree of 50 kPa
with 15 wt % IL as catalyst in 6 h. Both the acid value and aver-
age oligomerization degree of the product were determined and
it was found the acid value was 51 mg KOH/g and the average

OH +6~H ----- NN
CeHis * %
S—OH

A N
\
)
/\ '5-OH C-OH
+N/\/\/S\\ _ O//
b 0 H,PO,
' o)
| % -OH
: /\/\/ \b C|)H
+N +
* <//7 HzOfD*‘*?§>//“\T/CGH13
“OH O P / OH
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step | & step Il

CeH1z
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Scheme 3: Proposed mechanism for [HSO3-BDBU]H>PO4 catalyzed oligomeric ricinoleic acid synthesis.
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oligomerization degree was 4. The reaction has excellent selec-
tivity and no other byproducts were detected except water.
More remarkably, a simple stratifying at room temperature will
cause the separation of catalyst and product, which means the
additional solvent extraction or distillation separation em-
ployed in the traditional IL catalysis was unnecessary in this
system. Besides, the catalyst can be reused at least for five
cycles without significant activity lost. Therefore, this protocol
employing the Brgnsted acidic ionic liquid as catalyst repre-
sents a green synthesis method for oligomeric ricinoleic acid
and can be run in environmentally manner. It is a promising
candidate for the commercial production of oligomeric rici-
noleic acid from ricinoleic acid.

Experimental

Preparation procedure of [HSO3-
BDBU]H,PO,

To prepare the IL [HSO3-BDBU]JH;POy, 0.1 mol (13.6 g) 1,4-
butane sultone was mixed with 0.1 mol (15.2 g) 1,8-diazobi-
cyclo[5,4,0]Jundec-7-ene (DBU) in a flask containing 50 mL of
acetonitrile. After 24 h reflux at 80 °C, the reaction mixture was
cooled to room temperature. Then 30 mL diethyl ether was
added to the reaction mixture to precipitate the product. After
that, the precipitate was collected by filtration and washed twice
with diethyl ether. The resulting light yellow precipitate was
then dried in vacuum at 60 °C for 4 h. Afterwards, the aqueous
solution containing a stoichiometric amount of phosphoric acid
was added dropwise to 50 mL CH;Cl, containing 0.05 mol
(14.4 g) [HSO3-BDBU] and stirred at 60 °C for 4 h, forming a
viscous liquid on the surface of CH,Cl, which can be easily
separated by centrifugation. Then the viscous liquid was
washed twice with CH,Cl, and dried at 100 °C for 12 h, obtain-
ing 18.6 g yellow viscous liquid with the yield of 96%. The re-
sulting compound was identified to be IL [HSOj3-
BDBU]H,PO,4. 'H NMR (400 MHz, DMSO-dg) 5 1.62-1.67
(m, 10H), 1.92-1.98 (m, 2H), 2.41-2.45 (t, J/ = 6.8 Hz, 2H),
2.85-2.88 (t, J = 4.8, 2H), 3.42-3.62 (m, 8H) ppm; 13C NMR
(100 MHz, DMSO-dg) & 19.65, 22.13, 22.88, 25.55, 27.12,
27.22,27.90, 46.58, 48.52, 50.65, 52.92, 53.98, 165.98 ppm;
FTIR (KBr) vax/cm™': 3317.18, 2939.11, 2867.62, 1621.52,
1527.51, 1452.10, 1328.75, 1201.00, 998.74, 726.90, 600.28;
ESIMS (+) m/z: 100.1, 102.1, 153.2, 289.3, 390.1.

For the preparation of other ILs in this paper and for full experi-

mental data see Supporting Information File 1.

Catalytic dehydration esterification of
ricinoleic acid and catalyst recycling
The dehydration esterification of ricinoleic acid was investigat-

ed using ILs as catalyst. In a typical run, 10 g (30 mmol) rici-
noleic acid and 1 g (2.6 mmol) [HSO3-BDBU]JH,PO4 were
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added into a 100 mL glass flask equipped with magnetic stirrer,
a reflux condenser and connected with vacuum line. Then,
under a stirrer rate of 500 r/min, the temperature was increased
to 190 °C to promote the esterification reaction. Simultaneous-
ly, the reaction run at 50 kPa to remove the generated water.
After 2 h of reaction, the reaction mixture was cooled to room
temperature for stratifying. The supernatant was oligomeric
ricinoleic acid and it could be decanted directly for further treat-
ment and acid value analysis. The IL catalyst deposited in the
lower layer can be washed with a small amount of dichloro-
methane to remove the residual oligoester. After that, the fresh
ricinoleic acid was added for the second run reaction and the
recovered catalyst can be used repeatedly.

Product characterization

The oligomeric ricinoleic acid is a yellow oily liquid, and all
experiments have yields greater than 90%, which are deter-
mined by weighing. The spectral results identified the product.
'H NMR (400 MHz, CDCl3) d 0.85-0.88 (t, J = 3.9 Hz, 3H),
1.26-1.29 (m, 16H), 1.51-1.60 (m, 4H), 2.00-2.01 (m, 2H),
2.25-2.26 (m, 4H), 4.86-4.89 (m, 1H), 5.30-5.46 (m, 2H) ppm;
13C NMR (100 MHz, CDCl3) & 14.08, 22.58, 25.11, 25.35,
27.20-27.35, 29.03-29.71, 31.75, 31.98, 33.62, 34.65, 73.69,
124.30, 132.51, 173.58 ppm; FTIR (KBr) vpa/cm™1: 3416.44,
3010.55, 2927.89, 2855.81, 1733.38, 1711.66, 1464.22,
1245.41, 1183.74, 725.11; ESIMS (+) m/z: 579.3, 876.6,
1139.7, 1437.8, 1716.9, 1997.1.

Acid value determination

The acid value of product was determined using a modified
ASTM D664 method [33], in which about 1 g sample was
dissolved in 30 mL CH,Cl, and the resulting solution was
titrated against standard 0.1 N isopropanol KOH. Acid value
(mg KOH/g sample) was then calculated as follows:

acid value =M

where V (mL) and C (mol/L) are the consumed volume and
concentration of KOH solution, respectively, W (g) is the
weight of the sample.

To exclude the presence of IL in supernatant and ensure the
reliability of acid value in oligomerization degree determina-
tion, additional treatment was performed for the supernatant
before acid value determination. That is, the supernatant was
diluted with dichloromethane, and the putative IL in the sample
was extracted three times with distilled water. Then the
remaining organic phase was dried with Na,SO, for 24 h fol-
lowed by filtration. After that, the filtrate was collected and the

dichloromethane solvent was removed by vacuum evaporation
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to obtain oligomeric ricinoleic acid for acid value measurement
(Table 5, entries 1, 3 and 5). On the other hand, the acid value
of supernatant without any treatment was also determined for
comparison (Table 5, entries 2, 4 and 6). The acid values of the
two treatments were identical, indicating that IL settled well
after the reaction and was absent in the product.

Table 5: Acid value measurement results of two different treatments
for the supernatant.

Entry@ Reaction time Acid value
(h) (mg KOH/g)
1 1 108
2 1 108
3 2 74
4 2 73
5 4 60
6 4 60

@Reaction conditions: 10 g (30 mmol) ricinoleic acid, 1 g (2.6 mmol)
[HSO3-BDBUJH2PO4, 190 °C, 50 kPa.

Supporting Information

Supporting Information File 1

Experimental part and spectra of synthesized compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-34-S1.pdf]
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The development and study of new solvents has become important due to a proliferation of regulations preventing or limiting the

use of many conventional solvents. In this work, the suitability of the Suzuki—Miyaura reaction to demonstrate the usefulness of

new solvents was evaluated, including Cyrene ™ , dimethyl isosorbide, ethyl lactate, 2-methyltetrahydrofuran (2-MeTHF), propy-

lene carbonate, and y-valerolactone (GVL). It was found that the cross coupling is often unaffected by the choice of solvent, and

therefore the Suzuki—Miyaura reaction provides limited information regarding the usefulness of any particular solvent for organic

synthesis.

Findings

The objective of this work was to reveal if there is a relation-
ship between the productivity of Suzuki—-Miyaura cross
couplings and the properties of the solvent, and whether this
could be used to justify solvent selection. The choice of solvent
is one variable that dictates reaction rate, selectivity, equilibria,
solubility, and ultimately product yield. If there is an observ-
able change in reaction performance correlating to one or more
solvent properties (often polarity), then it is possible to identify
and implement an optimum solvent. Suzuki—-Miyaura cross cou-
pling is the premier method of palladium catalysed carbon—car-
bon bond formation, making it an obvious case study to vali-
date the performance of novel solvents [1-7]. The polarity of the

solvent is known to determine the structure and activity of cata-

Iytic intermediates, the rate determining step, and stereochemis-
try (where applicable) of Suzuki—Miyaura cross couplings [8].
Despite this, the reaction is generally tolerant of a wide range of
solvents (often an ether or amide solvent is used, and water is a
common co-solvent). This calls into question the benefits of
using Suzuki—Miyaura cross coupling as a test of new solvents,

regardless of how vital the reaction is.

Three variations of the Suzuki—-Miyaura cross-coupling protocol
were performed. Each case study is a transformation of phenyl-
boronic acid (1.2 molar equivalents) under different conditions
(see Scheme 1), but all using 1 part water to 3 parts organic sol-

vent (by volume) and 0.6 mmol (1 equivalent) of an aryl bro-
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mide. The solvent screening included twelve solvents. The
following eminent green and bio-based solvents were included
in the study to assess their ability to substitute conventional sol-
vents: Cyrene ™ [3], and its alcohol equivalent levoglucosanol
[9], ethyl lactate [10], 2-methyltetrahydrofuran (2-MeTHF)
[11], y-valerolactone (GVL) [12], dimethyl isosorbide (DMI)
[6], and propylene carbonate [7]. This study compares solvents
under the same conditions to offer a fair comparison. Addition-
al solvents were included to ensure a range of polarities were
investigated (see Supporting Information File 1). In each case
study, conversion to the desired product was measured by
'H NMR spectroscopy (see Supporting Information File 1,

Beilstein J. Org. Chem. 2020, 16, 1001-1005.

Figure S4). The results are summarised in Table 1. No evi-
dence of significant hydrodehalogenation or other unintended

reactions was observed throughout unless noted subsequently.

The first case study was adapted from that developed by
Watson and co-workers [3,6]. The desired coupling is of
4-bromotoluene to produce 4-phenyltoluene, assisted by the
inclusion of the bis(diphenylphosphino)ferrocene ligand and
3 equivalents of base (Scheme 1a). In this work the proportion
of water added is less than that previously optimised for reac-
tions in Cyrene ™ [3], and more than that previously optimised
for reactions in DMI [6]. In case study 1, the majority of sol-

PhB(OH),

Pd(dppf)Cls (4 mol %)
K3POy4 (3 equiv)

Br
" 0L

solvent/water
(3:1 viv)

\/

50°C,1h

PhB(OH),

Pd(OAc), (1 mol %)
K,CO3 (1.2 equiv)

Br.
OH

solvent/water
(3:1 viv)

Y

@)
o
I

65°C,20 h

PhB(OH),
Br Pd(OAc), (1 mol %)
Ko,CO3 (1.2 equiv)

solvent/water

\j

o (3:1 viv)
t, 2 h 0

Scheme 1: (a) Case study 1, reaction of 4-bromotoluene; (b) case study 2, reaction of 4-bromophenylacetic acid; (c) case study 3, reaction of

4’-bromoacetophenone.

Table 1: Conversions in three Suzuki-Miyaura reactions.?

solvent greenness ranking

NMP hazardous (reprotoxicity)

toluene problematic (health and safety issues)
butanone recommended

2-propanol recommended

ethyl acetate recommended

ethyl lactate

Cyrene™ problematic (low volatility)
levoglucosanol lacking data (low volatility)
DMI problematic (low volatility)
propylene carbonate problematic (low volatility)
GVL problematic (low volatility)
2-MeTHF problematic (health and safety issues)

aGreenness ranking is taken from the CHEM21 solvent selection guide.

problematic (causes serious eye damage)

case study 1 case study 2 case study 3

85% 98% 100%
94% 100% 42%
92% 92% 30%
81% 100% 100%
76% 100% 28%
75% 81% 73%
83% 2% 5%
77% 64% 82%
96% 63% 74%
81% 100% 98%
87% 98% 36%
79% 100% 16%
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vents resulted in conversion to the product in the range of
75-85% after 1 hour. The highest conversion of 96% was ob-
tained in DMI, but overall it is fair to conclude the reaction
quickly reaches good conversions with little apparent influence
from the solvent.

The second case study transformed 4-bromophenylacetic acid
into felbinac, a nonsteroidal anti-inflammatory drug
(Scheme 1b) [13]. Here, palladium acetate without an auxiliary
ligand was used for a pre-catalyst and the base changed to
potassium carbonate. Reaction conditions of 20 hours at 65 °C
were decided after observing 11% conversion after 2 hours and
33% after 20 hours in NMP at room temperature. The majority
of solvents provided conversions in excess of 90%. In the case
of Cyrene™, its instability towards inorganic bases is presum-
ably the reason for the very low conversion (2%). During one
run the reaction mixture did solidify, as has been reported previ-
ously for various chemistries in Cyrene ™ under basic condi-
tions [14].

The third case study was a coupling of 4-bromoacetophenone
(Scheme Ic) using the same pre-catalyst and base as in case
study 2. In this example the reaction proceeds at room tempera-
ture, but now the conversion to the product varies considerably
between solvents. Reactions in N-methyl-2-pyrrolidone (NMP)
and 2-propanol (IPA) resulted in complete conversion, and the
product could be isolated by crystallisation from diethyl ether.
Propylene carbonate also provided excellent conversion to the
product (98%). The alcohol functionalised solvents outper-
formed their aprotic analogues, while Cyrene ™, GVL, and
2-MeTHF were poor solvents. Replacing potassium carbonate
with triethylamine, the conversion in Cyrene™ rose slightly to
10%. Despite the variation between experiments no discernible
correlation between any solvent properties and the observed

conversions was found.

The results achieved in DMI across the three case studies typify
the lack of an obvious solvent effect. In one instance DMI is the
best performing solvent (case study 1), then the worst aside
from the reactive Cyrene ™ (case study 2), and then somewhere
in between (case study 3). To demonstrate that not even case
study 3 is robust enough to definitively establish a measure-
ment of solvent performance in Suzuki—-Miyaura cross
couplings, a short optimisation study was conducted to improve
the conversion to 4-phenylacetophenone in 2-MeTHF (origi-
nally 16%). Reducing the water content to an 18:1 v/v ratio and
increasing the excess of base to 3 equivalents and catalyst to
5 mol % was found to be beneficial, as was a higher reaction
temperature of 65 °C. These conditions produced a conversion
of 79% after 4 hours in 2-MeTHF. This is an indication of the

weak influence of the solvent compared to the impact of the

Beilstein J. Org. Chem. 2020, 16, 1001-1005.

reaction temperature, and the choice and quantity of catalyst
and base.

Given the broad choice of solvents available, what is left to
decide is the most benign solvent that should be preferred for
conducting Suzuki—-Miyaura reactions. Table 1 lists the green-
ness rating from the CHEM21 solvent selection guide (except
for levoglucosanol which lacks the necessary data) [15]. The
‘recommended’ solvent with a high performance across the
three case studies is IPA, known as a robust solvent for
Suzuki—Miyaura type cross couplings [16-18]. However, it is
also worth noting that the ‘problematic’ designation of
Cyrene ™, DMI, propylene carbonate, and GVL is due to their
high boiling points placing a high energy demand on recovery
by distillation. If recovery has been considered and deemed
infeasible, then propylene carbonate in particular should also be
considered given its superior hazard profile compared to IPA.
However, caution is advised in the presence of nucleophilic
reagents, as this has previously been reported to cause ring
opening of propylene carbonate during Suzuki—Miyaura cross
couplings [7]. In this work no decomposition of propylene
carbonate was identified. Using only water as a solvent is also
appealing from a green chemistry perspective if the water can
be reused. To this end, micellar chemistry is appropriate for
cross couplings [19]. Residual water also assists ‘solvent-free’
methods [20].

In summary, the Suzuki-Miyaura reaction is a fantastically
versatile and industrially important reaction [21,22], and excels
in a variety of reaction media. On the evidence of this study, it
can be concluded that the Suzuki—Miyaura reaction is not an
informative case study for solvent effects and cannot reliably
validate the benefits of one particular solvent. This is because
catalysts and conditions can be chosen to promote high conver-
sions regardless of the properties of the solvent. Additionally,
the diverse properties of high performance solvents across
Suzuki—-Miyaura reactions means it is hard to discern what are
the requisite qualities of the reaction medium (if any) that
encourage the desired cross coupling. Specific mechanistic
studies whereby the rate limiting step or mechanism changes
according to the solvent remain a valid pursuit, as does
measuring the palladium contamination in products [23]. How-
ever, the works of Watson [24], Denmark [25], and others
[26,27], have already elucidated many of the key fundamental
principles of boron and palladium speciation and the role of the

base in the Suzuki-Miyaura reaction.

For researchers developing safer solvents, the Mizoroki-Heck
reaction is a more suitable cross-coupling methodology to
demonstrate solvent performance [28]. The reaction kinetics of

Mizoroki—Heck reactions have a strong dependence on the
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dipolarity of the reaction medium, and the rate determining step
can be controlled by the equivalents of ligand added, thereby
eliminating one variable [8]. Reprotoxic solvents such as N,N-
dimethylformamide (DMF) are routinely used in the
Mizoroki—-Heck reaction and hence there is also a motivation to
investigate safer alternative solvents that the Suzuki—-Miyaura
reaction lacks.

If researchers are still compelled to study the utility of solvents
in the Suzuki—Miyaura reaction, I encourage future studies to be
directed at challenging substrates that correspond to commer-
cially important products (e.g., enantiopure pharmaceuticals,
polymeric materials) and if a substrate screening should follow,
the protocol established by Collins and Glorius is effective [29].
For the development of new catalysts, it is preferable to work
with a benign solvent such as aqueous IPA from the outset [30].
This is because late-stage solvent screens rarely reveal a superi-
or solvent due to the catalyst having already been optimised to
work in the original solvent, which may have been chosen only
for ease of removal (e.g., the volatile but suspected carcinogen
dichloromethane) or the high solubility of organic and inorgan-

ic reagents (e.g., the reprotoxic DMF).

Supporting Information

Supporting Information File 1

Synthetic procedures and calculation of reaction
conversions and solvent polarity data.
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Abstract

The acid-base neutralization reaction of commercially available disodium 2,6-naphthalenedisulfonate (NDS, 2 equivalents) and the
tetrahydrochloride salt of tetrakis(4-aminophenyl)methane (TAPM, 1 equivalent) in water gave a novel three-dimensional charge-
assisted hydrogen-bonded framework (CAHOF, F-1). The framework F-1 was characterized by X-ray diffraction, TGA, elemental
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analysis, and '"H NMR spectroscopy. The framework was supported by hydrogen bonds between the sulfonate anions and the am-

monium cations of NDS and protonated TAPM moieties, respectively. The CAHOF material functioned as a new type of catalyti-

cally active Brgnsted acid in a series of reactions, including the ring opening of epoxides by water and alcohols. A Diels—Alder

reaction between cyclopentadiene and methyl vinyl ketone was also catalyzed by F-1 in heptane. Depending on the polarity of the

solvent mixture, the CAHOF F-1 could function as a purely heterogeneous catalyst or partly dissociate, providing some dissolved

F-1 as the real catalyst. In all cases, the catalyst could easily be recovered and recycled.

Introduction

Tremendous successes in homogeneous catalysis are well-
known and documented [1-3]. However, problems associated
with catalyst recovery limit the application of homogeneous
catalysts in industry and sometimes make their heterogeniza-
tion necessary. Unfortunately, the immobilization of a homoge-
neous catalyst onto supports, such as polystyrene, silica, glass,
and others [4-12] generally leads to a deterioration of the cata-
lytic properties of the initial homogeneous catalyst. This is due
to factors including the nonhomogeneous structures of the cata-
lytic centers on the surface of the carrier or inside the poly-
meric matrix and the low availability of the active sites to the
substrates due to diffusion problems. Additionally, the self-as-
sociation of catalytic centers on flexible polymeric chains may
negatively influence the expected activity of the immobilized
catalyst. Moreover, the degradation of cross-linked covalent
polymeric matrixes or the destruction of catalytic centers during
productive cycles can shorten the lives of the catalysts to an
extent that makes the immobilization of homogeneous catalysts

impractical [7].

In recent decades, novel classes of heterogeneous, porous, crys-
talline architectures have been discovered, which allow a rigid
and uniform distribution of a single well-defined catalytic or
precatalytic center within a solid matrix. Of these,
metal-organic frameworks (MOFs) [13-18] and covalent
organic frameworks (COFs) [19-22] have been the forerunners.
The design of MOFs is based on metal nodes linked by organic
ligands whilst COFs have ligands joined by organic nodes. Both
displayed great catalytic properties, sometimes exceeding those
of homogeneous analogs [23,24]. Unfortunately, stability prob-
lems, the cost of the initial materials, and the synthetic proto-
cols for the matrix synthesis hamper the routine use of MOFs
and COFs in industry, even for the production of high-added-
value products.

Recently, new supramolecular porous materials named hydro-
gen-bonded organic frameworks (HOFs) or supramolecular
organic frameworks (SOFs) have been developed [25-36].
Usually, a HOF is built from multitopic tectons that interact
with their neighbors by directional hydrogen bonds, disfa-
voring close packing, and thus generating significant pore

volumes within the crystal [25-28]. These heterogeneous, crys-

talline, supramolecular frameworks may be neutral, for exam-
ple, those built by mutual interactions of multitopic carboxylic
acids [25-29]. Alternatively, they can be constructed from com-
ponents possessing oppositely charged multitopic tectons, in
which case the framework becomes a charge-assisted hydrogen-
bonded framework (CAHOF), as was the case when multitopic
guanidinium or amidinium cations were combined with poly-
carboxylates, polysulfonates, or polyphosphonates [30-33]. The
synthesis of a HOF or CAHOF consists of simply mixing the
two components together [29]. An additional advantage of
HOFs and CAHOFs is their self-healing property, as the frame-
works can easily self-reassemble after the disassembly induced

by an external stimulus [26,27,37].

Although the field of HOF and CAHOF applications is still in
its infancy, there are some promising advances in proton
conductivity [30,31], gas separation and absorption [28,29], en-
zyme encapsulation [36], and even asymmetric synthesis (albeit
with a framework that contained a transition metal ion) [37].
However, for the HOF and CAHOF catalysts to have a similar
appeal to other regular active site distribution materials, such as
zeolites, MOFs, or COFs, a broader scope of applications has to
be investigated. We thought that the CAHOFs present a very
promising material, as they can be considered as heterogeneous
ionic liquids with a great potential for becoming efficient
heterogeneous, purely organic catalysts. In particular, salts that
are insoluble in organic solvents and derived from the neutrali-
zation of polyacidic and polybasic tectones could be good
candidates for becoming efficient heterogeneous Brgnsted

acids.

Herein, we report the synthesis of a novel, purely organic,
charge-assisted hydrogen-bonded self-assembled organic frame-
work F-1. The structure of F-1 was established by single crystal
and powder X-ray diffraction, NMR spectroscopy, and
elemental analysis. The morphology of F-1 was assessed by
SEM, and its stability was determined by TGA. We report the
use of F-1 as a heterogeneous, robust, and recoverable catalyst
for the Brgnsted acid-catalyzed ring opening reactions of epox-
ides with alcohols and water, with the latter reaction occurring
in a three-phase medium. In addition, a Diels—Alder reaction

was promoted by F-1 in heptane.
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Results and Discussion

Mixing together aqueous solutions of two equivalents of NDS
and of one equivalent of TAPM at ambient temperature imme-
diately produced F-1 as a white precipitate (Scheme 1). The pK,
(in water) of NDS is expected to be —11 to —10, by analogy

“CI"H3N *Na 038
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© O
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H
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Scheme 1: The synthesis of F-1.
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with the pK, of polystyrene sulfonic acids [12]. The four pK,s
of the conjugated acids of TAPM were calculated (see Support-
ing Information File 1) to be 4.94, 4.46, 4.04, and 3.79. Thus,
the difference in the acidity of the NDS and TAPM compo-
nents was large enough to ensure a complete salt formation.

Solid F-1 was practically insoluble in organic solvents with the
exception of DMSO. The analytical data supported its structure
as depicted in Scheme 1. A crystal of the compound was grown
by diffusion of water into a solution of F-1 in DMSO. The
results of the X-ray diffraction analysis are shown in Figure 1.
The single crystal material of F-1 (F-1a phase) was in the
monoclinic space group P2;/c, with the lattice parameters
a = 20.6034(8) A, b = 20.1330(8) A, ¢ = 22.4357(8) A,
B =91.989(1)°, and cell volume = 9300.9(6) A3 at 120 K. An
asymmetric part of the unit cell contained two ammonium
cations, four sulfonate anions, and nine water molecules, held
together by numerous hydrogen bonds (Table S2, Supporting
Information File 1), so that the resulting three-dimensional
network had no macro- or mesopores (Figure S1, Supporting
Information File 1). The volume of the unit cell that was poten-
tially accessible to a solvent was only 29.0 A3, as calculated by
PLATON [38].

The same crystal phase (F-1a) was present in F-1 before the

crystallization, as confirmed by powder diffraction data

012

Figure 1: View of the crystal structure of F-1 (F-1a phase), with representation of atoms by thermal ellipsoids at a 30% probability level. The hydro-
gen atoms, except for those in NH groups and solvate water molecules, were omitted for clarity. Only the labels of symmetry-independent

heteroatoms are shown.
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collected at room temperature for the white precipitate obtained
from the mixed water solutions of TAPM and NDS. Space
group P2;/c, a = 20.9609(10) A, b = 19.7563(9) A,
¢ =22.6642(10) A, B = 92.694(3)°, cell volume = 9375.1(8) A3.

When F-1 was submitted to vacuum drying at 100 °C for
several hours, a sample F-1b was obtained. X-ray powder
diffraction showed that F-1b contained a mixture of unknown
phases (Figure S3, Supporting Information File 1). However,
after a few hours of being exposed to air, it reverted into the
phase F-1a, the same phase it had before the drying. Space
group P2/c, a = 20.8677(13) A, b = 20.0951(13) A,
¢ =22.6324(15) A, B = 92.432(5)°, cell volume = 9482.1(11)A3
(Figures S4 and S5, Supporting Information File 1). The differ-
ent powder patterns obtained for the initially formed F-1 and for
F-1b immediately after vacuum drying suggested that some
structural parameters, such as the water content, varied in the
two analyses.

The final proof that the phase change was due to some water
molecules escaping the crystal, and this proof came from the
X-ray diffraction analysis of heated crystals of F-1 (with F-1a
phase) that were immediately put into silicon grease and cooled
to 120 K at the diffractometer. The data collection revealed a
triclinic P-1 phase, with the lattice parameters a = 13.416(7) A,
b = 13.887(7) A, ¢ = 22.730(12) A, a = 88.564(8)°, B =
87.351(8)°, y = 89.836(9)°, cell volume = 4229(4) A3. The re-
sulting structure designated as F-1 (F-1a’ phase, Figure 2) had
two ammonium cations and four sulfonate dianions in the asym-
metric part of the unit cell, with no traces of water molecules.
Its three-dimensional network is built by charge-assisted hydro-
gen bonds between the ions (Table S3, Supporting Information
File 1), with small voids occurring near the sulfonate and am-
monium groups (Figure S2, Supporting Information File 1). The
solvent-accessible volume of the unit cell was 105.8 A3, as
calculated by PLATON [38]. The dried sample with the F-1a’
phase readily absorbed water, reverting to the F-1a phase with
nine molecules of water for every two residues of TAPM within
10-20 minutes of atmospheric exposure.

In addition, F-1 reversibly took up methanol (1.5 molecules per
TAPM moiety), benzene (4-5 molecules per TAPM), and
propylene oxide (1.5 molecules per TAPM) in a closed vessel
saturated with the vapors of these compounds. The absorbed
material changed its PRXD reversibly, returning to its original
structure after the absorbed solvent was allowed to evaporate
from the sample.

The morphology of uncrystallized F-1 was studied by scanning
electron microscopy (SEM) analysis. It had a “tangerine
wedge” morphology (Figure 3 and Figures S9 and S10, Sup-

Beilstein J. Org. Chem. 2020, 16, 1124—1134.

022

o10 §7

020

Figure 2: View of the crystal structure of F-1 (F-1a’ phase), with repre-
sentation of the atoms via thermal ellipsoids at a 30% probability level.
The hydrogen atoms, except for those in NH groups, were omitted for
clarity. Only the labels of symmetry-independent heteroatoms are
shown.

porting Information File 1), with evident macropores present on
the surface of the particles. The size distribution of the F-1 par-
ticles was in the range of 3-5 to 45-50 um, and most of the par-
ticles had a size within a range of 15-30 pum.

TM-1000 20 40 60 80

100 um

Figure 3: SEM image of F-1.

SEM imaging of crystals of F-1 in the F-1a phase formed from
a DMSO/water system indicated the existence of two types of
crystals (Figure 4). Type 1 was a set of platelets with heights of
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0.7-1 mm, grown from a common planar base with a diameter
of 0.1-0.3 mm. In other words, the crystals were a typical druse
setup. Type 2 were well-formed, nonisotropic crystals with two
parallel planes in varying sizes (0.3 X 0.4 x 1 mm).

TM-1000

Figure 4: SEM image of F-1 with an F-1a phase.

The thermogravimetric analysis and differential scanning calo-
rimetry (TGA-DSC) of F-1 was conducted to examine its ther-
mal properties. The TGA curve of the bulk crystals (Figure 5)

Beilstein J. Org. Chem. 2020, 16, 1124—1134.

reached a plateau at 160 °C after 5.9% of the mass was re-
moved as water. The plateau was maintained until 340 °C, when
the sample underwent an endothermic decomposition. The de-
composition produced sulfur dioxide, naphthalene, and aniline,
according to the infrared spectra of the produced gases (Figures
S11 and S12, Supporting Information File 1).

The CAHOF F-1 was also analyzed by nitrogen porosimetry
(see Supporting Information File 1). It was found to contain
mesopores and macropores with an adsorption average pore
width of 5.2 nm, a BET surface area of 2.606 m2~g_1, a meso-
pore volume of 0.00093 cm3-g~!, a macropore volume of
0.00168 cm3-g~!, and a total pore volume of 0.00336 cm3-g~!.
The porosimetry data could not be directly relevant to the cata-
lytic activity of the composite as the framework as the
porosimetry sample needed to be thoroughly degassed prior to
the analysis. However, the framework F-1 underwent
“breathing” in organic solvent solutions (see below), which
allowed catalytic sites to become available without the need for
a pore structure in the desolvated material. The calculated
acidity of the components of F-1 (see above) indicated possible
catalytic applications of the material. Thus, the catalytic proper-
ties of uncrystallized F-1 and F-1 with an F-1a phase were
explored in a series of reactions typically promoted by Brgnsted
acids, such as epoxide ring openings with methanol and water
(Scheme 2). The reactions were conducted at room temperature,

DSC-TGA
1.2
1001 ‘ 1.9-
1/ ‘
! 1.0
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400.18°C 1.4+ €
80 . LogO
o rose
. o)
— X ]
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:, B% < 6
= k=) L0.6E
2 %0.9- a
2 601 . o
3 Z 2
) o
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2
N in)
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Figure 5: TGA-DSC analysis of a sample of F-1. The TGA plot is shown in green, the DSC curve is shown in blue, and the first differential of the DSC

curve is shown in red.
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Scheme 2: Uncrystallized F-1 or F-1 with an F-1a phase promoted the
two- and three-phase reactions of styrene oxide (2).

and after several hours, the catalyst was removed by centrifuga-
tion or filtration through a dense paper filter. The filtrates were
evaporated, and the residue was weighed and analyzed by

Beilstein J. Org. Chem. 2020, 16, 1124-1134.

'H NMR spectroscopy. The experimental results are summa-
rized in Table 1.

Uncrystallized F-1 promoted the ring opening of styrene oxide
(2) with methanol. Within 1 hour at room temperature, the
alcohol 3 was obtained in a quantitative yield and as a single
regioisomer (Table 1, run 2). The CAHOF F-1 was robust and
retained the catalytic activity after being recovered from the
reaction mixture five times (Table 1, run 3). In addition, its
'H NMR spectrum was unchanged after being used in five cata-
Iytic cycles (Figure S17, Supporting Information File 1). In the
absence of a catalyst, no reaction occurred under the experimen-
tal conditions (Table 1, run 1). To determine if the reaction was
being catalyzed by a homogeneous or heterogeneous species,
the CAHOF F-1 and methanol were mixed together and stirred
for 15 minutes. Then, the remaining solid F-1 was removed by
filtration, and the filtrate was tested as a catalyst for the ring
opening reaction. The alcohol 3 was obtained in 67% yield
(Table 1, run 4), proving that some soluble components of F-1
were catalytically active, and hence that the reaction was partly
catalyzed heterogeneously and partly promoted by the leached
catalyst under the experimental conditions. To investigate this
in more detail, studies on the solubility of F-1 in MeOH were
conducted by UV-vis spectroscopy at 275 nm (e = 5670), and it
was found that F-1 had a solubility of 0.25 g/L in MeOH.

Table 1: The ring opening of styrene oxide (2) by MeOH or H>O, promoted by uncrystallized F-1 or F-1 with an F-1a phase at room temperature.

run catalyst nucleophile

1 none MeOH (neat)

2a F-1 MeOH (neat)

3b F-1 MeOH (neat)
4ac F-1 filtrate MeOH (neat)

5d F-1 MeOH in CH.Cl»
ged F-1 filtrate MeOH in CH,Cly
7d F-1a MeOH in CH.Cl»
gef F-1 H>O/CHxClo
9849 F-1 H>O/CHxClo
108:h F-1 H>O/CHxClo
116 F-1 H>0O/CHxClo
128 F-1 H>O/CHxClo
13e:hk F-1 filtrate H>O/CHxClo
14¢h F-1 HoO/CHoClo

15! IR-120 Ho0/CHClp

t (h) conversion (%) yield (%)
24 0 0

1 100 >98

1 100 >98

1 67 67

24 56 53-56
24 <1 <1

24 24 22

3 3 3

3 3 3

3 40 40

3 52 52

3 55 55

3 45 45

24 100 95

3 0 0

aReaction conditions: 2 (0.2 mL, 1.83 mmol), MeOH (10 mL), uncrystallized F-1 or F-1 with an F-1a phase (0.023 g, 9.61 x 10~5 mol of *NHj3 groups,
5.3 mol %), stirred at 700 rpm (unless indicated otherwise). PF-1 was recovered, and reused five times in pure MeOH. Each of these reactions gave a
full conversion after 1 hour, and the yield given is that from the 5th use of the catalyst. €2 (0.2 mL, 1.83 mmol), MeOH (1.5 mL, 36.6 mmol), CHoCl,
(10 mL), uncrystallized F-1 (or F-1 with an F-1a phase, 0.023 g, 9.61 x 10~ mol of *NH3 groups). 9The same reaction conditions as in the runs 2 or 5,
but the catalyst was filtered before the start of the reaction, and the filtrate was used as the catalyst. ®2 (1 mL, 9.17 mmol), CHoCls (25 mL), and HoO
(50 mL), uncrystallized F-1 (0.11 g, 0.46 mmol of *NH3 groups). ‘The reaction was not stirred. 9The reaction was stirred at 200 rpm. "The reaction was
stirred at 700 rpm. IThe reaction was stirred at 1000 rpm. iThe reaction was stirred at 1400 rpm. KThe same reaction conditions as in run 10, but the
catalyst F-1 was filtered 15 minutes after the reaction had started, and the filtrate was used as the catalyst. IThe same conditions as in run 5, but
instead of F-1, IR-120 in an H* form (0.15 g, 0.485 mmol) mixed with PhNH5 (0.485 mmol) was used as a catalyst.
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Hence, under the reaction conditions, 10% of F-1 would be dis-
solved in the reaction mixture. Table 1, run 4 shows that the ac-
tivity of the dissolved part of F-1 was sufficient to bring the
reaction to 67% completion but not to obtain the full conver-
sion seen in Table 1, run 2 and run 3 where both the dissolved
and undissolved parts of F-1 coexisted. This indicated that both
the dissolved and the heterogeneous parts of the catalyst were
catalytically active. Once these reactions were complete, the
filtrate was evaporated, and F-1 was recovered from the residue
by sedimentation by addition of dichloromethane. The structure
of the recovered F-1 was the same as that of the undissolved
F-1, illustrating the self-healing properties of the framework.

The catalyst could be made completely heterogeneous by per-
forming the same CAHOF F-1-catalyzed reaction in a less polar
medium. For this purpose, the reaction was conducted in a mix-
ture of methanol and dichloromethane (1.5/10 by volume), and
the yield of the alcohol 3 was 53-56% after 24 hours (Table 1,
run 5). The filtrate derived from the stirred F-1 in this solvent
mixture was catalytically inactive, and after 24 hours, the reac-
tion contained the epoxide 2 and traces of 3 (less than 1% yield,
Table 1, run 6). This observation clearly showed that dissolved
(leached) parts of F-1, even if present, could not be responsible
for the catalytic performance. To investigate if any leaching did
occur, a sample of the filtrate was evaporated and then dis-
solved in DMSO-dg. No resonances corresponding to F-1 were
present in the 'H NMR spectrum of this sample, which sup-
ported the absence of any leaching of the catalyst into the reac-
tion medium. The morphology of uncrystallized F-1 and F-1
with an F-1a phase (Figure 3 and Figure 4) had an influence on
the performance of the catalysts. A ground sample of F-1 with
an F-1a phase was less active than uncrystallized F-1 (Table 1,
runs 5 and 7).

It is notable that the framework F-1 (uncrystallized or with an
F-1a phase), although possessing few or almost no pores, was
still catalytically active. An explanation for this involves the
potential capacity of the frameworks to react to external stimuli
by increasing the distances between the crystal components by,
for example, “breathing” in polar solvents. This may disrupt the
nondirectional forces in the crystal whilst leaving the direc-
tional hydrogen bonds still present so that the framework
remained heterogeneous. Notably, simple organic cages that ex-
hibit guest-induced “breathing” and selective gas separation
have been reported [29,39-41]. The reversible rearrangement of
the crystal framework of a CAHOF derived from the salt of
terephthalic acid and tetrakis(4-amidiniumphenyl)methane, in
response to the addition of water or the application of heat, also
suggested that this “breathing” was feasible [32]. Closely simi-
lar behavior was also detected in “flexible” MOFs, which

contracted and expanded their pores in the presence of guest

Beilstein J. Org. Chem. 2020, 16, 1124-1134.

gases [42]. In the limiting case, the framework may even

become partially dissolved in a polar solvent.

The CAHOF F-1 was also catalytically active for the conver-
sion of styrene oxide (2) into the diol 4 (Table 1, runs 8-14).
This reaction was a three-phase system, including two immis-
cible liquid phases (dichloromethane and water) and solid F-1.
As the CAHOF F-1 was insoluble in dichloromethane and
poorly soluble in water, the solid catalyst resided between the
dichloromethane and water phases. The epoxide 2 was added to
this mixture, and the reaction was stirred. After 3 (or 24) hours,
the solid catalyst was filtered, the layers were separated, evapo-
rated, and analyzed. The aqueous layer contained only the diol 4
and some dissolved F-1. The organic mixture contained a mix-
ture of the epoxide 2 and the diol 4. Therein, the catalyst was a
homogeneous, water-soluble part of F-1. The filtered solution
was catalytically active to the same extent as the initial hetero-
geneous one (Table 1, run 13). Thus, in this case, solid F-1
served mostly as a reservoir for the production of the soluble
catalyst, although the dissolved part could easily be recovered
by evaporating the aqueous layer, adding dichloromethane to

the residue and filtering the insoluble catalyst.

The efficiency of the multiphase reactions should depend on the
rate of stirring the reaction. The runs 8—12 in Table 1 illustrated
the dependence of the yield of the diol 4 on the stirring velocity
over a three-hour reaction period. Expectedly, without any stir-
ring, the hydrolysis did not proceed (Table 1, run 8), and the
same poor performance occurred at a stirring rate of 200 rpm
(Table 1, run 9). When the stirring rate was increased to
700 rpm, the yield of diol 4 increased to 40% (Table 1, run 10).
There was little dependence of the product yield (40-55%) on
the stirring rate above the threshold of 700 rpm (Table 1, runs
10-12). A complete conversion of the epoxide 2 into the diol 4
was observed after a reaction time of 24 hours at a stirring rate
of 700 rpm (Table 1, entry 14).

Both the pH of the medium (specific acid catalysis) and general
acid catalysis by the ammonium groups of F-1 were potentially
important for the ring opening reactions. The ring openings
were conducted in three different media: neat methanol, a mix-
ture of methanol and dichloromethane, and a mixture of water
and dichloromethane. The methanol and dichloromethane mix-
ture did not need to be considered as F-1 was not soluble in this
mixture. For the other two solvent mixtures, the four ammoni-
um groups of the protonated form of TAPM had pK, values in
water (according to the calculations discussed above) ranging
from 5.0 to 3.8. The solubility of F-1 in water was determined
by UV-vis spectroscopy to be 0.9 g/L. This corresponded to
approximately 50% of the catalyst F-1 being dissolved in the

water phase of the reactions reported in Table 1, runs 12-14.
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The concentration of the ammonium groups was then
4.0 x 1072 M in water. Assuming that the average pK, value of
the ammonium groups of the protonated form of TAPM was
around 4.0, the pH value of the solution would be between 4
and 5. It is therefore most likely that F-1 operated via the
general acid catalysis mechanism in this solvent mixture. As the
pK. value of anilinium cations will only change to a small
extent when the solvent is changed from water to methanol, the
same general acid catalysis mechanism would be expected to

occur in reactions carried out in methanol.

For comparison, the commercially available (and most often
used heterogeneous Brgnsted acid catalyst) cation exchange
resin IR-120, which contains sulfonic acid functionalities, was
mixed in its hydrogen form with aniline to give a model of F-1.
An attempted use of the resulting compound with the same
amount of ammonium groups as in F-1 for the conversion of the
epoxide 2 into the alcohol 3 was unsuccessful (Table 1, run 15).
Evidently, the catalytic properties of the CAHOF F-1 were su-
perior to those of standard ion exchange materials under these

reaction conditions.

The CAHOF F-1 could also promote the ring opening of cyclo-
hexene oxide (5) by alcohols (Scheme 3), with the efficiency of
the reaction dropping as the size of the alcohol was increased
and its polarity decreased (Table 2, runs 1-3). Water could also
be used as the nucleophile (Table 2, runs 4 and 5) and led to the
trans-cyclohexane diol 6 under the same experimental condi-
tions used for the styrene oxide ring opening. Other epoxides
were also studied as substrates for the three-phase ring-opening
with water (Table 2, runs 6-9). Propylene oxide and butylene
oxide were good substrates for the reaction (Table 2, runs 6 and
7), but hex-1-ene oxide was almost unreactive (Table 2, runs 8

and 9), indicating that some partitioning of the epoxide into the

Beilstein J. Org. Chem. 2020, 16, 1124-1134.

aqueous phase was necessary for reaction to occur. Cyclo-
hexene oxide (5) is, however, a good substrate under the same
reaction conditions (Table 2, entry 5), possibly due to the

greater reactivity of its fused bicyclic ring system.

o
‘o, OR

two-phase system:

uncrystallized F-1

(5 mol % based on the number of NH3* groups)
ROH (neat), rt, stirred at 700 rpm

(D
5
three-phase system, CH,Cl,/H,O
uncrystallized F-1

(5 mol % based on the number of NH3* groups)
rt, stirred at 700 rpm

go H
n,, OH

6

Scheme 3: CAHOF F-1-promoted reactions of cyclohexene oxide (5)
with alcohols and water.

The Diels—Alder reaction of methyl vinyl ketone with cyclopen-
tadiene was also efficiently promoted by the CAHOF F-1 in
heptane at room temperature (Scheme 4). After three hours, the
catalyst was filtered, and the filtrate was evaporated to give a
mixture of the endo and exo adducts in a 3.5:1 ratio and a yield
of 52%. A reaction carried out under the same conditions in the
absence of F-1 produced the Diels—Alder adduct in a yield of
just 10%.

Table 2: Ring opening of epoxides by water or alcohols promoted by F-1 at room temperature.?

run epoxide nucleophile
1 5 MeOH

2 5 EtOH

3 5 iPrOH

4 5 HO/CHaCla
5 5 HoO/CHaCla
6 propylene oxide H>O/CH»Clo
70 butylene oxide HoO/CH,Clo
8P hex-1-ene oxide HoO/CH,Clo
gb hex-1-ene oxide HoO/CH,Clo

t(h) yield (%)
(by "H NMR)

4 98

4 20

4 <1

3 20

24 80

24 82

24 60

24 2

144 10

aThe epoxide (1.83 x 1073 mol) in 10 mL of alcohol or in a mixture of 5 mL CHxClo and 10 mL HoO was stirred at 700 rpm with F-1 (0.023 g,
9.61 x 10-5 mol of *NHjz groups, 5.3 mol %). PThe yields were determined by "H NMR spectroscopy, directly from the reaction mixture, by running the

experiments in D20.
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0 -Y

F 1 (5 mol % based on number of NH3* groups)

heptane RT
maJor minor

Scheme 4: F-1-promoted Diels—Alder reaction.

Conclusion

In summary, by utilizing the acid-base neutralization reaction
between two equivalents of NDS and one equivalent of the
tetrahydrochloride salt of TAPM in water, a novel three-dimen-
sional material F-1 was prepared and characterized by X-ray
diffraction, TGA-DSC, elemental analysis, and IH NMR spec-
troscopy. One important role played by NDS was that the crys-
talline three-dimensional CAHOF F-1 was supported by hydro-
gen bonds between the sulfonate anions and the ammonium
cations of NDS and TAPM, respectively. By virtue of the three
oxygen atoms of each sulfonate of NDS, through which the
negative charge was distributed, NDS could support different

crystalline arrangements, as shown in Figure 1 and Figure 2.

The framework F-1 was able to reversibly absorb solvents and
water in a process called “breathing”. The material served as a
new type of Brgnsted acid catalyst in a series of reactions, in-
cluding epoxide ring opening reactions and a Diels—Alder reac-
tion. A second role for NDS was that one of its sulfonate
oxygen atoms could form hydrogen bonds with water whilst
leaving the other two oxygen atoms to engage the ammonium
groups of TAPM (see the crystal structure of the F-1a phase).
This structure was thermodynamically stable and hinted at a
possible activation of water or methanol as nucleophiles by the
sulfate anions during the ring opening of epoxides. When the
coordinated water was removed by drying at higher tempera-
tures, another phase, F-1a’, was formed (Figure 2). A greater
amount of vacant space appeared in the crystal, and the struc-
ture became thermodynamically unstable. It reverted to the
original F-1a phase over a few hours when water was present in

the surrounding atmosphere.

Depending on the polarity of the solvent mixture, F-1 could
function as a purely heterogeneous catalyst or as a reservoir,
providing some soluble F-1 as the real catalyst. In all cases the
catalyst could easily be recovered and recycled. The system has

the potential for future elaboration, for example, by incorporat-

Beilstein J. Org. Chem. 2020, 16, 1124-1134.

ing multitopic tectons with a greater number of negatively
charged sulfonate groups mutually rigidly fixed in space. Such
arrangement should produce large pores within the framework
and further reduce the framework’s solubility in water and
organic solvents. Additionally, the acidity of these frameworks
could be tuned by varying the ratio of anion/cation multitopic
components and the basicity of the cation component.

Supporting Information

Supporting Information File 1

Experimental, characterization, and pK, calculation details
as well as SEM and TGA analyses.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-99-S1.pdf]

Supporting Information File 2

X-ray details for F-1 (F-1a phase).
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-99-S2.cif]

Supporting Information File 3

X-ray details for F-1 (F-1a’ phase).
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-99-S3.cif]

Acknowledgements
The Siberian branch of the Russian Academy of Sciences (SB
RAS) Siberian Supercomputer Center is gratefully acknowl-

edged for providing supercomputer facilities.

Funding

The X-ray diffraction data were collected with financial support
from the Ministry of Science and Higher Education of the
Russian Federation using the equipment of the Center for Mo-
lecular Composition Studies of INEOS RAS. Quantum chemi-
cal calculations were performed with financial support from
RFBR (#17-03-00907). The publication has been prepared with
the support of the “RUDN University Program 5-100” (V.A.L.,
PXRD investigation). The authors gratefully acknowledge
financial support from a RFBR research grant No 18-53-05004
Arm-a.

ORCID® iDs

Vladimir A. Larionov - https://orcid.org/0000-0003-3535-1292
Michael North - https://orcid.org/0000-0002-6668-5503
Vladimir P. Zhereb - https://orcid.org/0000-0002-0013-4282
Michael G. Medvedev - https://orcid.org/0000-0001-7070-4052
Yuri N. Belokon - https://orcid.org/0000-0002-9859-2512

1132


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-16-99-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-16-99-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-16-99-S2.cif
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-16-99-S2.cif
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-16-99-S3.cif
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-16-99-S3.cif
https://orcid.org/0000-0003-3535-1292
https://orcid.org/0000-0002-6668-5503
https://orcid.org/0000-0002-0013-4282
https://orcid.org/0000-0001-7070-4052
https://orcid.org/0000-0002-9859-2512

References

1. Busacca, C. A.; Fandrick, D. R.; Song, J. J.; Senanayake, C. H.
Adv. Synth. Catal. 2011, 353, 1825-1864.
doi:10.1002/adsc.201100488

2. Schlégl, R. ChemCatChem 2017, 9, 533-541.
doi:10.1002/cctc.201700026

3. Hayler, J. D.; Leahy, D. K.; Simmons, E. M. Organometallics 2019, 38,
36—46. doi:10.1021/acs.organomet.8b00566

4. Sartori, G.; Maggi, R. Chem. Rev. 2011, 111, PR181-PR214.
doi:10.1021/cr100375z

5. Climent, M. J.; Corma, A.; Iborra, S. Chem. Rev. 2011, 111,
1072—-11383. doi:10.1021/cr1002084

6. Clot-Almenara, L.; Rodriguez-Escrich, C.; Osorio-Planes, L.;
Pericas, M. A. ACS Catal. 2016, 6, 7647-7651.
doi:10.1021/acscatal.6b02621

7. Jones, C. W. Top. Catal. 2010, 53, 942-952.
doi:10.1007/s11244-010-9513-9

8. Mayani, V. J.; Abdi, S. H. R.; Kureshy, R. |.; Khan, N.-u. H.; Das, A.;
Bajaj, H. C. J. Org. Chem. 2010, 75, 6191-6195.
doi:10.1021/j01010679

9. Kohrt, C.; Werner, T. ChemSusChem 2015, 8, 2031-2034.
doi:10.1002/cssc.201500128

10. Wegener, S. L.; Marks, T. J.; Stair, P. C. Acc. Chem. Res. 2012, 45,
206—214. doi:10.1021/ar2001342

11.Copéret, C.; Comas-Vives, A.; Conley, M. P.; Estes, D. P.; Fedorov, A.;
Mougel, V.; Nagae, H.; Nufez-Zarur, F.; Zhizhko, P. A. Chem. Rev.
2016, 116, 323—421. doi:10.1021/acs.chemrev.5b00373

12.Konwar, L. J.; Maki-Arvela, P.; Mikkola, J.-P. Chem. Rev. 2019, 119,
11576—11630. doi:10.1021/acs.chemrev.9b00199

13.Cook, T. R.; Zheng, Y.-R.; Stang, P. J. Chem. Rev. 2013, 113,
734-777. doi:10.1021/cr3002824

14. Diercks, C. S.; Kalmutzki, M. J.; Diercks, N. J.; Yaghi, O. M.
ACS Cent. Sci. 2018, 4, 1457—-1464. doi:10.1021/acscentsci.8b00677

15.Gascon, J.; Corma, A.; Kapteijn, F.; Llabrés i Xamena, F. X.
ACS Catal. 2014, 4, 361-378. doi:10.1021/cs400959

16.Li, X.; Wu, J.; He, C.; Meng, Q.; Duan, C. Small 2019, 15, 1804770.
doi:10.1002/smll.201804770

17.Yuan, G.; Jiang, H.; Zhang, L.; Liu, Y.; Cui, Y. Coord. Chem. Rev.
2019, 378, 483-499. doi:10.1016/j.ccr.2017.10.032

18.Zhai, Q.-G.; Bu, X.; Zhao, X,; Li, D.-S.; Feng, P. Acc. Chem. Res. 2017,
50, 407—417. doi:10.1021/acs.accounts.6b00526

19. Waller, P. J.; Gandara, F.; Yaghi, O. M. Acc. Chem. Res. 2015, 48,
3053-3063. doi:10.1021/acs.accounts.5b00369

20.Li, H.; Pan, Q.; Ma, Y.; Guan, X.; Xue, M.; Fang, Q.; Yan, Y.;
Valtchev, V.; Qiu, S. J. Am. Chem. Soc. 2016, 138, 14783—-14788.
doi:10.1021/jacs.6b09563

21.Xu, H.-S.; Ding, S.-Y.; An, W.-K_; Wu, H.; Wang, W. J. Am. Chem. Soc.
2016, 738, 11489-11492. doi:10.1021/jacs.6b07516

22.Zhang, J.; Han, X.; Wu, X.; Liu, Y.; Cui, Y. J. Am. Chem. Soc. 2017,
139, 8277-8285. doi:10.1021/jacs.7b03352

23.Wu, X.; Han, X.; Xu, Q; Liu, Y.; Yuan, C.; Yang, S.; Liu, Y.; Jiang, J.;
Cui, Y. J. Am. Chem. Soc. 2019, 141, 7081-7089.
doi:10.1021/jacs.9b02153

24.Tan, C.; Jiao, J.; Li, Z.; Liu, Y.; Han, X.; Cui, Y. Angew. Chem., Int. Ed.
2018, 57, 2085-2090. doi:10.1002/anie.201711310

25.Fournier, J.-H.; Maris, T.; Wuest, J. D. J. Org. Chem. 2004, 69,
1762—-1775. doi:10.1021/jo0348118

Beilstein J. Org. Chem. 2020, 16, 1124-1134.

26.Hu, F.; Liu, C.; Wu, M.; Pang, J.; Jiang, F.; Yuan, D.; Hong, M.
Angew. Chem., Int. Ed. 2017, 56, 2101-2104.
doi:10.1002/anie.201610901

27.Yin, Q.; Zhao, P.; Sa, R.-J.; Chen, G.-C.; L0, J.; Liu, T.-F.; Cao, R.
Angew. Chem., Int. Ed. 2018, 57, 7691-7696.
doi:10.1002/anie.201800354

28.Zhou, Y.; Kan, L.; Eubank, J. F.; Li, G.; Zhang, L.; Liu, Y. Chem. Sci.
2019, 70, 6565-6571. doi:10.1039/c9sc00290a

29.Wang, H.; Li, B.; Wu, H.; Hu, T.-L.; Yao, Z.; Zhou, W.; Xiang, S.;
Chen, B. J. Am. Chem. Soc. 2015, 137, 9963-9970.
doi:10.1021/jacs.5b05644

30.Xing, G.; Yan, T.; Das, S.; Ben, T.; Qiu, S. Angew. Chem., Int. Ed.
2018, 57, 5345-5349. doi:10.1002/anie.201800423

31.Karmakar, A.; lllathvalappil, R.; Anothumakkool, B.; Sen, A.;
Samanta, P.; Desai, A. V.; Kurungot, S.; Ghosh, S. K.

Angew. Chem., Int. Ed. 2016, 55, 10667—10671.
doi:10.1002/anie.201604534

32.Morshedi, M.; Thomas, M.; Tarzia, A.; Doonan, C. J.; White, N. G.
Chem. Sci. 2017, 8, 3019-3025. doi:10.1039/c7sc00201g

33.Boer, S. A.; Morshedi, M.; Tarzia, A.; Doonan, C. J.; White, N. G.
Chem. — Eur. J. 2019, 25, 10006—10012. doi:10.1002/chem.201902117

34.Zareba, J. K.; Biatek, M. J.; Janczak, J.; Zon, J.; Dobosz, A.

Cryst. Growth Des. 2014, 14, 6143-6153. doi:10.1021/cg501348g

35. Liu, Y.; Hu, C.; Comotti, A.; Ward, M. D. Science 2011, 333, 436—440.
doi:10.1126/science.1204369

36.Liang, W.; Carraro, F.; Solomon, M. B.; Bell, S. G.; Amenitsch, H.;
Sumby, C. J.; White, N. G.; Falcaro, P.; Doonan, C. J.

J. Am. Chem. Soc. 2019, 141, 14298—-14305.
doi:10.1021/jacs.9b06589

37.Gong, W.; Chu, D.; Jiang, H.; Chen, X.; Cui, Y.; Liu, Y. Nat. Commun.
2019, 70, 600. doi:10.1038/s41467-019-08416-6

38.Spek, A. L. Acta Crystallogr., Sect. D: Biol. Crystallogr. 2009, 65,
148-155. doi:10.1107/s090744490804362x

39.Wang, Z.; Sikdar, N.; Wang, S.-Q.; Li, X.; Yu, M.; Bu, X.-H.; Chang, Z.;
Zou, X.; Chen, Y.; Cheng, P.; Yu, K.; Zaworotko, M. J.; Zhang, Z.

J. Am. Chem. Soc. 2019, 141, 9408-9414. doi:10.1021/jacs.9b04319

40.Bao, Z.; Xie, D.; Chang, G.; Wu, H.; Li, L.; Zhou, W.; Wang, H.;
Zhang, Z.; Xing, H.; Yang, Q.; Zaworotko, M. J.; Ren, Q.; Chen, B.

J. Am. Chem. Soc. 2018, 140, 4596—4603. doi:10.1021/jacs.7b13706

41.Zhu, A.-X.; Yang, Q.-Y.; Kumar, A.; Crowley, C.; Mukherjee, S.;
Chen, K.-J.; Wang, S.-Q.; O'Nolan, D.; Shivanna, M.; Zaworotko, M. J.
J. Am. Chem. Soc. 2018, 140, 15572—15576.
doi:10.1021/jacs.8b08642

42.Taylor, M. K.; Runcevski, T.; Oktawiec, J.; Bachman, J. E.;
Siegelman, R. L.; Jiang, H.; Mason, J. A.; Tarver, J. D.; Long, J. R.

J. Am. Chem. Soc. 2018, 140, 10324—10331.
doi:10.1021/jacs.8b06062

1133


https://doi.org/10.1002%2Fadsc.201100488
https://doi.org/10.1002%2Fcctc.201700026
https://doi.org/10.1021%2Facs.organomet.8b00566
https://doi.org/10.1021%2Fcr100375z
https://doi.org/10.1021%2Fcr1002084
https://doi.org/10.1021%2Facscatal.6b02621
https://doi.org/10.1007%2Fs11244-010-9513-9
https://doi.org/10.1021%2Fjo1010679
https://doi.org/10.1002%2Fcssc.201500128
https://doi.org/10.1021%2Far2001342
https://doi.org/10.1021%2Facs.chemrev.5b00373
https://doi.org/10.1021%2Facs.chemrev.9b00199
https://doi.org/10.1021%2Fcr3002824
https://doi.org/10.1021%2Facscentsci.8b00677
https://doi.org/10.1021%2Fcs400959k
https://doi.org/10.1002%2Fsmll.201804770
https://doi.org/10.1016%2Fj.ccr.2017.10.032
https://doi.org/10.1021%2Facs.accounts.6b00526
https://doi.org/10.1021%2Facs.accounts.5b00369
https://doi.org/10.1021%2Fjacs.6b09563
https://doi.org/10.1021%2Fjacs.6b07516
https://doi.org/10.1021%2Fjacs.7b03352
https://doi.org/10.1021%2Fjacs.9b02153
https://doi.org/10.1002%2Fanie.201711310
https://doi.org/10.1021%2Fjo0348118
https://doi.org/10.1002%2Fanie.201610901
https://doi.org/10.1002%2Fanie.201800354
https://doi.org/10.1039%2Fc9sc00290a
https://doi.org/10.1021%2Fjacs.5b05644
https://doi.org/10.1002%2Fanie.201800423
https://doi.org/10.1002%2Fanie.201604534
https://doi.org/10.1039%2Fc7sc00201g
https://doi.org/10.1002%2Fchem.201902117
https://doi.org/10.1021%2Fcg501348g
https://doi.org/10.1126%2Fscience.1204369
https://doi.org/10.1021%2Fjacs.9b06589
https://doi.org/10.1038%2Fs41467-019-08416-6
https://doi.org/10.1107%2Fs090744490804362x
https://doi.org/10.1021%2Fjacs.9b04319
https://doi.org/10.1021%2Fjacs.7b13706
https://doi.org/10.1021%2Fjacs.8b08642
https://doi.org/10.1021%2Fjacs.8b06062

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.16.99

Beilstein J. Org. Chem. 2020, 16, 1124-1134.

1134


http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.16.99

(J BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Synthesis of pyrrolidinedione-fused hexahydropyrrolo[2,1-
alisoquinolines via three-component [3 + 2] cycloaddition
followed by one-pot N-allylation and intramolecular

Heck reactions

Xiaoming Ma™!, Suzhi Meng', Xiaofeng Zhang?3, Qiang Zhang*, Shenghu Yan',

Yue Zhang'! and Wei Zhang ™2

Full Research Paper

Address:

School of Pharmaceutical Engineering and Life Science, Changzhou
University, Changzhou 213164, China, 2Center for Green Chemistry
and Department of Chemistry, University of Massachusetts Boston,
100 Morrissey Boulevard, Boston, MA 02125, USA, 3Department of
Cancer Biology, Dana-Farber Cancer Institute, Department of
Medicine, Harvard Medical School, Boston, MA 02215, USA and
4School of Chemistry, Biology and Materials Engineering, Suzhou
University of Science and Technology, Suzhou 215009, China

Email:

Xiaoming Ma” - mxm.wuxi@cczu.edu.cn; Wei Zhang’ -
wei2.zhang@umb.edu

* Corresponding author

Keywords:

[3 + 2] cycloaddition; Heck reaction;
hexahydropyrrolo[2,1-a]isoquinoline; one-pot reactions

Abstract

Beilstein J. Org. Chem. 2020, 16, 1225-1233.
doi:10.3762/bjoc.16.106

Received: 15 March 2020

Accepted: 26 May 2020

Published: 04 June 2020

This article is part of the thematic issue "Green chemistry II".

Guest Editor: L. Vaccaro

© 2020 Ma et al.; licensee Beilstein-Institut.
License and terms: see end of document.

Two kinds of [3 + 2] cycloaddition intermediates generated from the three-component reactions of 2-bromobenzaldehydes and

maleimides with amino esters or amino acids were used for a one-pot N-allylation and intramolecular Heck reactions to form pyrro-

lidinedione-fused hexahydropyrrolo[2,1-a]isoquinolines. The multicomponent reaction was combined with one-pot reactions to

make a synthetic method with good pot, atom and step economy. MeCN was used as a preferable green solvent for the reactions.

Introduction

Pyrrolo[2,1-a]isoquinoline and hexahydropyrrolo[2,1-
alisoquinoline are privileged heterocyclic rings existing in
many natural products and synthetic compounds possessing

antitumor, antibacterial, antiviral, antioxidizing, and other bio-

logical activities (Figure 1) [1,2]. For example, the alkaloid
crispine A isolated from Carduus crispus L has antitumor activ-
ity [3]. Erythrina alkaloids have curare-like neuromuscular

blocking activities [4], and also antioxidant activity against
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DPPH free radicals [5]. Lamellarins isolated from marine inver-
tebrates [6] are inhibitors for HIV-1 integrase and also have
immuno modulatory activity [7,8]. Trolline has inhibitory activ-
ity against Gram-negative and Gram-positive bacteria [9], also
as free radical scavenger in rat brain [10]. Organic chemists
have been continuously interested in the development of
methods for the synthesis of pyrrolo[2,1-a]isoquinolines and
related ring systems [11-15], while medicinal chemists have
also been interested in making related compounds for biologi-

cal screening and drug development [16,17].

Multicomponent reactions (MCRs) have been developed as
highly efficient tools for assembling heterocyclic scaffolds
related to natural products [18-20]. Among the well-established
MCRs,
benzaldehydes, maleimides, and amino esters have been de-

three-component 1,3-dipolar cycloadditions of

veloped for making N-containing 5-membered heterocycles
(Scheme 1) [21,22]. The [3 + 2] cycloadditions of maleimides
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with stabilized azomethine ylides I-a generated from the con-
densation of aldehydes and amino esters for making pyrrol-
idines II-a have been well-reported [23-26], while the [3 + 2]
cycloaddition of the less stable azomethine ylides I-b generated
from the reaction of aldehydes and amino acids for pyrrolidines
II-b was less explored [27-29].

In recent years, our lab has reported a series of 1,3-dipolar
cycloaddition-initiated methods for the synthesis of diverse
heterocycles A-J bearing fused polycyclic rings such as
tetrahydroepiminobenzo[b]azocines, tetrahydropyrrolobenzodi-
azepinones, triazolobenzodiazepines and tetrahydro-
chromeno(3,4-b]pyrrolizine (Scheme 2) [30-39]. Many of these
scaffolds were synthesized through the combination of MCR
and one-pot synthesis. A literature search indicated that a
[3 + 2] cycloaddition-initiated method has also been used for
the synthesis of hexahydropyrrolo[2,1-alisoquinolines by em-
ploying stable 1,3-dilpolar compounds generated from amino

MeO R'O O N
MeO N MeO
: HO
crispine A MeO O !
HO (6]
@ H
N .
lamellarin D: R" = R2 =R3=H trolline
lamellarin a-20-sulfonate:
erythrina R'=Me; R?=H; R3= SO3Na
Figure 1: Bioactive pyrrolo[2,1-a]isoquinolines and hexahydropyrrolo[2,1-alisoquinolines.
1
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Scheme 1: [3 + 2] Cycloaddition with amino esters or amino acids.
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Scheme 2: Scaffolds derived from the initial [3 + 2] adducts.

esters [15,40] or isoquinolines [41-49]. We like to report in this
paper our effort on the synthesis of pyrrolidinedione-fused
hexahydropyrrolo[2,1-a]isoquinolines via sequential 1,3-dipolar
cycloaddition, N-allylation, and intramolecular Heck cycliza-
tion reactions [50-54] (Scheme 2, K). Both stabilized and non-
stabilized azomethine ylides could be used for the initial [3 + 2]
cycloaddition. A multicomponent reaction was combined with
one-pot reactions to make it a green synthetic method with pot,
atom and step economy (PASE) [55,56].

% (ocom ko oo
N R” CO,R?
R3-N NH 4 CO2 o Br
2
>f Br _

[3+2]

“ o

\ \ e
—

w

R2 —
85-90%

N
o} O /
+
ﬁ de-CO, [3 + 2] O J {
4 6 RZ/\

Results and Discussion

Following the reported procedures for amino ester- and amino

acid-based [3 + 2] cycloaddition reactions, pyrrolidine adducts
5 and 6 were synthesized by a three-component reaction of 1 or
2 with 2-bromobenzaldehydes 3 and maleimides 4 (Scheme 3)
[30,37]. The cycloaddition reactions were diastereoselective
(>20:1 dr for adducts 5 and >6:1 dr for adducts 6). The major
diastereomers of 5 and 6 were isolated for following N-allyla-

tion and intramolecular Heck reactions.

| H2N NH

Br

75-85%

Scheme 3: [3 + 2] Cycloaddition with amino esters or amino acids. Conditions: 1:3:4 (1.2:1:1.1), Et3N (1.5 equiv), EtOH (3 mL), 110 °C for 6 h; 2:3:4

(1.2:1:1), AcOH (0.3 equiv), MeCN (3 mL), 110 °C for 6 h.
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Adduct 5a generated from [3 + 2] cycloaddition was used as a
model compound to develop the reaction conditions for the one-
pot N-allylation and intramolecular Heck reactions (Table 1).
N-Allylation of 5a with 3-bromopropene (7) for 8a was accom-
plished by heating the reaction mixtures in MeCN at 105 °C for
4 h. After evaporating unreacted 3-bromopropene (7) from the
reaction mixture, crude product 8a was used for developing the
intramolecular Heck reaction by screening Pd(II) catalysts,
ligands, bases, additives, solvents, temperatures and reaction
time (Table 1). The initial intramolecular Heck reactions were
carried out using 10 mol % of Pd(OAc), or 10 mol % of PdCl,
with 20 mol % of PPhj as a ligand and 2 equiv of K,CO3 in
MeCN at 80 °C for 10 h without additive to give 6-exo-cyclized
product 9a in 32% and 18% yields, respectively (Table 1,
entries 1 and 2). Addition of NaOAc increased the yield of 9a to
71% (Table 1, entry 3). Other attempts to improve the Heck
reaction using different ligands, such as (P(o-tol)3, PCy3 and
dppm, were not successful (Table 1, entries 4—6). The reaction
at 105 °C in MeCN gave 9a in 78% yield (Table 1, entry 7),
while at 120 °C in DMF gave 9a in 77% yield (Table 1, entry
11). Reducing the amount of Pd(OAc); to 5 mol % or the reac-

Table 1: Optimization of the one-pot reaction conditions.?

Ci\ COE (i\ COqEt
N7 \H . KoCOs |\ [ n—

ba o 105°C4h| ) g
@) Z 7 MeCN e}
5a - 8a

entry Pd Cat. ligand base additive
1 Pd(OAc)» PPhs KoCO3 -
2 PdCl, PPhs KoCO3 -
3 Pd(OAc), PPhs KoCO3 NaOAc
4 Pd(OAc), P(o-tol)3 KoCO3 NaOAc
5 Pd(OAc)» PCys K2COg3 NaOAc
6 Pd(OAc)» dppm KoCO3 NaOAc
7 Pd(OAc)2 PPh3 K2oCO3 NaOAc
8¢ Pd(OAc)» PPhs KoCO3 NaOAc
9d Pd(OAc)» PPhs KoCO3 NaOAc
10 Pd(OAc)» PPhs KoCO3 NaOAc
11 Pd(OAc)» PPhs KoCO3 NaOAc
12 Pd(OAc)» PPhs Na>CO3 NaOAc
13 Pd(OAc), PPhs CspCO3 NaOAc
14 Pd(OAc)» PPhs EtsN NaOAc
15 Pd(OAc), PPhs - NaOAc
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tion temperature to 40 °C gave lower product yields (Table 1,
entries 8 and 10). Double the amount of Pd(OAc), to 20 mol%
gave 9a in 79% yield, just 1% increase than that of using
10 mol % of catalyst (Table 1, entry 9). Besides K,CO3, other
bases including Na,CO3, Cs,CO3 and EtsN were also used for
the Heck reaction, but none of them improved the product yield
(Table 1, entries 12—14). A base-free control reaction gave 9a in
10% yield (Table 1, entry 15). Thus, the optimized conditions
for the Heck reaction was to use 10 mol % of Pd(OAc),,
20 mol % of PPhjs, 2 equiv of K;COj3 and 1 equiv of NaOAc in
3 mL of MeCN at 105 °C for 3 h which give 9a in 78% yield
(Table 1, entry 7). It is worth noting that there was no 9ab ob-
served as a byproduct because 6-exo cyclization is more favor-
able [50,51].

The optimized reaction conditions were then employed for the
synthesis of analogs of 9 (Scheme 4). A variety of [3 + 2] cyclo-
addition adducts 5 bearing different R, R!, RZ and R groups,
derived from amino esters 1, 2-bromobenzaldehydes 3 and
maleimides 4, were subjected to N-allylation followed by intra-

molecular Heck reaction to pyrrolidinedione-fused hexahy-

o &";COZEt o §O2Et
Pd cat/ligand \/\' N— 7\. N~
base,adaiive, "y, T
s.olvent, temp, o d o @
time
- 9a 9ab, 0%

solvent temp [°C] time [h] yield [%]°

MeCN 80 10 32

MeCN 80 10 18

MeCN 80 6 71

MeCN 80 6 61

MeCN 80 6 45

MeCN 80 6 58

MeCN 105 3 78

MeCN 105 3 28

MeCN 105 3 79

MeCN 40 12 13

DMF 120 3 77

MeCN 105 6 19

MeCN 105 6 34

MeCN 105 6 11

MeCN 105 6 10

@Reaction conditions: 0.5 mmol 5a in 3 mL MeCN, 7 (3 equiv), K2CO3 (2 equiv) for N-allylation; Pd catalyst (10 mol %), ligand (20 mol %), base
(2 equiv) and NaOAc (1 equiv) in 3 mL solvent under nitrogen for the Heck reaction; P(o-tol)s = tri(o-tolyl)phosphine, dppm = 1,1-bis(diphenylphos-
phino)methane. Plsolated yield. °Pd(OAc), 5 mol %, PPhz 10 mol %. 9Pd(OAc), 20 mol %, PPhz 40 mol %.
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Scheme 4: Synthesis of pyrrolo[2,1-alisoquinolines 9. Reaction conditions: 5 (0.5 mmol, 1 equiv), 7 (3 equiv) and KoCOs3 (2 equiv) in MeCN (3 mL) for
N-allylation; then Pd(OAc)z (10 mol %), PPhz (20 mol %), Ko2COg3 (2 equiv) and NaOAc (1 equiv) in MeCN (3 mL) under nitrogen for the Heck reaction.

Isolated yield.

dropyrrolo[2,1-alisoquinoline compounds 9a—o in moderate to
good yields as a single isomers which were confirmed by
'H NMR analysis of the crude reaction mixtures. The substitu-
tion groups R3 (Me, Et, Ph, Bn, c-CgH{) on maleimide have no
significant influence on the product yields to afford 9a—f in
73-80% yields. The substituent groups R? including electron-
donating (Me, OMe, -OCH,O0) or -withdrawing groups (CFj3,
Cl) on the benzene ring have a little effect on the yield of prod-
ucts 9h-1. Product 9m bearing a naphthyl group was produced
in 70% yield. Product 9n containing a pyridine ring was not ob-
tained due to the low yield at the N-allylation step. Same result
happened to 90 in which hindered iBu blocked the N-allylation.

We next employed intermediated 6 prepared from the decarbox-

ylative [3+2] cycloaddition of amino acids for one-pot N-allyla-

tion and intramolecular Heck reactions under the same opti-
mized conditions developed in Table 1. Pyrrolidinedione-fused
hexahydropyrrolo[2,1-a]isoquinoline 11a—i were produced in

65-78% yields also as single isomers (Scheme 5).

Allylation of [3 + 2] adducts 5 or 6 with cinnamyl bromide were
also conducted and the intermediates were used for the Heck
reaction for making products 12a—d (Scheme 6). Even the ally-
lated intermediates were not terminal alkenes, the Heck reac-

tion gave the Z-products exclusively [52].

A general mechanism for Pd-catalyzed intramolecular Heck
reaction of 8a for the synthesis of pyrrolo[2,1-a]isoquinoline 9a
is shown in Scheme 7. The oxidative addition of the Pd(0)

species to alkene intermediate 8a leads to Pd-complex I. Intra-
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Scheme 5: Synthesis of pyrrolo[2,1-a]isoquinolines 11. Reaction conditions: 6 (0.5 mmol, 1 equiv), 7 (3 equiv) and KxCOg3 (2 equiv) in MeCN (3 mL)
for the N-allylation; then Pd(OAc)> (10 mol %), PPhg (20 mol %), KoCO3 (2 equiv) and NaOAc (1 equiv) in MeCN (3 mL) under nitrogen for the Heck
reaction. Isolated yield.
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Scheme 6: Synthesis of pyrrolo[2,1-alisoquinolines 12. Reaction conditions: 5 or 6 (0.5 mmol, 1 equiv), cinnamyl bromide (3 equiv) and KoCO3
(2 equiv) in MeCN (3 mL) for the N-allylation; then Pd(OAc)2 (10 mol %), PPhg (20 mol %), KoCO3 (2 equiv) and NaOAc (1 equiv) in MeCN (3 mL)
under nitrogen for the Heck reaction. Isolated yield.

molecular coordination of Pd-complex I with the C—C double elimination of III gives complex IV which undergoes dissocia-
bond forms complex II which is followed by the syn insertion tion to afford product 9a. The hydridopalladium(II) halide is
of alkene to give complex III [50,51]. Subsequent B-hydride converted to the catalytically active Pd(0) with a base.
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Scheme 7: Plausible mechanism for the synthesis of 9a.

Conclusion

In summary, we have developed an efficient method through a
three-component [3 + 2] cycloaddition followed by a one-pot
N-allylation and an intramolecular Heck reaction for the synthe-
sis of pyrrolidinedione-fused hexahydropyrrolo[2,1-a]isoquino-
lines. Two different kinds of [3 + 2] adducts generated from the
reactions of amino esters or amino acids were used as the key
intermediates for sequential transformations. A high synthetic
efficiency was achieved by the combination of a three-compo-
nent reaction with one-pot reactions. This synthetic sequence is
a new addition of our [3 + 2] cycloaddition-initiated reactions

for making diverse cyclic scaffolds.

Experimental
General procedure for the synthesis of
pyrrolidine adducts 5

A solution of amino ester 1 (1.2 mmol), 2-bromobenzaldehyde
3 (1 mmol) and maleimide 4 (1.1 mmol) in EtOH (3 mL) with

Et3N (1.5 mmol) was heated at 110 °C for 6 h in a sealed vial.

The concentrated reaction mixture was isolated by column
chromatography on silica gel to afford adduct 5 in 85-90%
yield.

General procedure for the synthesis of
pyrrolidine adducts 6

A solution of 2-aminoisobutyric acid (2, 1.2 mmol), 2-bromo-
benzaldehyde 3 (1 mmol) and maleimide 4 (1 mmol) in MeCN
(3 mL) with AcOH (0.3 mmol) was heated at 110 °C for 6 hin a
sealed vial. The concentrated reaction mixture was isolated by
column chromatography on silica gel to afford adduct 6 in
75-85% yield.

General procedure for the synthesis of
pyrrolo[2,1-alisoquinolines 9 or 11

To a solution of pyrrolidine adduct 5 or 6 (0.5 mmol), 3-bromo-
propene (7, 1.5 mmol) in MeCN (3 mL) was added K,CO3
(1 mmol), the mixture was heated at 105 °C for 4 h in a sealed
vial. Upon the completion of reaction as monitored by HPLC or
LC-MS, the mixture was evaporated under vacuum to remove
unreacted 3-bromopropene to give crude N-allylation intermedi-
ate 8 or 10. Without further purification, it was used for the
Heck reaction with Pd(OAc), (0.05 mmol), PPh3 (0.1 mmol),
K>CO3 (1 mmol) and NaOAc (0.5 mmol) in MeCN (3 mL) at
105 °C for 3 h under nitrogen atmosphere. After aqueous work
up, the crude product was purified by flash chromatography to
afford product 9 or 11.
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General procedure for the synthesis of
pyrrolo[2,1-alisoquinolines 12

To a solution of pyrrolidine adduct 5 or 6 (0.5 mmol), cinnamyl
bromide (1.5 mmol) in MeCN (3 mL) was added K,CO3
(1 mmol), the mixture was heated at 105 °C for 4 h in a sealed
vial. Upon the completion of reaction as monitored by HPLC or
LC-MS, the mixture was evaporated and the unreacted
cinnamyl bromide was isolated to give N-allylation intermedi-
ate which was then used for the Heck reaction with Pd(OAc),
(10 mol %), PPh3 (20 mol %), K,CO3 (2 equiv) and NaOAc
(1 equiv) in MeCN (3 mL) at 105 °C for 3 h under nitrogen at-
mosphere. After aqueous work-up, the crude product was puri-
fied by flash chromatography to afford product 12.

Supporting Information

Supporting Information File 1

General reaction procedures, compound characterization
data, and copies of NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
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A computational approach has been developed to automatically generate and analyse the structures of the intermediates of palla-

dium-catalysed carbon-hydrogen (C—H) activation reactions as well as to predict the final products. Implemented as a high-perfor-

mance computing cluster tool, it has been shown to correctly choose the mechanism and rationalise regioselectivity of chosen ex-

amples from open literature reports. The developed methodology is capable of predicting reactivity of various substrates by differ-

entiation between two major mechanisms — proton abstraction and electrophilic aromatic substitution. An attempt has been made to

predict new C—H activation reactions. This methodology can also be used for the automated reaction planning, as well as a starting

point for microkinetic modelling.

Introduction

Periodically, our knowledge of chemistry is enriched with new
transformations that provide significant breakthroughs by
enabling new synthetic strategies. Such examples in recent
years include olefin metathesis [1] as well as C—C and C-N
coupling reactions [2], among the most obvious examples.
While these reactions undoubtedly had very significant impacts

on the development of much cleaner and efficient chemical syn-

thesis strategies, the early days of all new transformations are
invariably challenging, with very slow and protracted paths
from the initial discoveries to the demonstrations of broad sub-
strate applicability and robustness, that are expected of indus-
trial catalytic processes. Today, there exist a number of fairly
recently (re)discovered transformations, that are of potential

high industrial significance, and where one can observe the
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same problem of a lack of robustness. Thus, any approach that
may speed-up the transition from a discovery of a new transfor-
mation to it becoming a robust synthetic strategy, is highly

desired.

Recent years have seen the emergence of new methods of
research in chemistry and process development, which include
high-throughput experiments [3], autonomous self-optimising
reactors [4-6], as well as predictions of reaction outcomes and
of reaction conditions based on machine learning (ML) and arti-
ficial intelligence (AI) tools [7-9]. Especially the methods of
ML/ALI for prediction of reaction outcomes are attracting a lot of
attention. Prediction accuracies in the order of 70-80% for the
reaction outcomes [9], and around 60-70% for reaction condi-
tions [10], were recently demonstrated. While machine learning
methods are showing great promise and continue to be im-
proved upon, it is also clear that a ML model is unlikely to ever
be able to compete in accuracy and interpretability with fully
predictive mechanistic models, were it not for the prohibitively
high cost of developing the mechanistic models based on accu-
rate quantum chemical methods, such as the density functional
theory (DFT) methods, decreases. Automation of DFT, as well
as using results of DFT to develop less expensive predictive
models, are the two approaches that may offer the alternatives
to the fully data-driven statistical methods.

Here we demonstrate an approach that was developed to auto-
mate the DFT-level calculations of energies of the auto-gener-
ated reaction intermediates. These results were further used to
generalize mechanistic knowledge of a class of reactions, and
the developed models were used for in silico prediction of reac-
tion outcomes. This approach was tested on the for green chem-
istry important class of C—H activation reactions. Whilst this
study does not completely solve the problem of developing a
robust chemical reaction, it offers an approach that is comple-
mentary to efforts of developing machine learning models for
predicting reaction outcomes.

C-H activation reactions allow conversion of relatively inex-
pensive and abundant hydrocarbons into the more sophisticated
value-added molecules [11]. With the notion of step-economi-
cal and environmentally friendly synthesis, direct functionaliza-
tion of C—H bonds is a powerful strategy for the synthesis and
derivatization of organic molecules [12]. Homogeneous cataly-
sis employing transition metal complexes has been widely
accepted as one of the most efficient ways to perform C-H acti-
vation-based synthesis with high selectivity under relatively
mild conditions [13]. In particular, reactions involving palla-
dium-catalysed activation of sp® or sp> C—H bonds of arenes or
alkanes have been extensively investigated due to their wide

scope and functional group tolerance [14].

Beilstein J. Org. Chem. 2020, 16, 1465-1475.

A number of different mechanisms are proposed in the litera-
ture, explaining the experimental observations for C—H activa-
tion reactions, depending on the nature of a ligand (L,) and
transition metal (M) in the catalytically active species (L,M).
These mechanisms include four elementary steps: oxidative ad-
dition, o-bond metathesis, electrophilic substitution and 1,2-ad-
dition, respectively [15]. Even though the mechanisms are
inherently different, three most important aspects should be
primarily taken into account when classifying and rationalising

C-H activation reactions:

1. the proximity of C—H bond to the transition metal;

2. the energy of C—H bond cleavage within the transition
metal coordination sphere;

3. the energy of a new M—C bond formed and the thermo-
dynamic stability of organometallic product.

With new developments in computational chemistry, mechanis-
tic studies using density functional theory (DFT) provide valu-
able insights into the reactivity of organometallic complexes in
C-H activation reactions. Along with the huge increase in
computing power, this method becomes practically feasible to
build model systems that provide parameters of the actual ex-
perimental systems with acceptable accuracy [16]. Recently, a
predictive tool using quantum mechanics descriptors was pro-
posed for classifying whether the carbon atoms are active or
inactive toward electrophilic aromatic substitution [17]. Also, a
quantum mechanical approach was introduced to compute
ortho-directing groups (DGs) in palladium-catalysed aromatic
C-H activation reactions [18]. However, there is a big chal-
lenge remaining which is to apply the computational analysis to
a large number of mechanistically different transformations,
both described and novel, in order to start generating accurate in
silico reaction predictions. Here, we report an algorithm with
high-performance computing (HPC) implementation, which has
been developed to automatically generate and analyse the struc-
tures of the intermediates, and which allows prediction of the
final products. The application of the developed methodology is
in predicting reactivity for various substrates within a class of
reactions. Using analysis of the computational data, a threshold
to distinguish between two possible reaction mechanisms was
established.

Computational Methods

The NWChem, an open source software package, was used for
the DFT calculations. It is easily scalable and designed to solve
large scientific computational problems efficiently employing
modern supercomputer clusters [19]. The structures were gener-
ated by the Python module developed in house and explained in
detail elsewhere [20]. Electronic energies were evaluated using
Becke’s three-parameter hybrid B3LYP functional, while the
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molecular orbitals are expanded in triple-zeta all electron 6-31
set with added polarization and diffuse functions [6-31g(d,p)]
[21]. B3LYP functional was proven to give accurate descrip-
tion of geometries, frequencies, relative stabilities of different
conformers and the energy profile calculation [22]. Implementa-
tion of the tools is available at GitHub: https://github.com/sus-

tainable-processes/Pd-catalysed_C-H_activation_reaction_predi

ction.

Results and Discussion
Computational approach to rationalise
reactivity in Pd-catalysed C—H bond
activation reactions

Chemical reactivity is simultaneously influenced by many
factors including catalysts, reactants, reaction conditions, and so
on [23]. In order to achieve accurate and efficient reaction
prediction, a mechanism-based method was chosen to direct
quantum chemistry calculations and predictions, see Figure 1.

For the Pd(II)-catalysed C—H activation reactions, there are two
main commonly accepted mechanisms: a) electrophilic aromat-
ic substitution (SgAr) mechanism and b) proton abstraction
(PA) mechanism. The key step for the electrophilic aromatic
substitution is an electrophilic attack by Pd(II) onto the aromat-
ic substrate that also defines the regioselectivity of the overall
process [24]. The key feature of the proton abstraction (PA)
mechanism [25] is that the formation of the metal-carbon bond
(M-C) occurs simultaneously with the cleavage of the
carbon-hydrogen (C—H) bond, while the hydrogen is being
transferred to a basic centre, Scheme 1.

TS}

Energy

R

i ~_Pd(OAc)
©< H
rds N

Intermediates
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Assuming the reaction proceeds through the formation of a rela-
tively unstable intermediate (Figure 1) [26], the Hammond
postulate can be applied to the electrophilic substitution reac-
tions. The Hammond postulate states that a transition state will
be structurally and energetically similar to the species (reactant,
intermediate or product) nearest to it on the reaction path. In
this case, the intermediates are likely to be close to, and
resemble, transition states. Due to that, their relative energy of
formation can be translated to relative reaction kinetic barriers
and thus be used, as the first approximation, to predict distribu-
tions of the final products, as well as the relative reactivity of
the substrates [27]. For the PA mechanism, it has not been
shown that the Hammond postulate can also be employed.
Nevertheless, it is still reasonable to propose that the Hammond
postulate can similarly be applied as a first approximation to

produce in silico predictions.

Employing the Python module [20] and OpenBabel executables
[28], the 3D structures of the most stable conformers were
generated from the 2D structure of a substrate. Subsequently,
structures of all possible palladium intermediates representing
both mechanisms (PA and SgAr) were built for each conformer.
A quick geometry optimization (maximum number of iteration
steps was set to 5) was then applied to refine the intermediates
and discard the ones with high energy (energy cut off of
10 kcal-mol™1). Full geometry optimisation followed by the fre-
quency and thermochemistry analysis was then performed for
the selected intermediates to obtain electronic energies.
Multiple error handlers were implemented in order to automati-
cally reprocess computational analysis for the intermediates
when initial geometry optimisation failed. These include:

Reaction Coordinate

Figure 1: An approximate energy map for the electrophilic aromatic substitution mechanism.
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Scheme 1: Schematic representation of the two mechanisms of Pd-catalysed C—H activation reaction considered in this study.

(i) erroneous optimisation to a saddle point where the final
structure is changed by applying a move along imaginary coor-
dinate followed by standard geometry optimisation, (ii) failed
optimisation due to the need of updating Hessian in cases where
significant geometry change occurred — standard resubmission
starting from the last coordinate, (iii) failure to perform initial
guess due to particularly bad initial geometry — discard the
conformer/intermediate, (iv) decomposed intermediate (no
Pd—C bond determined by interatomic distance analysis) —

discard intermediate.

Literature validation

In order to test the developed algorithm, a representative litera-
ture data selection of Pd-catalysed C—H activation reactions,
consisting of reactant, reagents, and product structures as well
as reaction conditions, was taken and analysed. Thus, twelve
substrates shown in Table 1 were submitted to the algorithm,
assuming that both mechanisms are possible. Using the relative
energies of the intermediates obtained, the theoretically ex-
pected regioselectivity of the selected reactions was devised and
then compared against the previously reported experimental
data.

For all the examples regioselectivity predicted by at least one
mechanism matched the previously reported experimental
results, see Table 1. In the cases where only one product was
predicted it is expected to be isolated in high yield without the

need of further purification from any other regioisomer. For the

examples where formation of multiple products was expected
due to the close energies of the respective reaction intermedi-
ates, the ratio of products was calculated from the relative ener-
gies of these intermediates using the Boltzmann distribution

equation.

Establishing the threshold between the two

mechanisms

Although both, the proton-abstraction and the electrophilic aro-
matic-substitution, mechanisms are well established and de-
scribed in the literature, it is not trivial to suggest the preferred
mechanism for a given substrate based on a simple computa-
tional analysis. Through analysis of the results described above,
the two-step evaluation algorithm was suggested.

Firstly, the optimised geometries were manually examined to
ensure they represent the intermediates according to the particu-
lar mechanism. In particular, the bond length between the palla-
dium atom and the corresponding carbon atom was given a
maximum value of 2.4 A to filter out inappropriate intermedi-
ates where there is no stable Pd—C bond [40].

Secondly, among the intermediates refined at the previous step,
their relative Gibbs energies can be used to set a threshold
establishing the likeliness of electrophilic aromatic substitution
mechanism for C—H activation of a particular substrate. The
more stable the ipso-complex between palladium acetate and

the substrate is, the more likely the substrate is to follow the
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electrophilic mechanism. After performing the computational
analysis of 12 examples which include five structures following
the electrophilic mechanism, a threshold has been developed by

choosing the example 6 as the reference, Table 1, and intro-

Beilstein J. Org. Chem. 2020, 16, 1465-1475.

ducing the ipso-complex stability parameter. We define this pa-
rameter to be the energy difference between the most stable
intermediate of the SpAr mechanism and the one of the PA

mechanism.

Table 1: Comparison of the published experimental results with the computational predictions for the Pd(OAc).-catalysed reactions.?

No [ref] Starting Exp. cond. Predicted active centre Experimentally isolated
molecule Via acidity mechanism Via electrophilic product
mechanism

CO, EtOH,
Pd(OAc)o,,
Cu(OAc),, KOAc,
DMF, KI,

100 °C, 18 h

!

[29] HaC.y
H

HHO CO, Pd(OAc)s,
2 Cu(OAc)s, PivOH,

H
[30] mesitylene,
120 °C,6h

e ¢
) ) EtO
HN no stable intermediate

CH o)
3 Cu(OAc)y, CHs
3 N PA(OAC), KoCOs,
[31] DMF, =
AN~ 60 °C, 0.6 h < Ny N
H
]
NS
= | PhCOCO,H = | z | (\ N
4 S Pd(OAC),, N N —
[32] (\ N K2S20g, MeCN, N N ©
2N 25°C, 16 h ’
;\ PhSi(OMe)s, J\ J\ 4[\
NH NH NH NH
5 © Pd(OAC),, © © ©
[33] X AgF, dioxane, S X N X
80 °C, 16 h »
0 0 0 0
cl

Ph-CHO,
110 °C,5h

HoONTS Ph-CHO,
7 ' Pd(OAC)z,

¥z
[34] xylene, Oz
120 °C, 24 h

cl cl @:S

/

6 @S/ Pd(OAC), @S/ @S/ N
[32] N TBHP, toluene, N N o

1469



Beilstein J. Org. Chem. 2020, 16, 1465-1475.

Table 1: Comparison of the published experimental results with the computational predictions for the Pd(OAc)»-catalysed reactions.2 (continued)

[35]

[36]

10
[37]

11
(38]

12
[39]

HaC
PhCOCO,H, Q
Pd(OAc)o,

Ag>CO3, DMF,

CHj
S
120 °C, 24 h
H

H H
SO g8 g8
lo, KoCO3, DMF, N
A\ 100 °C, 12 h \
N N

PhB(OH),,
s Pd(OAC),,
4 ]\ TEMPO, phen,
N DMAG,
Ho 0o,
100 °C, 48 h

O, HOAc, DMA,
H 130 °C,20 h

=
N _N
N = benzene, = J =N C/
B OO O
(0]

/<Ph
o) N: S

\/o
Me/‘\<

N CO,H N

H CuCOQOg, dioxane, H

H Hs

o

\s] ©_<\:1 ©_<

9
5 b Yo

H

CE
S
A\
W
N
S
8
N
_N
N—/
!

Ny O
AN N
Mo Pd(OAC),, o »o s/(chs
=N

DMSO,
140 °C, 16 h

aProtons marked green are those that react under the conditions reported in the literature. Protons marked red and blue are the predicted active
centres via the acidity and the electrophilic mechanisms, respectively.

By comparing the computational results obtained to the litera-

ture experimental data, the two mechanisms can be segregated

based on the following rules:

1.

If the relative stability is below zero, the starting mole-
cule will follow the proton abstraction mechanism.

If the relative stability is above five, the starting mole-
cule will follow the electrophilic aromatic substitution
mechanism.

If the relative stability is between zero and five, both

mechanisms are regarded as plausible.

Although the rules set above seem rather approximate, they are
consistent with the given examples, and further work aimed at
increasing the accuracy and the scope of the algorithm is
on-going. Based on the suggested rules, the predicted reactive
centres for eight commercially available aromatic and
heteroaromatic substrates as well as the most likely mecha-
nisms are shown in Table 2.

In order to test the algorithm and the value of the threshold, an

additional set of six examples was analysed, and the results are

shown in Table 3. Both selectivity and mechanism were
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Table 2: Predicting C—H activation bond for heteroaromatic compounds.2

No. Starting Pred. Computational prediction
molecule mec.
Acidity mechanism Electrophilic mechanism
o/ o/
o / o o
3 H 2 H
H x—N N
1 x—N SgAr | P H1:0.0 p H1:0.0
¥
(;\FN/ N H3 N
H1 H4
o} O (0] H2
(@] (0] O H1:0.0
~ - . ~
2 Tl/ B SEAr Ny H1:0.0 N H2:0.5
(6] 1o 0 (0] 0 o
H3
2
| X N\ H | X N\ X N
H1:0.0 N H2:0.0
8 NAAALON PA NASNANAON H207 N o_  H309
] H? @]
0]
HiC Hs;C
: : e H H1:0.0
H1:1.9 H2:3.9
4 O O PA H5:9.8 5 O , H329
HS H6:0.0 H H®  Hag
N N N H5:4.2
H H H  H! HE  H
(0] H' O
H2 H4 H1:0.0
5 | PA | H2:2.7 no stable intermediate
O (0] H3:9.7
F o F 0 > H4s2
o] H3 o]
0 H> O 0
H4 H1:0.2
o~ H3 0~ H2:0.0 b3 N0 0.0
6 PA/SEAr H3: 0.3 | P H3.27
fN H2—/ N H4:0.9 \)\N “
— = H5:2.6 —
= N/kH1 =
O O H 0 O
cl cl H1:0.0
7 H PA H2 H2:2.8 no stable intermediate
H3:10.0
H1
3 3
N 5 H 4 H1:0.0 H 4 H1:0.1
A H Ny H H2:0.8 NeH H2:0.0
8 \O PZ NH» PA H3:5.5 H3:14.9
~o AN NH2 Haws g N -NH2 Hai150
O . .
Mo o H5:6.0 b o H5:15.8

aMost probable intermediates for each mechanism are shown, and relative Gibbs free energy are given in kcal mol~. If only one possible intermedi-
ate is given, it means that either the other intermediates are unstable or the other intermediates have 10 more kcal mol=! Gibbs free energy than the
most probable one. ‘no stable intermediate’ means instead of sitting on the corresponding carbon, the palladium sits on alternative atom. The pre-
dicted mechanism is given based on the threshold described in the previous section.

correctly identified by the algorithm applying the previously set Conclusion
threshold to the SnAr intermediate stability (intermediates 5), A computational algorithm rationalising the existing palladium

which is shown in Table 4. catalysed C—H activation reactions has been developed. Compu-
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Table 3: A comparison of the published experimental results with the computational predictions for the Pd(OAc)o-catalysed reactions.2

No [ref]

[41]

[42]

[43]

[44]

(48]

Starting
molecule

S __N

Cl

o<

b
s
>

HN

O
O

Exp. cond.

Pd(OAc),, TBHP,
toluene, 120 °C,
6h

Pd(OAc), TBHP,
DCE
80 °C, 16 h

Pd(OAc)», TBHP,
toluene, TFA,
40 °C,3h

Pd(OAc)s,
toluene, TBHP,
110 °C,5h

Pd(OAc),,
1,4-dioxane,
AcOH, DMSO,
TBHP,

110 °C,24 h

Predicted active center

Via acidity mechanism

3
13}
5

C
N

Cl
N N

~ N
H
H
N\ /
Hs
H1
O
oy
H H2
H1:0.0

H2:1.9
H3:7.6

O
HD/O\
HN

O

N

“©

Via electrophilic
mechanism

Cl

Cl

H1:0.0
H2:26.0
H3:27.5

0]

>
Ho b

H1:0.0
H2:3.2

no stable intermediate

Experimentally isolated

product
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Table 3: A comparison of the published experimental results with the computational predictions for the Pd(OAc)-catalysed reactions.? (continued)

H2 H3
H4
OO OH
OO Ag>COg, H HO H5
Pd(OAC)Q, OO 0 0 H6 O
6 HO NaOAc, CO, HO N HO
[46] 5 o 1,4-dioxane, o o :12(2)2
~ 130 °C, 18 h 2.
™ H3: 2.2 0 0Oy
H4:2.5
H5:2.2
H6:2.8

aProtons marked red and blue are the predicted active centres via the acidity and the electrophilic mechanisms, respectively.

Table 4: A mechanism threshold tested based on the literature examples.2

Entry Gibbs free d(Pa-C)
energy of [A]
Pd—substrate
[Hartree]
1 -355.5652 2.3005
2 -355.5577 2.3778
3 -355.5626 2.1345
4 no stable intermediate -
5 355.5717 7.1781
6 -355.5254 2.1680

Relative stability

Predicted mechanism Reported mechanism

3.0777 PA/SEAr PA/SEAr
-1.6369 PA PA
1.4558 PA SgAr PA/SEAr
- PA PA
2.2326 SgAr SgAr
-21.9298 PA PA

aGibbs free energy of Pd-substrate is obtained by calculating the Gibbs free energy difference between starting molecule and the most probable inter-
mediate in Hartree. The distance between the palladium atom and the corresponding carbon are measured based on the web-based molecular struc-
ture virtualization, which can be accessed through https://leyscigateway.ch.cam.ac.uk/index.php.

tational threshold to distinguish between the two main mecha-
nisms, proton abstraction (PA) and electrophilic aromatic sub-
stitution (SgAr) mechanism, has been proposed and tested
against literature experimental data. This model can give not
only the most probable reactive site and the appropriate mecha-
nism, but also provides information for further kinetic studies
and process development, thus contributing to the development

of robust new chemical transformations.
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Cyclodextrin nanosponges (CD-NS) are nanostructured crosslinked polymers made up of cyclodextrins. The reactive hydroxy

groups of CDs allow them to act as multifunctional monomers capable of crosslinking to bi- or multifunctional chemicals. The most

common NS synthetic pathway consists in dissolving the chosen CD and an appropriate crosslinker in organic polar aprotic liquids

(e.g., N,N-dimethylformamide or dimethyl sulfoxide), which affect the final result, especially for potential biomedical applications.

This article describes a new, green synthetic pathway through mechanochemistry, in particular via ball milling and using 1,1-

carbonyldiimidazole as the crosslinker. The polymer obtained exhibited the same characteristics as a CD-based carbonate NS syn-

thesized in a solvent. Moreover, after the synthesis, the polymer was easily functionalized through the reaction of the nucleophilic

carboxylic group with three different organic dyes (fluorescein, methyl red, and rhodamine B) and the still reactive imidazoyl car-

bonyl group of the NS.

Introduction

The research in the fields of nanomedicine and nanotechnology
has nowadays become predominant. Polysaccharides and,
among them, starch derivatives such as cyclodextrins (CD),
have recently emerged as they are safe, of low cost and
biodegradable. Cyclodextrin nanosponges (CD-NS) are cross-
linked cyclodextrin polymers characterized by a nanosized
three-dimensional network. The reactive hydroxy groups of
CDs allow them to act as polyfunctional monomers, permitting

the crosslinking with bi- or multifunctional chemicals, such as

dianhydrides, diisocyanates, diepoxides, and dicarboxylic acids,
etc. The polarity and size of the polymer network can be easily
tuned by varying the type of the crosslinker and degree of cross-

linking, thus influencing the final properties [1,2].

Among the various bifunctional compounds that could be used
as crosslinking agents, active carbonyl compounds, such as
carbonyldiimidazole (CDI) and diphenyl carbonate have given
interesting results in the last 20 years. The produced CD
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nanosponges, after crosslinking, comprise carbonate bonds be-
tween the cyclodextrin monomers. If this reaction is carried out
under classical conditions in a N,N-dimethylformamide (DMF)
solution, an amorphous crosslinked insoluble polymer is ob-
tained. In general, carbonate nanosponges are insoluble in water
and organic solvents and, unlike other types of NS, do not swell
appreciably. In addition, they are nontoxic [1,3], stable up to
300 °C, and their structure allows modification through differ-
ent functional groups before and/or after the synthesis.
Carbonate nanosponges demonstrated promising results in
removing organic compounds from wastewater and could there-
fore be suited for purifying water contaminated by persistent
organic pollutants (POPs), such as chlorobenzenes and chloro-
toluenes [2]. Moreover, CD nanosponges have found many ap-
plications in the pharmaceutical field, as for example, drug-
delivery systems [3-5]: together with their capability of hosting
drugs, they are biocompatible and nontoxic. In the last few
years nanosponges were employed to encapsulate and release a
wide variety of drugs [6,7], associated with an improvement in
bioavailability and release kinetics. Nanosponges, as a powder,
could be used as excipients in tablets, capsules, suspensions and

dispersions, and topical formulations [8].

The most common NS synthetic pathway consists in dissolving
the chosen CD in a suitable solvent, under continuous stirring,
and then adding the crosslinker followed by a catalyst, if neces-
sary. The solvents of choice were usually organic polar aprotic
liquids, for example, N,N-dimethylformamide or dimethyl sulf-
oxide (DMSO). An alternative synthetic route relied on interfa-
cial polymerization, where two immiscible solutions, one
consisting of CDs dissolved in an alkaline aqueous solution and
the other one containing the crosslinker in a chlorinated immis-
cible solvent, were mixed and stirred. At the interface between

the solutions, crosslinking occurred [9].

In both cases the preparation of nanosponges, especially
carbonate nanosponges, required the use of organic and often
toxic solvents. The presence of these solvents affected the
whole synthesis as the final material required rigorous purifica-
tion extraction procedures with excess of water or volatile sol-
vents to remove residual solvent inside the material’s structure.
The removal of any synthetic contamination is essential for the
use of nanosponges in the biomedical field. In addition, these
synthetic procedures may also not be convenient for a possible
future scale up of the reaction, as huge amounts of solvent have
to be disposed of. Moreover, organic solvents are expensive and
DMSO and DMF are difficult to recycle because of their high
boiling points.

According to the Green Chemistry Principles, published in 1998

[10], processes have to be designed in order to “minimize the

Beilstein J. Org. Chem. 2020, 16, 1554—1563.

quantity of final waste and to avoid hazardous or toxic
solvents”. Nanosponges themselves, nevertheless, are synthe-
sized from starch derivatives and are biodegradable, so they are

a very promising material from this point of view.

In this article a new, green synthesis of nanosponges through a
mechanochemical approach is proposed.

Mechanochemistry relies on the application of mechanical
forces (such as compression, shear, or friction) to drive and
control chemical reactions, for example, using grinding or
milling to transfer energy to chemical bonds [11]. Mechano-
chemical transformations are well established in inorganic
chemistry and they are easily transferable to an industrial scale
[12,13]. Mechanochemistry in organic chemistry, applied to
organic syntheses and polymers has gained growing interest in
recent years [14-18]. Mechanochemical syntheses are safe and
represent efficient activation methods for greener processes,
avoiding the use of solvents and reducing energy consumption.
Recently, many examples for modifications of starch using ball
milling have been reported. These included esterifications and
etherifications of starch [19] and cellulose [20]. In 2017, Jicsin-
szky et al. obtained CD derivatives through a solid-state reac-
tion, using a planetary ball mill [21,22] and by other green pro-
cesses [23]. The main goal of this work was to obtain cyclo-
dextrin nanosponges via a ball-milling-driven synthesis, having
the same physicochemical characteristics as the material synthe-

sized through the solvent-based approach.

Among the various types of cyclodextrin nanosponges, we
chose carbonate NS, synthesized with 1,1-carbonyldiimidazole
as the crosslinker, for the following reasons: the reaction was
usually performed at 90 °C, therefore, the heating of the system
related to the ball friction is not only acceptable but also useful
for the kinetics of the reaction, and the solvent for solubilizing
the reactants was DMF.

We herein present a new green synthesis of biodegradable poly-
mers through a solvent-free procedure, displaying high poten-
tial of applications in various fields. After the synthesis, a sig-
nificant amount of still reactive imidazoyl carbonyl groups
within the NS structure were detected. These could be easily re-
moved by washing with water at 40 °C leading to carbonate NS.
On the other hand, the presence of a “tunable” quantity of
remaining reactive groups could be used for further functionali-
zation. In the present work this was demonstrated by a straight-
forward covalent coupling of the synthesized cyclodextrin
nanosponges with selected organic dyes that are used as probe
molecules with different structures (methyl red, rhodamine B,
and fluorescein). The simple functionalization of the cyclo-

dextrin NS, in this case via reactive imidazole moieties, is par-
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ticularly interesting for a variety of applications. For instance,
dye-modified cyclodextrins and CD derivatives have found
wide use for the preparation of chemical sensors [24,25]. As
CDs and consequently CD nanosponges can be easily coupled
with fluorophores, they could find applications in the pharma-
cological area, for example, as biological markers, in image-
guided therapies [26-28], and in conjugated drug delivery. This
simple procedure also enables other active molecules to be
grafted on the NS, to obtain conjugated nanocarriers, with
reducing or in certain cases eliminating the need to use organic

solvents.

Results and Discussion

We performed various syntheses using different cyclodextrins
with varying molar ratios of the cyclodextrin and crosslinker.
Details of all polymers synthetized are collected in Table 1. The
abbreviation BNS-CDI bm refers to a crosslinked B-cyclo-
dextrin-based polymer (NS), obtained by crosslinking with CDI
in a ball mill (bm). The same abbreviation was used for a and
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y-cyclodextrins. The number following the crosslinker in the
abbreviation refers to the molar ratio between the cyclodextrin

and the crosslinker.

Three different ratios (1:2, 1:4, and 1:8) were tested using
B-cyclodextrin. As usual for mechanochemistry [21,29], the
synthetic procedure was easy to carry out and gave a high yield
(>90%). Good mass balances (68%) were also achieved. The
yield was calculated by considering the weight of the dried
polymer with respect to the theoretical weight, equal to the sum
of B-CD and C=0 bridge between B-CDs. The solubility in
various common solvents (water, acetone, ethanol, N,N-
dimethylformamide or dimethyl sulfoxide, diethyl ether, and

petroleum ether) of the new nanosponges was tested.

Like nanosponges obtained from batch experiments, also the
ones from ball-mill synthesis, as expected, were insoluble in the
tested solvents, in accordance with the formation of a cross-
linked network and with data from previous literature [9].

Table 1: Elemental analysis of NS-CDI polymers synthesized in a ball mill, after PSE and 2, 4 and 8 h in water at 40 °C. The presence of nitrogen
was tested starting from fg on plain NS after a simple wash with water and acetone at rt, after PSE extraction in acetone (high temperature and pres-
sure, which efficiently removed imidazole, IMH), and after 2, 4 and 8 h of hydrolysis in water at 40 °C in order to remove the residual covalently

bonded imidazolyl carbonyl group.

type of nanosponge weight % of nitrogen STD
aNS-CDI 1:4 bm to (plain NS) 1.33 0.07
after 2 hin HoO 40 °C 0.53 0.02
after 4 hin HoO 40 °C 0.25 0.00
after 8 hin HoO 40 °C 0.20 0.01
BNS-CDI 1:4 bm to (plain NS) 2.69 0.12
after 2 hin HoO 40 °C 0.63 0.01
after 4 hin HoO 40 °C 0.31 0.01
after 8 hin HoO 40 °C 0.23 0.02
yYNS-CDI 1:4 bm to (plain NS) 2.21 0.16
after 2 hin HO 40 °C 0.61 0.02
after 4 hin HO 40 °C 0.11 0.10
after 8 hin HxO 40 °C 0.00 0.00
BNS-CDI 1:8 bm to (plain NS) 6.39 0.05
after 2 hin H,O 40 °C 2.56 0.03
after 4 hin H,O 40 °C 1.31 0.03
after 8 hin HoO 40 °C 0.40 0.03
BNS-CDI 1:2 bm to (plain NS) 1.27 0.01
after 2 hin HoO 40 °C 0.77 0.01
after 4 hin HoO 40 °C 0.52 0.01
after 8 hin H,O 40 °C 0.17 0.01
after pressurized solvent extraction
BNS-CDI 1:2 bm after PSE (acetone) 0.79 0.02
BNS-CDI 1:4 bm after PSE (acetone) 1.19 0.07
BNS-CDI 1:8 bm after PSE (acetone) 3.28 0.09

1556



Figure 1 reports FTIR spectra of the cyclodextrin NS, with a
comparison between BNS-CDI 1:4 obtained through ball-mill
synthesis and BNS-CDI 1:4 from synthesis in DMF and a com-
parison of the FTIR spectra after 4 h treatment in water at
40 °C. The FTIR spectra of PNS-CDI 1:4 obtained through dif-
ferent synthetic approaches, with and without solvent, exhib-
ited a band at around 1750 cm™! due to the carbonyl group of
the carbonate bond. Even after hours of treatment in HyO at
40 °C the band was still present confirming the stability of the
system. The spectra were almost superimposable, confirming
the structure and the formation of carbonate bonds.

4000 3500 3000 2500 2000 1500 1000

T T T T T T T T T T T
~——— BNS-CDI 1:4
(DMF synthesis)

BNS-CDI 1:4
(DMF synthesis) after 4h
in water at 40 °C

— BNS-CDI 1:4
(ball mill)

Counts

—— BNS-CDI 1:4
(ball mill) after 4h
in water at 40 °C

SR NN EIR RN I "
4000 3500 3000 2500 2000 1500

1
1000
Wavelenght [cm™]

Figure 1: FTIR analysis of BNS-CDI 1:4, before and after treatment for
4 hin HoO at 40 °C, synthesized with and without solvent. The band of
interest at around 1750 cm~1 assignable to the carbony! group of the
carbonate bond, was visible in all samples, even after treating for
hours in H>,O at 40 °C.

It was evident from the TG mass-loss curves and the corre-
sponding derivate curves of the f-CD-based carbonate
nanosponges (Figure 2), used for all further characterizations,
that the crosslinked polymers synthesized by both methods
exhibited a very close degradation path and, consequently, the

same molecular structure was expected. The largest mass loss
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started above 300 °C for both BNS and the relative maximum
rate peak was located at around 345 °C for both the BNS-CDI
1:4 from DMF and for the BNS-CDI 1:4 from ball mill. The
initial mass loss present in both NS-CDI 1:4 was due to
adsorbed environmental water, always present when dealing
with hygroscopic cyclodextrin-based nanoparticles. In addition
to this, the particle size played a key role: the smaller the parti-
cles were the more the extended surface was exposed to the
environmental humidity. In Figure 3, a direct comparison of the
thermograms of aNS, BNS, and yNS synthesized through the
ball-mill approach are shown.

As can be seen from Figure 3, the degradation paths were simi-
lar, however, with an interesting difference in the initial loss of
water, which was due to the different water affinity of the CDs,

resulting in different hygroscopy of the final materials.

In Figure 4, a test on the ability of the f-CD-based carbonate
nanosponge obtained through ball-mill synthesis to remove
organic compounds from aqueous solutions is shown. As can be
seen methyl red was completely removed from its solution by
adding a small amount of the bm carbonate nanosponge (50 mg
for 10 mL of an aqueous solution of methyl red, 50 ppm).

As determined by DLS, the particle sizes of the BNS-CDI
obtained through ball milling, were less than a micron
(800-900 nm) immediately after the synthesis. Moreover, stable
suspensions (also in time) with a particle size of around 200 nm
for all PNS-CDI were obtained after a short cycle of ball milling
with smaller spheres (for details, see Supporting Information
File 1).

The zeta-potential, Figure 5, of colloidal suspensions of bm
BNS-CDI was tested for all of the nanomaterials. In general, the
stronger the charge, the better the colloidal stability of the parti-
cles: BNS-CDI synthesized by ball-milling showed an interest-
ing negative {-potential, which explained the stability of the

dispersion.

As shown in Figure 5, all CD nanosponges exhibited a negative
C-potential and this was in line with previous literature [2,9,30].
The negative charge seemed to be related to the amount of
crosslinker: the larger the amount, the more negative the
C-potential detected. The elemental analyses showed the pres-
ence of nitrogen even after pressurized solvent extraction (PSE)
and this was attributed to the presence of reactive imidazolyl
carbonyl groups (IM). In an ideal reaction, the carbonyl diimi-
dazole should react completely with two hydroxy groups of
CDs, forming a carbonate bond between two monomers and
therefore releasing two imidazole molecules that are soluble in

water and could be removed after synthesis.
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Figure 2: Thermogravimetric analysis of B-CD-based carbonate nanosponges, obtained through solution (DMF) and mechanochemical (ball mill) syn-

thesis. Conditions: nitrogen flow, ramp rate 10 °C/min, rt to 700 °C.
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Figure 3: Thermogravimetric analysis of «, B and y-CD-based
carbonate nanosponges, obtained through ball-mill synthesis. Condi-
tions: nitrogen flow, ramp rate 10 °C/min.
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Figure 4: Adsorption of organic dyes by ball-mill synthesized B-CD-
based carbonate nanosponges. Conditions: a small amount of NS

(50 mg) was added to a clear solution containing the dye (10 mL). After
the adsorption and the deposition of the NSs powder containing the
organic dye, a clear solution was obtained.

CDI, however, may react asymmetrically forming only one
bond with cyclodextrin leaving one of the two moieties reactive.

This is consistent with what was reported in the literature: the
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first activation of an alcohol by carbonyl imidazole showed
faster kinetics than the second one, which needed longer reac-
tion times and/or a higher temperature (from 60 °C to 80 °C) to

obtain a significant yield [31,32].

To distinguish between the free imidazole (IMH) as byproduct
and IM still able to form bonds (for example, with nucleophilic
groups of active molecules) BNS-CDI was treated in two differ-
ent ways: the first one entailed “hard” washing of the samples
using acetone and PSE. Since acetone does not react by
hydrolyzing the bond between the NS and the IM, the high pres-
sure (120 bar) in PSE allowed the removal of the encapsulated
IMH. The second treatment was longer and involved main-
taining a small amount of material in water at 40 °C for 8 h, in
order to effect hydrolysis (Figure 6):

Every 2 h, aliquots were withdrawn, washed with water to
remove IMH, freeze-dried, and subjected to elemental analysis.
The results were summarized in Table 1 and in Figure 7,

40 °C
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nitrogen contents determined for different CD monomers
reacted at the same CD/CDI ratio and for f-CD crosslinked with
CDI at different ratios are shown. In Figure 1, the comparison
between DMF and BNS-CDI 1:4 bm after 4 h treatment in
water, confirmed what was stated in the previous paragraphs,
such as the solubility and especially the consistency as far as the
properties are concerned between the BNS-CDI obtained
through the two different kinds of synthesis.

The results of the elemental analysis, reported in detail in
Table 1 and Figure 7 agreed with what was expected from the
reaction conditions and applied molar ratios: the NS-CDI 1:8
exhibited the highest nitrogen content (around 6 wt %), before
any further steps of purification. This result was consistent with
the quantity of CDI involved in this nanosponge as it was
2-4 times higher as for the other BNS-CDI, assuming that the
kinetics and reactivity were the same in all experiments. As a
consequence, the IMH and unreacted IM contents were higher.
Noteworthy was that most of the CDI reacted in the cross-
linking step, as the amount of nitrogen after PSE using acetone
dramatically decreased due to release of the IMH byproduct
entrapped in the NS network. Furthermore, it could be stated
that after about 8 hours, it was possible to eliminate almost
completely both IMH and IM, using only water, from all nano-
materials.

The solubility and physicochemical properties of the NS-CDI
were not depleted by these two different processes: all NS-CDI,
with different molar ratios and different CDs, were still not
soluble in any of the solvents tested previously (therefore, as
shown in Figure 1, for BNS-CDI 1:4 the FTIR spectra were
comparable). Hydrolysis, in fact, affected only the imidazolyl
carbonyl groups and not the carbonate bond of the CD-NSs.

In order to confirm the presence of reactive imidazolyl carbon-
yl groups, which would make the functionalization of NS

8h

NS(CO-IM), + nH,0 —  NS(H), + nIMH + nCO,

Figure 6: Hydrolysis of the imidazoyl carbonyl group in water at 40 °C.
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Figure 7: Nitrogen content in weight % in cyclodextrins NS-CDI from
ball mill synthesis. a) comparison between different monomers with the
same CD/CDI ratio and b) between the same CD crosslinked with dif-
ferent ratios.

possible, an attempt was made on BNS-CDI 1:8 by using differ-
ent organic dyes. First, BNS-CDI 1:8 was purified by PSE (and
so, with only reactive IM left) and accurately milled. The func-

4h
85°C
in DMSO
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tionalization, as described in the experimental section, was per-
formed in DMSO, an organic solvent in which the material was
insoluble but which was suitable for reactions in an anhydrous

environment as in this case with organic dyes.

The choice fell on three common, well known and widely in-
vestigated organic dyes, i.e., fluorescein, methyl red, and
rhodamine B. They have a slightly different structures (and
color), and also different surface charges but share a reactive
nucleophilic carboxylic group. The simplified schematic reac-
tion (previously reported by Staab [31] and more recently by
Jadhav et al. [33]), with the relative {-pot of nanoparticles after
functionalization, is presented in Figure 8. Through a simple
reaction in closed vials with an excess (dye/CD ratio) of the
organic dye, a covalent bond formation with the still reactive
NS was achieved. As shown by elemental analysis, after PS ex-
traction, the amount of nitrogen and therefore of reactive IM
was very low. The experiment was conducted on nanosponges
having 1:2, 1:4, 1:8 BCD/CDI ratios, and good results were ob-
tained only with BNS-CDI 1:8. Even in case of BNS-CDI 1:8, if
treated for 8 h in HyO at 40 °C (0.40% N), presented a low
amount (=0) of reactive IM, therefore the reaction did not occur
at all, leading only to an inclusion complex with the dyes,
which could be easily removed through a PS extraction with
acetone). Moreover, this could be also explained since not
all the reactive groups are freely accessible within the NS struc-

ture.

Carbonyl diimidazole can react with carboxylic acids at
room temperature in many aprotic solvents (such as tetra-
hydrofuran, DMSO, or DMF) to form imidazolides in nearly
quantitative yields, with the release of carbon dioxide and for-
mation of IMH. The reaction kinetics of alcohols with N,N'-
carbonyldiimidazole were generally slower, so the presence of

-10 4

_

-20 4

-30 4

£ Potential [mV]

-40

|

T T T T T T
PNS-CDI - 1:8 bm PNS-CDI + fluorescein ~ BNS-CDI + methylred  BNS-CDI +

-50 4

T J
rhodamine B

Figure 8: Simplified schematic reaction and procedure for obtaining the dye-functionalized BNS-CDI. Surface zeta potential of the plain and functio-

nalized BNS-CDI 1:8.
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reactive IM moieties may be particularly interesting for an easy
functionalization via reaction with nucleophilic carboxy groups
[31].

Additionally, the reaction with fluorescein was tested on both
BNS-CDI 1:4 and BNS-CDI 1:2, which exhibited a consider-
ably lower amount of nitrogen and consequently of reactive IM
(nitrogen content: 0.79 wt % and 1.19 wt % for BNS-CDI 1:2
and 1:4, respectively, and 3.28 wt % for NS-CDI 1:8 based on
elemental analysis; see Table 1 for details). No appreciable
differences in color or in { potential were observed. The pres-
ence of reactive imidazole was therefore crucial for this type of
easy functionalization under mild conditions. The NS-CDI 1:8
samples after reaction with the organic dyes and after two ex-
tractions with PSE using acetone, were colored. The functional-
ized materials were still insoluble in the tested solvents with no
release of the dyes in any of them.

Of particular interest was the difference in the surface {-poten-
tial. It ranged from a very negative {-potential of around
—45 mV (due to carbonate bonds and IM groups) to =33 mV,
—32mV, and —18,4 mV, after reaction with fluorescein, methyl
red, and rhodamine B, respectively. The variation of the
C-potential was consistent with the rhodamine B structure, ex-
hibiting a positive charge. The elemental analyses of the sam-
ples containing rhodamine B, confirmed the presence of the

organic compound within the structure (=1 wt % N).

Conclusion

Crosslinked cyclodextrin polymers, also called nanosponges
(NS), were prepared via a new synthetic route based on
mechanochemistry. The green synthetic route proposed here
afforded a biodegradable polymer, displaying the same charac-
teristics as cyclodextrin-based polymers synthesized in a sol-
vent-based approach. The CD-based carbonate NSs were syn-
thesized using an active carbonyl compound as a crosslinker,
1,1-carbonyldiimidazole, leading to an insoluble crosslinked
polymer after 3 hours of ball milling. The synthesis was carried
out using different cyclodextrins (o, 8, and y) and adopting the
following molar ratios between cyclodextrin and the
crosslinker, 1:2, 1:4 and 1:8.

The polymer obtained using the ball-mill method exhibited the
same characteristics as a CD-based carbonate NS synthesized in
a solvent and displayed insolubility in water and organic sol-
vents. FTIR and TG analyses were performed on the new mate-
rial, confirming the structure with a carbonate bond.

Nanoparticles, after cycles of ball milling and high-pressure
homogenization had a mean diameter of less than 200 nm, as

determined by DLS, and exhibited a negative {-potential (the

Beilstein J. Org. Chem. 2020, 16, 1554—1563.

most negative being at around —45 mV, measured for NS at a
1:8 ratio of B-cyclodextrin/carbonyldiimidazole). Elemental
analyses were conducted on all synthesized nanosponges in
order to detect the presence of nitrogen derived from reactive
imidazole moieties originating, in turn, from carbonyl diimida-
zole. This was confirmed by the reaction between the nanoparti-
cles obtained and the nucleophilic carboxylic group of three dif-
ferent organic dyes, fluorescein, methyl red, and rhodamine B,
leading to a colored (even after a PS extraction) functionalized

material, with a less negative ¢ potential.

Experimental

Materials

B-Cyclodextrin (B-CD), a-cyclodextrin (a-CD), and y-cyclo-
dextrin (y-CD) were kindly provided by Roquette Italia SpA
and Wacker Chemie. Carbonyldiimidazole (CDI, 297.0% (T)),
1,4-diazabicyclo[2.2.2]octane (DABCO, ReagentPlus® grade,
299%), methyl red, rhodamine B, and fluorescein (for all dyes,
declared dye content 95%), N,N-dimethylformamide (DMF, an-
hydrous, 99.8%), acetone (ACS reagent, 299.5%), and ethanol
(ACS reagent, 96%) were purchased from Sigma-Aldrich
(Munich, Germany) and used without further purification. The
cyclodextrins were dried before use in an oven at 100 °C until
constant weight. Elemental analyses were performed on a
Thermo Scientific FlashEA 1112, using vanadium pentoxide
purchased from Sigma. As planetary ball mill, a Retsch PM200
High Speed Planetary Ball Mill was used, with 20 sintered
zirconium oxide balls of 10 mm diameter in 2 jars of 50 mL
(10 balls per jar), also made from zirconium oxide. Rotation
speed: sun wheel speed 600 rpm, changing rotation direction
from clockwise to anticlockwise every 15 min. Thermogravi-
metric analyses were carried out on a Hi-res TGA 2050
Thermogravimetric Analyzer from TA Instruments. Parameters
for all TG analyses were as the following: nitrogen flow, ramp
rate 10 °C/min, rt to 700 °C. IR spectra of dried powders
were recorded on a PerkinElmer Spectrum 100 FT-IR Spec-
trometer with 16 scans. Zeta potential and DLS measurements
were performed on Zetasizer Nano ZS from Malvern Panalyt-
ical. All measurements were performed in triplicate. Solvent
extraction for purifying samples was carried out with a
pressurized solvent extractor (PSE) SpeedExtractor E-914 from
Biichi.

Solvent synthesis of cyclodextrin nanosponges

The synthesis of a, B, y carbonate nanosponges in a solvent is
widely described in the literature [2,3]. The CDI crosslinked
nanosponges synthesized for comparison with the ball-mill NS
were prepared at different molar ratios of the respective an-
hydrous cyclodextrin and carbonyl diimidazole. For the 1:4
molar ratio, for example, the procedure was as follows: 3.00 g

of a-cyclodextrin, 3.33 g of B-cyclodextrins and 4.05 g of
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y-cyclodextrins (3.30 mmol) were dissolved in 10 mL of DMF
(in three different round-bottomed flasks). After complete
dissolution of the cyclodextrins, 2.00 g (13 mmol) of CDI as
cross linker were added to each batch. The three flasks were
heated at 90 °C for 3 h under stirring in an oil bath. Once the
reaction was complete, the solid bulk obtained was crushed in a
mortar, then extracted by PSE to remove the solvent, and unre-
acted crosslinker and CD. Finally, the polymers were ball-

milled for 45 min.

Ball-mill synthesis of cyclodextrin nanosponges

The three CD crosslinked polymers were prepared using a ball
mill in a one-step reaction without a solvent. The a, B, y
carbonate nanosponges were synthesized in the ball mill at 1:2,
1:4 and 1:8 molar ratios of the respective anhydrous cyclo-
dextrin and carbonyldiimidazole. For example, for the 1:4 ratio
synthesis, 3.38 g of a-cyclodextrin, 3.75 g of B-cyclodextrins
and 4.56 g of y-cyclodextrins were placed inside a 50 mL jar
containing 10 zirconia balls. The amount of CDI added in each

batch to maintain the 1:4 molar ratio was 2.25 g.

After 3 h of sun wheel rotation at 600 rpm, the reaction was
completed and the external temperature was between 50-60 °C
(the temperature according to previous studies reported in the
literature was always indicated as lower than 72 °C under
various conditions [22]). The finely ground powder was then
dispersed in water and washed several times with deionized
water and acetone. The samples were then extracted by pressur-
ized solvent extraction (PSE), using acetone, to remove the
residual imidazole in the NS structures.

Functionalization of cyclodextrin nanosponges

The functionalization was done following the same procedure
for all samples: 500 mg of carbonate NS 1:2, 1:4, 1:8 (molar
ratio between f-CD and crosslinker, as mentioned previously)
were dispersed in anhydrous DMSO. An excess of the organic
dye (50 mg of dye, 10 wt % of the NS), methyl red, rhodamine
B, and fluorescein, respectively, was then added to the disper-
sion, followed by heating at 85 °C in an oil bath for 4 h. The
final product was washed with an excess of water and
then extracted with acetone using PSE to remove the unreacted
dyes.

Supporting Information

Supporting Information File 1

Additional experimental data.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-127-S1.pdf]
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The catalytic conversion of (ligno)cellulose is currently subject of intense research. Isosorbide is one of the interesting products that

can be produced from (ligno)cellulose as it can be used for the synthesis of a wide range of pharmaceuticals, chemicals, and poly-

mers. [sosorbide is obtained after the hydrolysis of cellulose to glucose, followed by the hydrogenation of glucose to sorbitol that is

then dehydrated to isosorbide. The one-pot process requires an acid and a hydrogenation catalyst. Several parameters are of impor-

tance during the direct conversion of (ligno)cellulose such as the acidity, the crystallinity and the particle size of cellulose as well as

the nature of the feedstocks. This review highlights all these parameters and all the strategies employed to produce isosorbide from

(ligno)cellulose in a one-pot process.

Introduction

Cellulose, a homopolymer of p-glucose, is the most abundant
component of lignocellulosic biomass. Cellulose is a crystalline
polymer due to its intra- and intermolecular hydrogen bond
network. The conversion of cellulose to added value chemicals
has received a lot of interest due to the rarefaction of fossil oil
and environmental concerns. One of the interesting reactions is
the conversion of cellulose to isosorbide, a 1,4:3,6-dianhydro-
hexitol [1]. This reaction occurs in several steps: 1) hydrolysis
of cellulose to glucose 2) hydrogenation of glucose to sorbitol

and 3) dehydration of sorbitol to isosorbide (Scheme 1).

Isosorbide, a molecule obtained from biomass can find many
applications such as additives, pharmaceuticals [2,3] and mono-
mers for polymer industries [4-6]. For instance, one polymer
obtained from isosorbide, poly(ethylene-co-isosorbide) tereph-
thalate, can replace polyethylene terephthalate (PET) [7]. In the
production of polycarbonate and epoxy resins, the physico-
chemical properties of isosorbide allow the replacement of
bisphenol A by this bio-based molecule [8,9]. At an industrial
level, isosorbide is produced from the double dehydration of

p-sorbitol using a strong acid catalyst [10,11]. p-Sorbitol is pro-
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Scheme 1: Conversion of cellulose to isosorbide.

duced from the hydrogenation of glucose obtained mostly from
the hydrolysis of starch, but also from sucrose or cellulose.
Consequently, the cellulose valorization can be realized from
the one-pot conversion of cellulose to isosorbide. The hydroly-
sis of cellulose to glucose, the first step, is reported using acid
catalysts such as H3POy4, H,SO4 and HCI as well as heterogen-
eous catalysts tungstolitic acid (H4SiW204p), niobium phos-
phate, Amberlyst-70 and Dowex-H [1,12]. For the second step
(hydrogenation of glucose to sorbitol), the common catalysts
used are Ru- and Ni-based ones [13-16]. Then sorbitol is dehy-
drated trough an acid-catalyzed process leading to isosorbide
with the formation of 1,4- and 3,6-sorbitan intermediates in the
third step [17]. The synthesis of isosorbide is performed under
high hydrogen pressures and high temperatures to allow effi-
cient hydrogenation of glucose and dehydration of sorbitol and
sorbitans [12,18]. In 2010, Almeida et al. studied each step for
the synthesis of isosorbide from cellulose using molten ZnCl,
associated with different catalysts [19]. Based on the study of
each step reported in the literature, several researchers investi-
gated the direct conversion of cellulose or lignocellulosic
biomass to isosorbide. Several strategies were employed such as
a combination of homogeneous acid and supported metal cata-
lyst, or a combination of supported metal catalyst and solid acid
or a metal on an acid support. Here, we will report all these
strategies to perform the one-pot conversion of (ligno)cellulose

to isosorbide and the key parameters of this reaction (acidity,
nature of the feedstocks, poisoning of the catalyst).

Review
Combination of an acidic homogeneous

catalyst and a supported metal catalyst

The conversion of cellulose or lignocellulosic biomass to
isosorbide was studied by combining a homogeneous acid cata-
lyst to promote the hydrolysis of cellulose to glucose and the
dehydration of sorbitol to isosorbide and a supported metal
catalyst to hydrogenate glucose to sorbitol. Several homoge-
neous catalysts were used such as mineral acids, boron phos-
phate and heteropolyacids (Scheme 2).

Palkovits et al. studied the combination of supported noble
metal catalysts based on Pt, Pd and Ru with dilute mineral acids
such as phosphoric or sulfuric acid for the conversion of cellu-
lose and even spruce in a one-step hydrogenolysis reactions to
form C4 to C6 sugar alcohols [20]. For the C6 sugar alcohols
including the isosorbide formation, the yield was below 6%
whatever catalyst was used at 160 °C, under 50 bar of H, in a
36 mL stainless steel autoclave equipped with Teflon inserts for
a reaction time between 1 h to 5 h. Another study was per-
formed using sulfuric or hydrochloric acid in the presence of

(ligno)cellulose

H OH
HCI or H,SO4 or boron phosphate or heteropolyacids <);lfg
Ru/C (5 wt % of Ru) , H,0, 160-235 °C, 40-50 bar of H,, 0.5-24 h o
HO H
28-65%

Scheme 2: Combination of mineral acids or heteropolyacids and a supported metal catalyst to produce isosorbide from (ligno)cellulose.
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Pt/C, Pd/C or Ru/C catalysts [21]. In the presence of Pt/C and
Pd/C associated to HCI or HSOy the isosorbide yield was very
low (below 4%) for a total conversion of cellulose in agree-
ment with the results obtained by Palkovits et al. [20]. In the
presence of Ru/C (5 wt % of Ru, 20 mg) associated with HCI
(235 °C, 6.0 MPa of Hjp, 60 min, 10 mL of acidified water,
0.01 M of HCI, in a 50 mL Teflon-lined stainless steel auto-
clave), 41% of isosorbide was obtained for a full conversion of
cellulose. If the Ru/C catalyst was associated with H,SO,4 only
14% of isosorbide was produced under similar conditions. This
study showed that the nature of the mineral acid and thus the
acidity is of importance to produce isosorbide from cellulose.
The most active metal catalyst is Ru/C among the metal-sup-
ported solids studied. One can mention, that by decreasing the
reaction temperature from 235 °C to 215 °C, 50% of isosorbide
was obtained after 30 min of reaction under 6.0 MPa of H; in
the presence of 20 mg of Ru/C (5 wt % of Ru) and HCI in
10 mL of water with a concentration of 0.01 M. A similar
strategy was employed but starting from lignocellulosic
biomass [22] such as bagasse pulp (BP) containing 95 wt % of
cellulose and 5 wt % of lignin and the results were compared to
glucose and microcrystalline cellulose (MCC). Commercial
Ru/C combined with H>SO, led to higher isosorbide yield (50%
under optimized conditions, 220 °C under 40 bar of H, for 2 h
and 0.5 M HpSO4 (aq) 30 mL, 40 mg of Ru/C (5 wt % of Ru) in
a glass insert in an autoclave) than Pt/C, Pd/C and Rh/C cata-
lysts for the one-pot one step conversion of BP to isosorbide.
The nature of the acids to catalyze the hydrolysis of cellulose
and dehydration of sorbitol and sorbitans was studied and their

Beilstein J. Org. Chem. 2020, 16, 1713-1721.

efficiency decreased in the order of HySOy4 > triflic acid (HOTT)
> trifluoroacetic acid (TFA) > Amberlyst-38 > HCI > HNOs. It
was shown that when MCC was used as starting material, in the
presence of Ru/C and H»SOy, 50% yield of isosorbide was ob-
tained. These results are in contradiction with the results ob-
served by Liang et al. [21]. Hence, a isosorbide yield of 14%
was obtained. The reasons could be the different conditions
used. In the work of Liang et al. [21], 0.2 g of cellulose was
added in 10 mL of acidified water with a concentration of
H,SO4 of 0.05 M in the presence of 20 mg of Ru/C at 235 °C
whereas 0.19 g of cellulose was added in 30 mL of acidified
water (H,SO4 concentration of 0.5 M, 10 times higher than in
the other work) in the presence of 40 mg of Ru/C at 220 °C. All
these parameters can explain the difference observed and again
it confirms that the pH is a key parameter in the conversion of

cellulose or lignocellulosic biomass to isosorbide.

The main bottlenecks of this one-step process are the deactiva-
tion of the commercial Ru/C catalyst and the degradation of
isosorbide upon prolonged reaction time. Keskivali et al.
studied the two-step reaction [22]. The first step included the
hydrolysis of cellulose to glucose, hydrogenation of glucose
into sorbitol and partial dehydration of sorbitol to sorbitans. The
second step was the dehydration of sorbitol and 1,4-sorbitan to
isosorbide (Scheme 3). Optimal reaction conditions for the first
step are middle temperatures to enhance the recyclability of
Ru/C catalyst. 59% of sorbitol was obtained at 170 °C with
0.5 M of H»SOy, 20 bar of H; for 2 h and in the presence of
0.02 mmol of Ru. The second step was performed starting from

C)/\(\OH
HO" ~Y YOH
OH

1,5-sorbitan 2,6-sorbitan
CH,OH
H=—OH . OH " 4 OH
HO——H o 0
H——op — \ OH ) 5
H——OH HO oM S H
CH,OH HO  OH Ho
sorbitol 1,4-sorbitan 3,6-sorbitan isosorbide
(0]
0 N s
HO/\Q OH O OH
HO  YoH HO  ToH
2,5-manitan 2,6-iditan

Scheme 3: Conversion of sorbitol to isosorbide via the formation of sorbitans.
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the first step hydrogenation solution after the removal of the
Ru/C catalyst by filtration. A temperature higher than 200 °C
was used in order to obtain a high isosorbide yield. A reaction
temperature of 240 °C and 270 °C led to an isosorbide yield of
43% and 47%, respectively, after 1 h of reaction. A prolonged
reaction time led to a decrease of the isosorbide yield due to
side reactions. A decrease of the temperature from 240 °C to
170 °C led to an increase of the isosorbide yield (58%) after
24 h of reaction showing that a lower temperature can be used

for this reaction but a prolonged reaction time is required.

The authors observed a deactivation of the Ru-catalyst in the
presence of substrates containing lignin that was probably due
to fouling and poisoning. Moreover, the presence of sulfuric
acid could have been modified the Ru/C catalyst. With the
increase of strong acid sites on the catalyst surface, the activity
and recyclability of the catalyst was improved. A modification
of the Ru/C hydrogenation catalyst’s surface by sulfonation and
oxidative treatment was performed and had a significant effect
on the catalyst properties in the isosorbide synthesis. Hence,
strong acid sites are generated on the surface of the catalyst
support leading to an increase of its hydrophilicity. The catalyst
treated with a solution of 10 M of sulfuric acid during 3 h was
recycled at least for four consecutive runs starting from bagasse
pulp. Under optimized conditions (30 mL of aqueous solution
of 0.5 M H,SOy; first step reaction conditions: 170 °C, 20 bar
H,, 2 h and 0.02 mmol of modified Ru/C catalyst, 3 h; second
step reaction conditions: 200 °C, 40 bar Hj, 6 h after the
removal of Ru/C catalyst) isosorbide was generated in high
yields of 56-57% (49-50 wt %) from different cellulosic sub-
strates. This study showed that the acidity is important in the
conversion of lignocellulosic biomass to isosorbide and that the

acid can react with the metal-supported catalyst.

Another study was devoted to the use of boron phosphate for
the conversion of cellulose into liquid hydrocarbon C{—Cg over
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Ru/C [23]. A mixture of MCC (0.8 g) and Ru/C catalyst
(5 wt % of Ru, 0.2 g) in 40 mL of water under 60 bar of Hj at
230 °C for 24 h in a 100 mL stainless-steel autoclave was used
in the one-pot conversion of cellulose. C;—C4 compounds were
obtained predominantly. However, with the addition of 4 mmol
boric acid (H3BOj3), which is a weak acid, sorbitol was ob-
served with 5% yield along with 1% of sorbitan and 10% of
isosorbide. The authors showed that a complex of borate-polyol
and sorbitol or sorbitan as polyols was formed leading to an
increase of their stabilities and thus their yields. When boric
acid is replaced by phosphoric acid (which is a strong acid) for
the conversion of cellulose, an isosorbide yield of 29% is
reached indicating that double cyclodehydration is favored
under these conditions. On the contrary, the addition of
equimolar amounts of boric acid and phosphoric acid decreases
the yield of isosorbide and sorbitan from 29% to 22% and from
5% to 3%, respectively. A similar tendency was observed in the
presence of boron phosphate. This was due to the slow dissolu-
tion of boron phosphate in aqueous solution implying a release
of H* according to reaction time. They also observe an increase
of isosorbide production from 18% to 28% with the increase of
boron phosphate amount from 1 to 4 mmol due to the increase
of the media acidity at 230 °C under 6.0 MPa of H, in the pres-
ence of 0.2 g of Ru/C in 40 mL of water.

An interesting family of acids was used in combination with
metal-supported heteropolyacids as catalyst. Heteropolyacids
were chosen since they are nontoxic or noncorrosive chemicals
(Scheme 4).

Palkovits et al. showed that heteropolyacids (tungstosilic
H4SiW ,04¢ or phosphotungstic acid and H3PW,04() can be
used in association with a Ru/C catalyst to produce isosorbide
from a-cellulose [24]. The experiments were made in a batch
reactor containing 500 mg of a-cellulose, 100 mg of 5 wt %
Ru/C catalyst and 10 mL of water with an acid concentration

7 h, 160 °C, 50 bar H; [16]

13-17%

Scheme 4: Conversion of cellulose to isosorbide in the presence of heteropolyacids and metal-supported catalyst [24].
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from 3.47 to 55.1 mmol-L™! at 160 °C under 50 bar of H,
(25 °C). It was reported that the rate of cellulose hydro-
genolysis reaction depends on the acid concentration and reac-
tion time. Indeed, an increase of isosorbide and sorbitan yields
was observed after 7 h of reaction at 160 °C and 50 bar H, with
an acid concentration of 55.1 mmol-L™!. The isosorbide yield
was 17% and 13% for a cellulose conversion above 90% for re-
spectively H4[Si(W30]0)4] and H3[P(W3010)4].

Later, Op de Beeck et al. explored a combination of Ru/C and
tungstosilic acid (H4SiW204¢) for the one-pot conversion of
cellulose into isosorbide [25]. They studied the different steps
of the reaction. They have shown that for the last step (dehydra-
tion of sorbitol to isosorbide) the increase of the temperature
from 190 to 230 °C and the acid concentration from 0 to 61 mM
of H* allows the dehydration of sorbitol to isosorbide (60%
yield). However in this reaction, if the acid concentration is too
high (over 61 mM of H*), polymeric compounds were formed
limiting the yield to isosorbide. Based on these results, it is
clear that a control of the acidity is required for the dehydration
of sorbitol to isosorbide. Another important parameter is the
control of the sorbitol concentration. Indeed, polymeric com-
pounds were also observed with the fivefold increase in the
sorbitol concentration (from 22.4 g-L™! to 112 g-L™!). This is an
advantage for the one-pot conversion of cellulose, because the
concentration of sorbitol produced from cellulose is usually
low. The one-pot conversion of cellulose was investigated first
using a MCC Avicel PH-101 cellulose (0.8 g), Ru/C (200 mg),
water (40 mL), under 5 MPa of initial H, pressure at room tem-
perature. It was shown that fast and selective hydrogenation of
glucose is required to increase the isosorbide yield and that at
elevated temperatures, there is a selectivity loss through degra-
dation of glucose to insoluble byproducts. Side reactions can be
minimized by decreasing the reaction temperature to 210 °C,
improving the hydrogenation capacity by optimization of the
concentration of Ru/C and decreasing the solvent volume to
40 mL. A formation of isomerization products of isohexides
was observed as the isomerization of glucose is acid-catalyzed,
and the isomerization of alditols is catalyzed by Ru/C. An
isosorbide yield of 52% was obtained after 1 h at 210 °C and
50 bar of Hy from 10 wt % of cellulose and a catalyst/cellulose
ratio of 1:4 in the presence of 1 g of Ru/C (5 wt % of Ru). It
was also shown that a longer reaction time led to an increased
production of insoluble byproducts. The productivity of isosor-
bide can reach 40.2 g-L~!-h~!with a purity of 73%. The recy-
cling of the metal-supported catalyst (Ru/C) was studied and a
high catalytic activity decrease was observed after the first run,
showing that the catalyst was not recyclable. Despite their effort
to regenerate the catalyst, the loss of activity and yield was
always observed. The scope of biomass used was investigated

and experiments were performed using hardwood (42% cellu-

Beilstein J. Org. Chem. 2020, 16, 1713-1721.

lose, 4% hemicellulose and 18% lignin), soft wood (35% cellu-
lose, 23% hemicellulose and 27% lignin), nonpretreated wheat
straw (35% cellulose, 1% hemicellulose and 18%lignin) and
pretreated wheat straw as raw materials in order to investigate
the influence of the delignification on the cellulose conversion.
Two pretreatments were used: i) The ethanosolv method that
consists in the treatment of wheat straw for 1.5 h in an ethanol/
water (50:50) mixture at 210 °C, and ii) CIMV (Compagnie
Industrielle de la Matieére Végétale) technology, where wheat
straw was treated during 3.5 h of acetic acid/formic acid/water
(50:30:15 m/m/m) extraction at 105 °C and then in the pres-
ence of HyO; and organic acids (peracetic and performic acids)
for further delignification. After the pretreatment, the cellulose
content is 69% and 82% and the lignin content 16% and 8%, re-
spectively. The results obtained from the nontreated biomass
showed that nontreated softwood, containing a higher hemicel-
lulose amount compared to hardwood and wheat straw led to
the highest isosorbide yield of 7%. This can be due to a higher
carbohydrate content and a lower amount of impurities than in
the other raw materials. Based on this, the pretreatment of the
delignified biomass will promote the synthesis of isosorbide.
Hence, CIMV-delignified wheat straw pulp led to 63% of
isosorbide, corresponding to a productivity of 40 g-L™!-h~! with
72% of purity. This high yield can be ascribed to several param-
eters such as small particle diameter, large surface area/porosity
and lower crystallinity. For the particle size, cellulose fiber di-
ameters are 2 pm and 50 um of respectively pre-treated wheat
straw and microcrystalline Avicel PH-101, that can explain the
higher yield of isosorbide from CIMV-delignified wheat straw
pulp. The crystallinity and the particle size effects were con-
firmed by starting from a ball-milled Avicel PH-101 cellulose.
A higher yield of isosorbide (around 65%) was observed than
from non treated Avicel PH-101 cellulose (52%).

A one-pot conversion of cellulose to isosorbide has been re-
ported using a combination of supported metal catalyst and a
homogeneous acid such as mineral acids and heteropolyacids
(Scheme 5). The maximum isosorbide yield observed is 65%
under optimal conditions. In these processes, a neutralization
procedure is essential to remove homogeneous acid catalysts
and also separation processes of the products from the salt solu-
tions are required. Regarding an industrial application, if
heteropolyacids are used with low concentration, a reduced salt
will be formed after the neutralization step. Moreover,
heteropolyacids can be precipitated via ion exchange with larger
cations, e.g., K*, Cs™ and NH4", or in certain cases even
extracted to allow direct recycling. Thus, the usage of hetero-
geneous acid catalysts is desirable for easy separation of the
products. Thus, from a sustainable point of view, it is of interest
to study heterogeneous catalysts for the direct conversion of

cellulose or lignocellulosic biomass to isosorbide.
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65%

All Ru/C catalysts are with 5 wt % of Ru

Scheme 5: Summary of the results obtained in one-pot one step processes [21-25].

Heterogeneous catalysts for the conversion

of (ligno)cellulose to isosorbide

Solid acid catalysts such as ion exchange resins exhibiting
sulfonic groups on their external surface resembling to some
extent p-toluenesulfonic acid (p-TSA) can be used in combina-

tion with supported metal catalyst (Scheme 6).

milled cellulose

0,
(180 °C, 50 bar of Hp, 16 h) 56%

H OH
Amberlyst 70 0
or )
RUC (Ru=4wt%) & & ©
HO

(ligno)cellulose

(190 °C, 50 bar of H,, 16 h)
25%

Scheme 6: Conversion of (ligno)cellulose to isosorbide in the pres-
ence of Amberlyt 70 and a Ru/C catalyst [26,27].

Yamaguchi et al. used a combination of Ru/C and Pt/C with
Amberlyst 70, an ion-exchange resin containing sulfonic acid
sites in the one-pot conversion of ball-milled cellulose to isosor-
bide [26]. A yield of 8% of isosorbide was obtained at 190 °C
in the presence of Pt/C (Pt = 2 wt %) catalyst (0.2 g), 1 g of

Amberlyst 70 from 0.324 g of milled cellulose diluted in 40 g of
water under 50 bar of H, during 16 h in a batch reactor of
100 mL. This yield was lower than the expected one (38%)
using a sequential process. They have shown that the amount of
Amberlyst 70 is important and under optimized conditions
(0.2 g of 2 wt % Pt/C and 3 g of Amberlyst 70) 16% of isosor-
bide were obtained. When the loading of Pt was increased from
2 wt % to 4 wt %, 30% of isosorbide was observed at 453 K
with 5 MPa H, for 16 h in the presence of 0.3 g of Amberlyst
70. The same approach and reaction conditions were used
replacing the Pt/C catalyst by Ru/C (Ru = 4 wt %) catalytic ma-
terial. Higher isosorbide yields were observed in the presence of
the Ru/C catalyst compared to those obtained in the presence of
the Pt/C catalyst suggesting that Ru/C is more active for the
production of isosorbide from cellulose with Amberlyst 70.
Best results are obtained under the following conditions: 0.2 g
of 4 wt % Ru/C, 3 g of Amberlyst 70, isosorbide yield of 56%
at 180 °C under 50 bar of H, after 16 h of reaction. A compari-
son between these results and sequential reactions leading in the
first step (hydrogenolysis of cellulose) to 51% of sorbitol and in
the second step (dehydration of sorbitol) to 63% of isosorbide
showed that the activity of the Ru/C catalyst was enhanced by
the presence of Amberlyst 70 in the one-pot reaction. On the

opposite, the Pt/C activity was inhibited by the presence of
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Amberlyst 70. The effects of the Ru loadings and catalyst
amounts on the isosorbide yield from cellulose were also inves-
tigated. An optimum amount of 0.2 g of 4 wt % Ru/C led to
56% of isosorbide whereas 0.4 g of 2% Ru/C led to a lower
isosorbide yield (24%) despite the same amount of Ru atoms on
these catalysts. The metal dispersion of these two catalysts was
almost identical but the particle size differs (2.6 nm for 2%
Ru/C and 5.3 nm for 4% Ru/C) suggesting that the Ru species
formed in the 4 w. % Ru/C catalyst are more active for conver-
sion of cellulose into isosorbide. The recycling of 4 wt % Ru/C
and Amberlyst 70 catalysts was studied at different tempera-
tures. At all the temperatures studied, the isosorbide yield de-
creased due to carbon deposition on the metal.

Amberlyst 70 was also used in the conversion of lignocellu-
losic feedstocks to isosorbide in the presence of supported metal
catalysts [27]. Japanese cedar, eucalyptus and bagasse are used
and they contain between 37% and 41% of cellulose and a
glucose content between 40.1% and 46.5%. The biomass feed-
stock was crushed by a simple ball milling procedure without
further treatment. The one-pot conversion of Japanese cedar
was carried out by combining Pt/C or Ru/C with 4 wt % of
metal and Amberlyst 70 catalysts in a batch reactor of 100 mL.
Ru/C catalyst was more active than Pt/C catalyst. Indeed, in the
presence of Ru/C (0.2 g) and Pt/C (0.3 g) catalysts, an isosor-
bide yield of 25% and 2% was obtained, respectively, at 190 °C
under 50 bar of Hj, after 16 h in the presence of 3 g of
Amberlyst 70. They supposed that the Ru/C catalyst exhibits a
better activity owing to Amberlyst 70 as shown in their previous
work [22]. A one-pot conversion with Amberlyst 70 and Ru/C
is thereafter tested in eucalyptus and bagasse feedstocks. Inter-
estingly, 8% and 13% of isosorbide were observed from euca-
lyptus and bagasse respectively at 190 °C under 50 bar of H,
after 16 h in the presence of 3 g of Amberlyst 70 and 0.2 g of
Ru/C. They suggest that lignin or an inorganic component
contained in eucalyptus and bagasse can affect the acidity of
Amberlyst 70 which implies the lower yield of isosorbide and
the higher yield of 1,4-sorbitan.

Xi et al. studied a combination of a Ru/C catalyst with meso-
porous niobium phosphate and Ru support over mesoporous
niobium phosphate in the conversion of cellulose to isosorbide
[28]. Different preparation methods of NbOPO4 were per-
formed depending on the final pH (2, 7 and 10) of the solution
at the end of the solid synthesis. Based on the results obtained
in the dehydration of sorbitol to isosorbide, the NbOPOy4-pH,
catalyst was chosen for the production of isosorbide from cellu-
lose. Two strategies were employed: a one-step and a two-step
process. The one-step conversion of cellulose to isosorbide
consists in using the same reaction conditions and the same

catalyst for the hydrolysis/hydrogenation and dehydration reac-
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tions. An isosorbide yield of 13% was obtained in the presence
of 5% Ru/NbOPO,4-pH; (0.2 g) at 230 °C and 24 h of reaction
in a 100 mL stainless steel reactor starting from cellulose
(0.24 g) in 15 mL of water. In the case of an association of
Ru/C and NbOPO4-pH,, the yield of isosorbide was around
20%. The one-step strategy seems to be not efficient for the
conversion of cellulose to isosorbide due to the temperature of
the reaction that is different for the two reactions (hydrolysis/
hydrogenation and dehydration). To overcome this temperature
issue a two-step process was studied. In the first step, 0.24 g of
cellulose was added in 15 g of water at 170 °C for 24 h in the
presence of 0.1 g of Ru/NbOPO,4-pH;. Ru/NbOPO,4-pH, was
then removed and the aqueous solution containing sorbitol and
sorbitans was dehydrated at 230 °C during 18 h in the presence
of 0.1 g of NbOPOy-pH, for the second step. After the first
step, an aqueous mixture of 59% of sorbitol, 20% of 1,4- and
3,6-sorbitans, respectively, 4% of 2,5-sorbitan and 4% of
isosorbide was obtained. The second step led to an isosorbide
yield of 56% which is higher than the yield obtained after the
one-step strategy. The two-step reaction was also performed
using a similar Ru/NbOPOy-pHj; catalyst in both steps and the
yield of isosorbide was 33%. This decrease was due to a differ-
ent acidity. Hence, the ruthenium species occupied the strong
and medium acid site of NbOPOy4-pH; after its impregnation.
The recyclability of NbOPOy4-pH, was performed for the two-
step conversion of cellulose to isosorbide as the Ru/NbOPOy-
pH> recyclability was proved in a previous study in the conver-
sion of cellulose to isosorbide [29]. A decrease of approxi-
mately 10% in isosorbide yield is reported after four runs due to
carbon deposition (confirmed by thermogravimetry analysis) or
during the recycling procedure. However, the carbon deposi-
tion was removed by calcination of the catalyst at 400 °C and a
similar isosorbide yield as the one obtained at the first run was

observed.

A sustainable method for the isosorbide production from cellu-
lose is the use of a bifunctional catalyst (Scheme 7). A series of
Ru catalysts on acid support were prepared by the adsorption of
colloidal Ru nanoparticles on mesoporous and bulk niobium
phosphate, mesoporous and bulk niobium oxide hydrate, phos-
phoric acid-treated mesoporous and bulk niobium oxide hydrate
[30]. These catalysts were compared to Ru@HZMSS,
Ru@NaY, Ru@y-Al,O3 solids. Cellulose was converted over
all niobia-based catalysts with 25-43% yield of isosorbide
starting from 0.6 g cellulose using 0.06 g catalyst (5.0 wt % Ru,
Ru nanoparticles (NPs): 0.9 nm) in 30 mL H,O after 1 h of
reaction at 220 °C under 60 bar of Hy. Trace amounts or even
no isosorbide was obtained over microporous HZSM-5, NaY,
and y-Al,O3-supported Ru catalysts. A bifunctional Ru catalyst
supported on mesoporous niobium phosphate with a mean size

of Ru NPs of 5.5 nm was used for the direct conversion of
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Scheme 7: Use of Ru-supported on mesoporous nobium phosphate (mNbPO) for the synthesis of isosorbide from cellulose [30].

cellulose to isosorbide and 52% yield of isosorbide was ob-
served with almost 100% cellulose conversion. The large sur-
face area, pore size, and strong acidity of mesoporous niobium
phosphate are key parameters for the hydrolysis of cellulose and
dehydration of sorbitol. An appropriate size of the supported Ru
nanoparticles avoids unnecessary hydrogenolysis of sorbitol.
The recyclability was investigated and up to 6 cycles could be
performed without significant loss in catalytic properties. More-
over, no leaching of Ru was observed. This study shows that a
bifunctional catalyst can be a more sustainable solution to

produce isosorbide from (ligno)cellulose.

Conclusion

The isosorbide synthesis from cellulose is performed via acid-
catalyzed hydrolysis of cellulose, followed by hydrogenation of
glucose to sorbitol and further dehydration to sorbitans. The
dehydration of sorbitol to isosorbide required temperatures
around 200 °C exposing hydrogenation catalysts to the harsh
reaction conditions in the one-pot process. Unfortunately, one-
step conditions seem to facilitate the deactivation of the hydro-
genation catalysts, thus preventing their efficient recycling due
to the production of insoluble byproducts, metal particle
sintering and leaching. From all the studies, it is clear that Ru/C
was the most active catalyst in the hydrogenation reaction.
Based on the stability of the hydrogenated catalyst, some
studies used a two-step process to increase the isosorbide yield.
One important parameter is also the acidity strengths of the acid
catalyst used. An appropriate acidity is required to depoly-
merize cellulose to glucose and to dehydrate sorbitol to isosor-
bide. If the acidity is too high, byproducts are formed decreas-
ing the yield of isosorbide. Another important factor is the
nature of the feedstocks used. Hence, most of the isosorbide
syntheses are from pure cellulose and sugars as substrates, such
as microcrystalline cellulose and glucose, while studies
describing an isosorbide synthesis from lignin-containing cellu-
losic substrates are scarce. The presence of lignin can be detri-
mental for the activity of the catalysts. Hence, investigations of

reaction conditions and the development of the hydrogenation

catalysts to tolerate the presence of lignin should be further in-
vestigated.

For the one-pot conversion of lignocellulose to isosorbide, a
sustainable and interesting route should be the design of a
heterogeneous catalyst composed of a metal supported on an
acid support. These catalysts should be designed in order to be
stable in water and tolerant to the presence of lignin. Otherwise,
the solution should be to realize this reaction under continuous
flow using two catalytic beds.

Finally, we emphasize that mechanistic insights on the catalytic
conversion of biomass-derived platform molecules are required
to make this value chain competitive with respect to the tradi-
tional synthesis of chemicals from fossil fuels. In particular, in
situ kinetic studies by spectroscopic methods [31] correlated to
computational chemistry approaches [32] might reveal specific
interaction between reactants and catalysts as well as solvent
effects at work in such a complex system that should provide an
understanding of the underlying reason for the observed unique
kinetics, yields and selectivity in these one-pot reactions. In ad-
dition, such in-depth fundamental mechanistic and kinetic
studies should enable determining the key structural parameters
of the catalytic platform that govern its efficiency hence sup-
porting the design of novel highly active and selective catalysts

for the valorization of cellulose as a sustainable feedstock.
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Natural dolomitic limestone (NDL) is employed as a heterogeneous green catalyst for the synthesis of medicinally valuable benzim-

idazoles, dihydropyrimidinones, and highly functionalized pyridines via C—N, C-C, and C-S bond formations in a mixture of
ethanol and H»O under ultrasound irradiation. The catalyst is characterized by XRD, FTIR, Raman spectroscopy, SEM, and EDAX

analysis. The main advantages of this methodology include the wide substrate scope, cleaner reaction profile, short reaction times,

and excellent isolated yields. The products do not require chromatographic purification, and the catalyst can be reused seven times.

Therefore, the catalyst is a greener alternative for the synthesis of the above N-heterocycles compared to the existing reported cata-

lysts.

Introduction

Nitrogen heterocycles are recognized as “privileged medicinal
scaffolds” because these compounds are found in a wide variety
of bioactive natural products and pharmaceuticals [1-3]. Among
them, benzimidazoles, dihydropyrimidinones, and pyridines
have emerged as promising and valuable structural units in

many pharmaceutical lead compounds (Figure 1) [4-9]. Hence,

there is a great need for the development of a green and sustain-
able synthetic route to the aforesaid nitrogen-containing hetero-
cycles.

Benzimidazoles are an important class of N-heterocycles due to

their potential applications in both biology and medicinal chem-

1881


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:ncgreddy@yogivemanauniversity.ac.in
https://doi.org/10.3762%2Fbjoc.16.156

N=

N \
~ /@ \>_S\‘
0O NH (e}

omeprazole (I)

o)

(S)- monastrol

SQ 32,926
antihypertensive activity

S
/ \Q \>—NH
NH

albendazole (II)

anticancer activity

Beilstein J. Org. Chem. 2020, 16, 1881-1900.

o)

/
N O NN
S-NH N e
CE% (a3
N
) h-Bu thiabendazole (IV)
benomyl (lll)

NH X
OH NH A
©/ />—NH

X=0,S RHNM62

Vil Vil
antioxidant activity antitubercular activity

NH
Cl g CN cl b CN A Ar
X
DU O 0, W S0
NS
S S =z NH OH_~.N
N v Ly NHN S/\r\q\/) 7N NH,
IX X Xi Xil

pyridines IX-X
identified as active in mice ScN2a cells

pyridines XI-XII
human adenosine receptors

Figure 1: The benzimidazoles I-1V, dihydropyrimidinones/-thiones V-VIII, and 2-amino-4-aryl-3,5-dicarbonitrile-6-sulfanylpyridines IX-XIl as medici-

nally privileged structures.

istry [10-13]. These compounds are used in the treatment of
diseases, such as obesity, ischemia-reperfusion injury, hyperten-
sion, etc. [14-16]. In addition, these compounds are important
intermediates in a variety of organic reactions and key elements
in many functional materials [17-19]. Because of their potential
utility, a huge number of synthetic protocols has been de-
veloped for the preparation of benzimidazole derivatives. The
most common method for the preparation of benzimidazoles is
the reaction between o-phenylenediamines and carboxylic acids
[20,21]. Another general synthetic route reported is the conden-
sation reaction of o-phenylenediamine with aldehydes in the
presence of various catalysts, such as Zn—proline, trimethylsilyl
chloride (TMSCI), Amberlite® IR-120, indion 190, trifluoro-
ethanol, YCl3, HC104-Si0,, MMZy zeolite, Er(OTf)s, etc. [22-
30].

Developments in already established multicomponent reactions
(MCRs) are interesting topics in organic synthesis. For instance,
the Biginelli reaction is a renowned and tunable MCR to
synthesize the pharmacologically active 3,4-dihydropyrimidin-
2-(1H)-ones (DHPMs, Biginelli products) [31]. These com-
pounds occupy an important position in the fields of natural
products and synthetic organic chemistry owing to their poten-
tial pharmacological properties [32-37]. A wide variety of

Brgnsted acids and Lewis acids are employed as efficient cata-

lysts for the Biginelli reaction [38-47]. In addition, some transi-
tion metal-based catalysts and a few nonacidic inorganic salts
are also utilized as catalysts for the above reaction [48-58].
Only few basic catalysts, such as -BuOK, Ph3P, and L-proline
are reported for the Biginelli reaction [59-61].

2-Amino-4-aryl-3,5-dicarbonitrile-6-sulfanylpyridines have
gained considerable attention due to their wide-ranging biologi-
cal activities [62,63]. The most common synthetic route for the
preparation of 2-amino-4-aryl-3,5-dicarbonitrile-6-thiopy-
ridines is the condensation reaction of aldehydes, malononitrile,
and thiols in the presence of a variety of catalysts [64-72].
Though the reported methods are efficient to provide the
desired 1,2-disubstituted benzimidazoles, dihydropyrimidin-
ones/-thiones and 2-amino-4-aryl-3,5-dicarbonitrile-6-
sulfanylpyridines, there are still some drawbacks, which include
the use of expensive catalysts, the preparation of the catalyst,
long reaction times, the limited substrate scope, and compli-
cated work-up processes; further, the products require chro-

matographic purification.

The mineral NDL is an irregular combination of calcium and
magnesium carbonate. It is water-insoluble, environmentally
benevolent, inexpensive, nontoxic, and abundant in nature.

Further, dolomite is used as a heterogeneous green catalyst in
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very few organic transformations, such as Knoevenagel,

Michael-Henry, and transesterification reactions [73,74]. To the
best of our knowledge, there are no reports on the NDL-cata-
lyzed synthesis of aforesaid N-heterocycles under ultrasonic ir-
radiation (USI).

In this paper, we wish to report the use of NDL as a heterogen-
eous green catalyst for the synthesis of the 1,2-disubstituted
benzimidazoles 3, the dihydropyrimidinones/-thiones 7, and the
2-amino-4-(hetero)aryl-3,5-dicarbonitrile-6-sulfanylpyridines
11 via C-N, C-C, and C-S bond-forming reactions, respective-
ly, in a mixture of EtOH and H,O 1:1 under ultrasonic irradia-
tion (Scheme 1).

Results and Discussion

Geological background of the NDL catalyst

The NDL catalyst was collected from V. Kothapalli village
(N 14°31°54”, E 78° 02°58”), Vemula Mandal of the Cuddapah
district, Rayalaseema, Andhra Pradesh, India. The rock forma-
tion in the mineralized area of this village belongs to the
Vempalli Formation (VF) of the Papaghni group of the lower
Cuddapah Supergroup in the Cuddapah Basin (CB). The

Beilstein J. Org. Chem. 2020, 16, 1881-1900.

carbonate minerals, such as limestone and dolomite, are the
most abundant ones and common sedimentary rocks present in

this area.

Catalyst characterization

The NDL catalyst was ground into a fine powder and then
sieved in a 200-mesh sieve. The chemical composition of the
catalyst was determined by standard quantitative analysis. The
basic strength of the catalyst was analyzed by using Hammett
indicators. The catalyst was characterized by XRD, IR, Raman,
SEM, and EDAX analysis.

The chemical composition of the NDL was determined by
adopting a standard quantitative analysis [75]. The obtained
results are summarized in Table 1.

The basic strength of the NDL catalyst (H_) was measured
using Hammett indicators, namely bromothymol blue
(H_ = 7.2), phenolphthalein (H_ = 9.8), 2,4-dinitroaniline
(H_ = 15.0), and nitroaniline (H_ = 18.4) as Hammett indica-
tors. In each case, 5 mL of a methanolic solution of the

Hammett indicator was added to 50 mg of the catalyst, shaken

i) Ar
NH, o NDL catalyst
@ -y (5.0 wt %) >_ "
NH, Ar ethanol/H,0 1:1, OH HO OH HO
1 2 USlI, 45-50 °C, (3a-g, 31 q)
Ar = (hetero)aryl  10-15 min (94-98%) (98% o (96% o
15 examples K
unexpected products
N o O Ar O
ii)
Mo/\ NDL catalyst (5.0 wt %) HN | o
4 . X ethanol/H,0 1:1, US|, YP N
Ar J\ 45-50 °C,10-20 min H
||/ H2N NH2 7
5/6 (90-97%)
B X=0,8 17 examples
Ar = (hetero)aryl
Ar
NC CN
i) 0 P NDL catalyst (5.0 wt %) | N
J + 2NC” CN + R-SH _ R
Ar ethanol/H,0 1:1, USI, H,N™ N s~
45-50 °C, 30-45 min
2 8 9 R = pyridyl 11 .
Ar = (hetero)aryl 10 R = phenyl (90-987%)

18 examples

Scheme 1: NDL-catalyzed synthesis of i) 1,2-disubstituted benzimidazoles 3, ii) dihydropyrimidinones/-thiones 7, and iii) 2-amino-4-(hetero)aryl-3,5-

dicarbonitrile-6-sulfanylpyridines 11 under ultrasound irradiation.
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Table 1: Chemical composition of the NDL catalyst. LOI: loss of ignition.

component LOI Cao MgO SiO»

% 38.90 41.84 9.90 7.3

well, and then allowed to equilibrate for 2 h. No color variation
of the indicators was observed. The study revealed that the
basic strength of the NDL catalyst was weaker than the
bromothymol blue indicator, i.e., H_ < 7.2. Hence, the NDL
catalyst is a mild base, and it can activate both nucleophilic and
electrophilic groups [73]. Further, the amount of basic sites on
the catalyst was estimated by titration using a standard benzoic
acid solution and bromothymol blue indicator. Initially, the
catalyst (50 mg) was stirred with the methanolic solution of the
indicator (5 mL) for 30-40 min, and then, the mixture was
titrated with a 0.02 M benzoic acid solution. From the titer
values of the benzoic acid solution, the amount of the basic sites
was found to be 0.033 mmol/g.

The powder XRD pattern of the NDL catalyst is shown in
Figure 2. The diffraction peaks at 20 = 23.16, 29.51, 31.05,
36.02, 38.07, 39.40, 43.0, 47.2, 47.5, 48.5, 56.6, 57.6, 60.9, and
64.8° were attributed to the (012), (104), (006), (015), (110),
(113), (021), (024), (018), (116), (211), (122), (214), and (030)
plane, respectively, of the NDL catalyst (JCPDS card file

Beilstein J. Org. Chem. 2020, 16, 1881-1900.

A|203 F6203 803 Nago Kgo

0.94 0.30 0.24 0.28 0.05

5-586: calcite and 11-78: dolomite) [76,77]. Small quantities of
aluminium silicates (kaolinite) and iron oxides were also con-
firmed by the XRD pattern. The less intense diffraction peaks at
20 = 12.3, 24.8, and 37.4 were assigned to the 001, 002, and
003 plane, respectively, of kaolinite (JCPDS card file 14-0164)
[78]. The low-intense peaks at 20 = 18.6, 26.1, 44.7, 54.6, 58.4,
and 63.0 were ascribed to the 111, 211, 400, 422, 511, and 440
plane, respectively, of iron oxides (JCPDS card file 39-1346
and JCPDS card file 19-629) [79,80]. The above results were
supported by FTIR and Raman characterization studies of the
catalyst (vide infra).

The FTIR spectrum of the catalyst is shown in Figure 3. In the
IR spectrum, two distinct vibrational modes of the carbonates,
i.e., out-of-plane bending and in-plane bending, were observed
at 875 cm™! (vp) and 720 cm™! (v4), respectively. The bands at
1086 cm™! and 1424 cm™! were ascribed to a symmetric
stretching vibration (v{) and an asymmetric stretching vibration
(v3) of the carbonate group, respectively. The combined bands

of the carbonate group, i.e., v; + v4 and vq + v3 were observed at

g
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Figure 2: XRD pattern of the NDL catalyst.
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Figure 3: FTIR spectrum of the NDL catalyst.

1798 and 2524 cm™!, respectively [76,77,81]. The IR bands at
3446 cm™! (broad) and 1674 cm™! (sharp) indicated the pres-
ence of stretching and bending vibrations of water [82]. The
impurities aluminium silicate and iron oxides in the NDL were
confirmed by IR spectroscopy. The peaks located at 446, 551,
817, 952, 1247, and 1383 cm™! were attributed to the Si-O
bending, Fe—O stretching, Al-O-Si stretching, Si-OH bending,
Si—O stretching, and AI-O bending, respectively [83,84].
Further, the sharp band at 3696 cm™! indicated the presence of a
well-ordered kaolinite structure [76].

The Raman spectrum of the NDL catalyst is shown in Figure 4.
The band at 1092 cm™' was attributed to the symmetric
stretching vibration (v{) of the carbonate group. The peaks at
714 and 1435 cm™! were assigned to a symmetric bending (v4)
and an asymmetric stretching vibration (v3) of carbonate. The
weak peak at 1750 cm™! was due to the combined band v; + vy.
The bands at 152 and 278 cm™! were ascribed to the external
vibrations of the carbonate group [76,77]. The presence of alu-
minium silicates and iron oxides present in the sample were
confirmed by Raman spectroscopy. The bands at 418, 578, 753,
and 985 cm™! were assigned to Al-O bending, Si-O rocking,
Al-O stretching, and Si—OH stretching vibrations, respectively
[85]. Further, a very weak peak at 618 cm™! was attributed to

iron oxide, and a very broad peak at 1312 cm™! (magnon) indi-

cated the presence of magnetically ordered ferromagnetic or
antiferromagnetic iron oxides [86]. The observed Raman and
infrared vibrational bands of the NDL were in good agreement
with the reported values. The minor shift in the band positions
might be due to the presence of trace metal contents and impuri-
ties.

The morphology of the NDL catalyst was analyzed by scanning
electron microscopy (Figure 5). The SEM images revealed that
the morphology of the NDL catalyst consists of irregular shapes
and sizes with a random dispersion. Further, the elemental com-
position of the NDL catalyst was determined by EDAX analy-
sis (Figure 6).

The catalytic activity of the NDL for the synthesis of the 1,2-
disubstituted benzimidazoles 3, the dihydropyrimidinones/-
thiones 7, and the 2-amino-4-(hetero)aryl-3,5-dicarbonitrile-6-
sulfanylpyridines 11 was investigated, along with other, com-

mercially available catalysts.

NDL-catalyzed synthesis of 1,2-disubtituted

benzimidazoles 3
To check the catalytic activity of the NDL, initially,
o-phenylenediamine (1) and benzaldehyde (2a) were chosen as

model substrates to optimize the reaction conditions for the syn-
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Figure 5: SEM images of the NDL catalyst.

thesis of 1-benzyl-2-phenyl-1H-benzo[d]imidazole (3a). At
first, a control experiment was conducted by using model sub-
strates, 1 and 2a, in H,O in the absence of catalyst under ultra-
sound irradiation for 60 min at 45-50 °C. It was found that the
reaction did not proceed in the absence of a catalyst (Table 2,
entry 1). To achieve the target compound 3a, the same reaction
was repeated by employing various catalysts (2.5 wt %), such as
Fe,>03, Al,03, KF-alumina, dolomitic limestone, triethylamine,

E— 500 NM

SED 10.0kv WD
NOR 0385  Feb.

d-PC 100 Highvac. [G1

pyridine, and DABCO in different solvents, such as water, ace-
tone, iPrOH, EtOH, and EtOH/H,O 1:1 (Table 2, entries 2-8)
under ultrasound irradiation at 45-50 °C. From this study, it
was observed that the NDL (2.5 wt %) was the best option,
which gave the target compound 3a in a high yield (85%) in a
mixture of EtOH and H,O 1:1 under ultrasound irradiation for
30 min at 45-50 °C (Table 2, entry 5). The other catalysts,
Fe;03, Al,O3 KF-alumina, triethylamine, pyridine, and
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Figure 6: EDAX analysis of the NDL catalyst.

Table 2: Optimization of the reaction conditions.2

O

NH, /
@[ + 2 catalyst (2.5 wt %) . N
NH, o /
solvent, method, N

T, t
1 2a 3a
entry catalyst solvent product conventional method® usie
(2.5 wt %) t (min) yieldd (%)t (min) yieldd (%)

1® no catalyst H-O 3a 180 - 60 -

2 Fe>O3 H20 3a 60 10 30 15
acetone 60 - 30 -
iPrOH 60 10 30 20
EtOH 60 15 30 20
EtOH/H,0 1:1 60 20 30 25

3 AloO3 H>O 3a 60 20 30 20
acetone 60 - 30 -
iPrOH 60 15 30 20
EtOH 60 25 30 25
EtOH/H,0 1:1 60 30 30 40

4 KF—alumina H>0 3a 60 30 30 30
acetone 60 - 30 -
iPrOH 60 25 30 30
EtOH 60 40 30 35
EtOH/H,0 1:1 60 50 30 40

5 NDL H20 3a 60 55 30 65
acetone 60 - 30 -
iPrOH 60 35 30 45
EtOH 60 60 30 75
EtOH/H,0 1:1 60 70 30 85
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Table 2: Optimization of the reaction conditions.? (continued)

6 EtsN H20 3a
acetone

iPrOH

EtOH

EtOH/H0 1:1

H20 3a
acetone

iPrOH

EtOH

EtOH/H0 1:1

H20 3a
acetone

iPrOH

EtOH

EtOH/H0 1:1

7 pyridine

8 DABCO

Beilstein J. Org. Chem. 2020, 16, 1881-1900.

60 10 30 10
60 - 30 -
60 10 30 10
60 15 30 20
60 10 30 10
60 - 30 -
60 - 30 -
60 5 30 5
60 10 30 10
60 5 30 5
60 10 30 5
60 - 30 -
60 15 30 5
60 15 30 15
60 10 30 10

aReaction conditions: o-phenylenediamine (1, 1.0 mmol), benzaldehyde (2a, 2.0 mmol), catalyst (2.5 wt %), solvent (3.0 mL). °Performed by stirring at
reflux (entries 2-8). US| method performed at 45-50 °C. 9Isolated yield. ®€Conventional method performed by stirring at 45-50 °C.

DABCO, provided a moderate to low yield of the product 3a
(Table 2, entries 2—4 and 6-8). The aforesaid reaction was per-
formed under conventional stirring of the model substrates 1
and 2a in H,O in the absence of catalyst for 180 min at
45-50 °C. It was observed that the reaction did not proceed in
the absence of a catalyst (Table 2, entry 1). Further, when the
reaction temperature was raised from 45-50 °C to reflux, a very
low yield (10%) of the product 3a was obtained after 120 min.
Next, the reaction was repeated in the presence of different cata-
lysts and solvents at reflux under conventional reaction condi-
tions as mentioned in Table 2. The study revealed that the NDL
in a mixture of EtOH and H,O 1:1 afforded a moderate yield
(70%) of the product 3a (Table 2, entry 5), whereas the other
catalysts, in various solvents, provided lower yields under simi-
lar reaction conditions (Table 2, entries 2—4 and 6—8). From the
above observations, it was concluded that the ultrasound irradi-

Table 3: Effect of the catalyst loading.2

entry NDL (wt %) solvent

1 2.5 EtOH/H0 1:1
2 2.5 EtOH/H0 1:1
3 5.0 EtOH/H0 1:1
4 7.5 EtOH/H0 1:1
5 10.0 EtOH/H0 1:1
6 12.5 EtOH/H0 1:1

ation method is better than the conventional method in giving
the maximum yield of 3a.

Next, the amount of catalyst was varied (using 2.5, 5.0, 7.5,
10.0, and 12.5 wt %, respectively,) to improve the yield of 3a
(Table 3). The study revealed that 5.0 wt % of the NDL was the
best option to get the highest yield of the product 3a (98%) in a
short reaction time (10 min, Table 3, entry 3). It was also
noticed that the same yield was obtained with an increasing
amount of the catalyst, i.e., 7.5, 10.0, and 12.5 wt % (Table 3,

entries 4-6).

In order to demonstrate the effect of the temperature on the
course of the model reaction, the control experiment was per-
formed at different temperature ranges (30-35, 35-40, 40-45,
and 45-50 °C) by using the model substrates 1 and 2a in the

t (min) product yield® (%)
30 3a 85
10 3a 75
10 3a 98
10 3a 98
10 3a 98
10 3a 98

aReaction conditions: o-phenylenediamine (1, 1.0 mmol), benzaldehyde (2a, 2.0 mmol), NDL (2.5 to 12.5 wt %), EtOH/H>0 1:1 (3.0 mL), ultrasound

irradiation at 45-50 °C. Plsolated yield.
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presence of 5.0 wt % of the NDL in a mixture of ethanol and
water 1:1 for 10 min under both conventional stirring and ultra-
sound irradiation. The obtained results are presented in Table 4.
It was observed that the reaction proceeded with an improved
yield of 3a (70-98%) by increasing the temperature range from
30-35 to 45-50 °C with an ultrasound irradiation method
(Table 4, entries 1-4). Under conventional stirring, the yield of
the product 3a increased from low to moderate when the reac-
tion temperature was raised from 30-35 °C to reflux (Table 4,
entries 1-5). From the results, it was concluded that a tempera-
ture of 45-50 °C is the optimum temperature to obtain the
maximum yield of the desired product 3a within a short reac-
tion time (10 min) under ultrasound irradiation (Table 4, entry
4).

To demonstrate the generality and substrate scope of the present
method, a variety of (hetero)aromatic aldehydes was investigat-
ed. The obtained results are presented in Table 5. o-Phenylene-
diamine (1) reacted well with benzaldehyde (2a) to obtain the
corresponding product 3a with 98% yield (Table 5, entry 1).
The reactions of o-phenylenediamine (1) with substituted
benzaldehydes having activating groups (4-Me: 2b, 4-¢-Bu: 2c,
2,4-dimethyl: 2d, 4-OMe: 2e, 3,4-dimethoxy: 2f, 3.4,5-
trimethoxy: 2g, 4-OH-3-OMe: 2j, and 4-OH-3-OC,Hs: 2k,
Table 5, entries 2—7, 10 and 11), a deactivating group (4-NO;:
21, Table 5, entry 12), or a halo group (4-F: 2m, 4-Cl: 2n, and
4-Br: 20, Table 5, entries 13—15) in different positions provided
good to excellent isolated yields of the corresponding products
3b—g and 3j-o that ranged from 94 to 98% in a stipulated period
of time, as specified in Table 5. Further, heteroaromatic alde-
hydes, such as furan-2-aldehyde (2p) and thiophene-2-aldehyde
(2q) produced the corresponding products 3p and 3q in good
isolated yields within a short period of time (15 min and

13 min, respectively, Table 5, entries 16 and 17).

However, salicylaldehyde (2h) afforded the unexpected prod-
uct 2,2'-((1E,1'E)-(1,2-phenylenebis(azanylylidene))bis(methan-

Table 4: Effect of the temperature.?

Beilstein J. Org. Chem. 2020, 16, 1881-1900.

ylylidene))diphenol (3h, bisimine I) within 10 min (Table 5,
entry 8). The reaction was expected to proceed through the acti-
vation of the carbonyl group of 2h (of which 2.0 mmol were
used) by the cations (Ca2* and Mg2*, respectively) of the NDL.
This was followed by a nucleophilic attack of the NH; groups
of o-phenylenediamine (1, of which 1.0 mmol was used), which
are activated by the carbonate part of the NDL, followed by
dehydration to obtain 3h (Scheme 2). Due to the mild basic
nature of the NDL catalyst, it acts as a dual activator of the elec-
trophilic carbonyl and the nucleophilic NH, groups. The forma-
tion of the bisimine I was confirmed by '"H NMR spectral
studies (Figure 7). In the IH NMR spectrum (DMSO-dg), the
two hydroxy protons of the bisimine I appeared as a broad,
strongly downfield-shifted singlet at & 13.19. The sharp singlet
at 8 8.66 indicated the two imine protons (-N=CH) of the
bisimine I. From this result, it was confirmed that the reaction
stopped at the bisimine I stage. This was due to the intramolecu-
lar hydrogen bonding between the hydrogen atom of the ortho-
hydroxy group and the nitrogen atom of the imine group in a
six-membered ring transition state [87]. Similarly, the reaction
between 3-ethoxysalicylaldehyde (2i) and o-phenylenediamine
(1) also ended with the intermediate 6,6'-((1E,1'E)-(1,2-
phenylenebis(azanylylidene))bis(methanylylidene))bis(2-
ethoxyphenol) (3i) stage (Table 4, entry 9 and Supporting Infor-
mation File 1, Figure S13). Most of the synthesized compounds
are known and were identified easily by comparison of the

melting point and spectroscopic data with those reported.

NDL-catalyzed synthesis of dihydropyrimidin-

ones/-thiones 7

The results encouraged us to further investigate the catalytic ac-
tivity of the NDL in the Biginelli reaction. To check the feasi-
bility, a control experiment was performed by using the model
substrates benzaldehyde (2a, 1.0 mmol), ethyl acetoacetate (4,
1.0 mmol), and urea (5, 1.0 mmol) in H,O (3.0 mL) in the
absence of a catalyst under ultrasound irradiation at 45-50 °C
for 60 min. It was observed that the reaction proceeded with a

entry T (°C) product t (min) conventional method® usie
yieldd (%) yield® (%)

1 30-35 3a 10 10 70

2 35-40 3a 10 14 79

3 40-45 3a 10 20 87

4 45-50 3a 10 26 98

5¢ reflux 3a 10/60 35/70 -

aReaction conditions: o-phenylenediamine (1, 1.0 mmol), benzaldehyde (2a, 2.0 mmol), NDL (5.0 wt %), EtOH/H0 1:1 (3.0 mL). °Conventional stir-
ring and heating with a silicone oil bath. cUltrasound irradiation in a water bath. disolated yield. €Conventional stirring at reflux.
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Table 5: NDL-catalyzed synthesis of 2-aryl-1-arylmethyl-1H-benzo[d]imidazoles 3.2

Ar\ ; 2 ; 2
1) _ — _ —
@[NHZ 2 J NDL catalyst (5.0 wt %) N N N NN
+ Ar
N, A" EtOH:H,0 1:1, USI, E;[N)_ OH HO OH HO

2 45-50 °C, 10-15 min

(3a—g and 3j-q) 3h e} 3i (o]
Ar = (hetero)aryl (94-98%) (98%) < (96%) )
entry Ar product t (min) yield® (%) mp (°C)
found reported
1 phenyl: 2a 3a 10 98 128-131 133-134 [23]
2 4-methylphenyl: 2b 3b 10 98 127-128 128-129 [23]
3 4-tert-butylphenyl: 2¢ 3c 15 94 124-125 122—126 [25]
4 2,4-dimethylphenyl: 2d 3d 12 96 120-122 119-123 [25]
5 4-methoxyphenyl: 2e 3e 11 98 157-159 158-160 [23]
6 3,4-dimethoxyphenyl: 2f 3f 12 95 167-169 171-173 [24]
7 3,4,5-trimethoxyphenyl: 2g 3g 15 94 261-262 262-263 [22]
8b 2-hydroxyphenyl: 2h 3h 10 98 167-168 160-162 [23]
go 2-hydroxy-3-ethoxyphenyl: 2i 3i 12 96 285-287 -
10 4-hydroxy-3-methoxyphenyl: 2j  3j 12 96 181-183 184—-186 [24]
11 4-hydroxy-3-ethoxyphenyl: 2k 3k 10 97 205-207 200201 [26]
12 4-nitrophenyl: 21 3l 10 98 190-192 189-191 [23]
13 4-fluorophenyl: 2m 3m 10 98 108-109 110-112 [23]
14 4-chlorophenyl: 2n 3n 10 98 138-140 137-139 [23]
15 4-bromophenyl: 20 30 12 96 158-160 160-162 [23]
16 2-furanyl: 2p 3p 15 95 90-92 88-89 [23]
17 2-thienyl: 2q 3q 13 96 149-150 150-152 [23]

aReaction conditions: o-phenylenediamine (1, 1.0 mmol), aldehyde (2, 2.0 mmol), NDL (5.0 wt %), EtOH/Ho0 1:1 (3.0 mL), USI, 45-50 °C. °The
reaction stopped at the bisimine I, i.e., 3h/i stage. ClIsolated yield.

‘/
0o _
(jNH ethanol/H,0 1:1 N @E H =N N
. o L = H H H
_ :\‘ Sl 45-50 °C, 10 min N§ ' o —2H0 g o

N
1 L Py
@O/V oy4 HO bisi;nri.ne I
O)go ....... ,\7'2+ 2h

M2* = Ca?*, Mg2*

C-N-bond formation

Scheme 2: Unexpected formation of the bisimine I, 3h, from o-phenylenediamine (1) and salicylaldehyde (2h).
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Figure 7: TH NMR spectrum of 2,2'-((1E,1'E)-(1,2-phenylenebis(azanylylidene))bis (methanylylidene))diphenol (bisimine I, 3h).

very low yield (20%) of product 7a. The same reaction was
repeated in the presence of the NDL catalyst (5.0 wt %) in
EtOH/H,0 1:1 under ultrasound irradiation at 45-50 °C for
15 min, which resulted in 97 % yield of 7a.

To exploit the substrate scope and generality of the method,
various (hetero)aromatic aldehydes 2 were examined. The ob-
tained results are summarized in Table 6. Benzaldehyde (2a)
underwent the reaction with ethyl acetoacetate (4) and urea (5)
to obtain the corresponding dihydropyrimidinone 7a in
97% yield (Table 6, entry 1). Benzaldehyde derivatives
bearing electron-donating groups, such as 4-Me (2b), 4-OMe
(2e), 3,4-dimethoxy (2f), 3-OH (2r), and 2-OH (2h), respective-
ly, at different positions on the ring reacted well with ethyl
acetoacetate (4) and urea (5) to produce the products, 7b—f in
good isolated yields that ranged from 92-96% (Table 6, entries
2-6). A benzaldehyde derivative with an electron-accepting
nitro group (21) at the para position on the ring showed a good
reactivity with ethyl acetoacetate (4) and urea (5) to afford the
product 7g in an excellent isolated yield (94%, Table 6, entry
7). Halogen atoms at different positions on the ring of benzalde-
hyde derivatives (4-F: 2m, 4-Cl; 2n, and 3-Br: 2s) underwent

the reaction with ethyl acetoacetate (4) and urea (5) to form the

corresponding products (7h—j) in good isolated yields that
ranged from 93-96% (Table 6, entries 8—10). Heteroaromatic
aldehydes, such as furan-2-aldehyde (2p) and thiophene-2-alde-
hyde (2q) showed a good reactivity, with good yields of 7k
(90%) and 71 (92%), respectively (Table 6, entries 11 and 12).
From this study, it was concluded that the optimized reaction
conditions are suitable for monosubstituted (both electron-rich
and electron-deficient) and disubstituted benzaldehyde deriva-
tives as well as heteroaromatic aldehydes. To expand the scope
of this method, thiourea (6) was also investigated (Table 6,
entries 13—17). Benzaldehyde (2a) reacted with ethyl aceto-
acetate (4) and thiourea (6) to give the product 7m in an excel-
lent isolated yield (96%, Table 6, entry 13). Benzaldehyde de-
rivatives bearing electron-donating groups, such as 4-Me (2b)
and 4-OMe (2c¢) exhibited a good reactivity with ethyl aceto-
acetate (4) and thiourea (6) to produce the products 7n (95%)
and 70 (95%) in excellent yields, respectively (Table 6, entries
14 and 15). Benzaldehyde with electron-withdrawing groups,
such as 4-NO, (2f) and 4-Cl1 (2i) at the para position reacted
well with ethyl acetoacetate (4) and thiourea (6) to afford the
corresponding products 7p and 7q in good isolated yields (94
and 95%) (Table 6, entries 16 and 17). Most of the synthesized

compounds are known and were identified easily by compari-
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Table 6: NDL-catalyzed synthesis of dihydropyrimidinone/-thione derivatives 7.2

O O

Ar O
Mo/\ NDL catalyst (5.0 wt %) HN o
4 X ethanol/H,0 1:1 X)\N |
o + HZNJ\NHQ USI, 45-50°C, 10-20 min H
5/6 7
Ar ) H X=0,8 (90-97%)
Ar = (hetero)aryl
entry Ar X product t (min) yield® (%) mp (°C)
found reported
1 phenyl: 2a O 7a 15 97 207-209 209-210 [50]
2 4-methylphenyl: 2b O 7b 15 96 213-214 215-216 [38]
3 4-methoxyphenyl: 2e (0] 7c 17 96 200-201 199-202 [48]
4 3,4-dimethoxyphenyl: 2f O 7d 18 94 213-215 212-214 [52]
5 3-hydroxyphenyl: 2r O 7e 17 95 162-164 163-165 [38]
6 2-hydroxyphenyl: 2h O 7f 15 92 198-200 199-201 [49]
7 4-nitrophenyl: 21 O 79 12 94 210-211 209-212 [48]
8 4-fluorophenyl: 2m (0] 7h 13 95 176-179 175-177 [37]
9 4-chlorophenyl: 2n O 7i 12 96 208-210 209-211 [48]
10 3-bromophenyl: 2s O 7j 18 93 184-185 185-186 [47]
11 2-furanyl: 2p O 7k 20 90 204-206 203-205 [48]
12 2-thienyl: 2q O 71 20 92 216-218 215-217 [38]
13 phenyl: 2a S 7m 15 96 211-212 208-210 [38]
14 4-methylphenyl: 2b S 7n 15 95 189-190 192—-194 [38]
15 4-methoxyphenyl: 2e S 70 17 95 148-150 150-152 [38]
16 4-nitrophenyl: 21 S 7p 10 94 113-114 109-111 [38]
17 4-chlorophenyl: 2n S 79 11 95 190-191 192—-194 [38]

@Reaction conditions: aldehyde (2, 1.0 mmol), ethyl acetoacetate (4, 1.0 mmol), urea/thiourea (5/6, 1.0 mmol), NDL (5.0 wt %), ethanol/H>0 1:1

(3.0 mL), US| at 45-50 °C. PIsolated yield.

son of the melting point and spectroscopic data with those re-
ported.

NDL-catalyzed synthesis of 2-amino-4-
(hetero)aryl-3,5-dicarbonitrile-6-
sulfanylpyridines 11

We further examined the catalytic efficacy of the NDL catalyst
in the synthesis of the medicinally privileged highly functionali-
zed pyridines 11. For this purpose, a control experiment in the
absence of a catalyst was conducted by using the model sub-
strates benzaldehyde (2a, 1.0 mmol), malononitrile (8,
2.0 mmol), and 2-mercaptopyridine (9, 1.0 mmol) in H,O
(3.0 mL) under ultrasound irradiation at 45-50 °C for 60 min. It
was observed that the reaction did not afford any product in the
absence of a catalyst. The above reaction was carried out in the
presence of the NDL (5.0 wt %) in EtOH/H,0O 1:1 (3.0 mL)

under ultrasound irradiation for 10 min, which resulted in 70%
yield of 11a. To improve the yield of 11a, the same reaction
was repeated at different time intervals; 15, 20, 25, 30, 35, and
40 min, respectively, at 45-50 °C, and the yields of 11a ob-
tained were 75, 83, 89, 96%, 96, and 96%, respectively. From
this study, it was found that the maximum yield of 11a (96%)
was obtained in 30 min, and the yields remained the same when
the reaction time was increased from 30 to 40 min.

The optimized procedure was successfully applied for the syn-
thesis of a series of highly substituted pyridines (11b-r,
Table 7) by utilizing a range of (hetero)aromatic aldehydes 2,
malononitrile (8), and the thiols 9 and 10, respectively, as
starting materials. Benzaldehyde (2a) underwent the reaction
with malononitrile (8) and 2-mercaptopyridine (9) to form prod-
uct 11a in 96% yield (Table 7, entry 1). Benzaldehyde deriva-
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Table 7: NDL-catalyzed synthesis of 2-amino-4-(hetero)aryl-3,5-dicarbonitrile-6-sulfanylpyridines 11.2

(]

Ar)kH + 2NC”CN + R-SH
2 8 9 R = pyridyl
10 R = phenyl

entry  Ar R product
1 phenyl: 2a pyridyl 9 11a
2 4-methoxyphenyl: 2e pyridyl 9 11b
3 3,4,5-trimethoxyphenyl: 2g  pyridyl 9 11c
4 3-hydroxyphenyl: 2r pyridyl 9 11d
5 4-nitrophenyl: 21 pyridyl 9 11e
6 4-fluorophenyl: 2m pyridyl: 9 11f
7 4-bromophenyl: 20 pyridyl: 9 11g
8 3,4-difluorophenyl: 2t pyridyl: 9 11h
9 pyridyl: 2u pyridyl: 9 11i
10 phenyl: 2a phenyl: 10 11j
11 4-methylphenyl: 2b phenyl: 10 11k
12 4-methoxyphenyl: 2e phenyl: 10 11l
13 3,4,5-trimethoxyphenyl: 2g  phenyl: 10  11m
14 4-nitrophenyl: 21 phenyl: 10  11n
15 4-fluorophenyl: 2m phenyl: 10 110
16 4-chlorophenyl: 2n phenyl: 10  11p
17 3-bromophenyl: 2s phenyl: 10  11q

18 pyridyl: 2u phenyl: 10 11r

Ar

NDL catalyst (5.0 wt %) NC o CN

EtOH/H,0 1:1, US|, L R

45-50 °C, 30-45 min HoN N S

(90-98%)
11
t (min) yield® (%)  mp (°C)
found reported

30 96 222-223 224-227 [70]
35 96 248-249 250-253 [70]
40 92 267-269 265-268 [70]
35 94 223-224 222-226 [70]
32 96 241-243 245-248 [70]
32 95 248-250 246-249 [70]
30 94 257-258 260-263 [70]
37 90 252-253 251-254 [70]
45 93 230-231 233-235 [70]
30 98 210-212 215-216 [63]
30 98 206-207 208-210 [69]
35 97 234-235 236238 [64]
38 94 240-241 238239 [63]
30 95 280282 286287 [63]
30 96 127-128 224225 [69]
30 96 220-221 222223 [69]
34 94 250-253 256-258 [65]
42 94 300-302 305-306 [63]

@Reaction conditions: aldehyde (2, 1.0 mmol), malononitrile (8, 2.0 mmol), thiol 9 or 10 (1.0 mmol), NDL (5.0 wt %), EtOH/H20 1:1 (3.0 mL), USI at

45-50 °C. PIsolated yield.

tives containing a range of functional groups, such as electron-
donating groups (4-OMe: 2e, 3,4,5-trimethoxy: 2g, and 3-OH:
2r), an electron-withdrawing group (4-NO,: 21), and halogen
atoms (4-F: 2m, 4-Cl: 2n, and 3,4-difluoro: 2t), respectively, at
different positions on the aromatic ring showed a good reactivi-
ty with the said reactants and afforded the corresponding prod-
ucts 11b-h that ranged from 90 to 96% (Table 7, entries 2-8).
Further, the use of pyridine-2-aldehyde (2u) resulted in a good
isolated yield of 11i (93%, Table 7, entry 9). In a similar way,
the reaction of benzaldehyde (2a) with malononitrile (8) and
thiophenol (10) gave the product 11j in 98% yield (Table 7,
entry 10). Benzaldehyde derivatives bearing various functional
groups, such as electron-donating groups (4-Me: 2b, 4-OMe:
2e, and 3,4,5-trimethoxy: 2g), an electron-accepting group
(4-NOj: 21), and halogen atoms (4-F: 2m, 4-Cl: 2n, and 3-Br:
2s), respectively, at different positions on the aromatic ring
displayed a good reactivity with malononitrile (8) and thio-

phenol (10) to give the corresponding products (11k—q) in good

yields, ranging from 94 to 98% (Table 7, entries 11-17). Pyri-
dine-2-aldehyde (2u) also provided the product 11r in a good
yield (94%, Table 7, entry 18). It was observed from the above
results that all reactions proceeded well irrespective of the sub-
stituents present on the (hetero)aromatic aldehyde and afforded
the highly substituted pyridines 11 in good isolated yields that
ranged from 90 to 98%. Most of the synthesized compounds are
known and were identified easily by comparison of the melting
point and spectroscopic data with those reported.

Evaluation of the green chemistry metrics for
the synthesis of benzimidazoles 3,
dihydropyrimidinones 7, and highly
functionalized pyridines 11

In order to evaluate the “greenness” of the proposed methodolo-
gies, the green chemistry metrics, such as the atom economy

(AE), E-factor, process mass intensity (PMI), Curzon’s reac-
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tion mass efficiency (RME), and generalized or global reaction
mass efficiency (gRME) were evaluated by adopting estab-
lished standard empirical formulae [88,89]. The obtained results
are summarized in Tables 8—10. This study revealed that the
reactions displayed a good to excellent AE (88-95%) and
Curzon’s RME (78-93%) as well as a low to moderate E-factor
(26.202-50.760) and PMI (27.202-51.760). The detailed calcu-
lations of the green chemistry metrics (AE, E-factor, PMI,
Curzon’s RME, and gRME) for the synthesis of the compounds
3a, 7a, and 11a (Table 8, entry 1, Table 9, entry 1, and
Table 10, entry 1) are presented in Supporting Information
File 1 (see Reaction-S1-Reaction-S3).

Beilstein J. Org. Chem. 2020, 16, 1881-1900.

Catalyst reusability experiments
Catalyst reusability tests were performed showcasing the syn-
thesis of the compounds 3k, 7a, and 11e under the optimized

reaction conditions.

Catalyst reusability experiments in the synthesis of
compounds 3k, 7a, and 11e

The catalyst was tested for reusability in the preparation of 3k
using o-phenylenediamine (1) and 3-ethoxy-4-hydroxybenz-
aldehyde (2k) under USI for 10 min. After completion of the
first reaction cycle, the reaction mass was allowed to cool to rt,
and ethyl acetate (4.0 mL) was added. Then, the catalyst was

Table 8: Green chemistry metrics for the synthesis of 2-aryl-1-arylmethyl-1H-benzo[d]imidazoles 3.

Ar
NH, O NDL catalyst (5.0 wt %) \N N o N= —N N5
©: v J EtOH/H,0 1.5 mL:1.5 mL @ P)—Ar OH HO OH HO
NH» Ar N
6] o
1 2
Ar = (hetero)aryl < )
(3a—g and 3j-q) 3h 3i
(94-98%) (98%) (96%)

entry Ar product AE? (%) E-factor? PMI® Curzon’s gRME®

RMEd (%)
(%)

1 phenyl: 2a 3a 89 40.864 41.864 87 24
2 4-methylphenyl: 2b 3b 90 37.261 38.261 88 2.6
3 4-tert-butylphenyl: 2c 3c 92 30.614 31.614 86 3.2
4 2,4-dimethylphenyl: 2d 3d 90 35.044 36.044 86 2.8
5 4-methoxyphenyl: 2e 3e 91 33.837 34.837 89 2.9
6 3,4-dimethoxyphenyl: 2f 3f 92 29.729 30.729 87 3.3
7 3,4,5-trimethoxyphenyl: 2g 39 93 26.202 27.202 87 3.7
8 2-hydroxyphenyl: 2h 3h 90 36.781 37.781 88 2.6
9 2-hydroxy-3-ethoxyphenyl: 2i 3i 92 29.412 30.412 88 3.3
10 4-hydroxy-3-methoxyphenyl: 2j  3j 91 31.609 32.609 88 3.1
11 4-hydroxy-3-ethoxyphenyl: 2k 3k 92 29.102 30.102 89 3.3
12 4-nitrophenyl: 21 3l 91 31.017 32.017 89 3.1
13 4-fluorophenyl: 2m 3m 90 36.312 37.312 88 2.7
14 4-chlorophenyl: 2n 3n 91 33.052 34.052 89 2.9
15 4-bromophenyl: 20 30 93 26.920 27.920 89 3.6
16 2-furanyl: 2p 3p 88 45.454 46.454 84 2.2
17 2-thienyl: 2q 3q 89 40.169 41.169 85 24

aAE = 100-(GMW of the product/sum of the GMWs of the reactants); GMW = gram molecular weight. PE-factor = total input mass (Minputs)f - mass of
the target product (™3) — mass of the recovered materials/™3. °PMI = (Minputs — mass of the recovered materials)/™3 or 1 + E-factor.

dCurzon’s RME = M3/ ™ + M2 or yield x AE x 1/stoichiometric factor (SF); SF = 1. ©gRME = 100-(™3/(Minputs — mass of the recovered materials)) or

100-(1/(1 + E-factor)). fTotal input mass, including water (Minputs) = ™1 + M2 + Msolvent (S) + Mcatalyst (C) + ™work-up materials (WPM) + mpurifica-

tion materials (PM).
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Table 9: Green chemistry metrics for the synthesis of dihydropyrimidinones/-thiones 7.

O O
Mo/\ Ar O
4 y NDL catalyst (5.0 wt %) _ HN | o
o + )J\ EtOH/H,0 1.5 mL:1.5 mL Xél\N
L HoN™ “NH, H
Ar” TH 5/6 7a—q
2 X=0,8
Ar = (hetero)aryl
entry  reactants product  AE (%) E-factord PMIP Curzon’s RME® gRMEY
(%) (%)
Ar 5/6

1 phenyl: 2a 5 7a 88 45.254 46.254 85 2.2
2 4-methylphenyl: 2b 5 7b 88 43.373 44.373 84 2.3
3 4-methoxyphenyl: 2e 5 7c 89 41.036 42.036 85 2.4
4 3,4-dimethoxyphenyl: 2f 5 7d 90 37.924 38.924 85 2.6
5 3-hydroxyphenyl: 2r 5 7e 89 43.550 44.550 85 2.2
6 2-hydroxyphenyl: 2h 5 7f 89 44.953 45.953 82 2.2
7 4-nitrophenyl: 21 5 79 89 39.770 40.770 84 2.5
8 4-fluorophenyl: 2m 5 7h 89 43.220 44.220 85 2.3
9 4-chlorophenyl: 2n 5 7i 89 40.311 41.311 85 2.4
10 3-bromophenyl: 2s 5 7j 90 36.254 37.254 84 2.7
11 2-furanyl: 2p 5 7k 87 50.760 51.760 78 1.9
12 2-thienyl: 2q 5 71 88 46.600 47.600 81 2.1
13 phenyl: 2a 6 7m 89 43.045 44.045 85 2.3
14 4-methylphenyl: 2b 6 7n 89 41.341 41.341 85 2.4
15 4-methoxyphenyl: 2e 6 70 90 39.213 40.213 86 2.5
16 4-nitrophenyl: 21 6 7p 90 37.978 38.978 85 2.6
17 4-chlorophenyl: 2n 6 7q 90 38.685 39.685 86 25

aE-factor = Minputs® — mass of the target product (™7) - mass of the recovered materials/™7. °PMI = (Minputs — mass of the recovered materials)/m7
or 1 + E-factor. °Curzon’s RME = M7/™2 + M 4 + M5/6 or yield x AE x 1/SF; SF = 1. 99RME = 100-(™7/(Minputs — mass of the recovered materials)) or
100+(1/(1 + E-factor)). ®Minputs = M2 + M4 + M5/6 + MS + MC + MWPM + Mpurification materials (PM).

separated by vacuum filtration, washed with ethyl acetate
(1.0 mL), dried under vacuum, and reused in the next cycles.
The study revealed that the obtained yields of the product, 3k
were 98, 98, 97, 97, 96, 97, and 98% for the first, second, third,
fourth, fifth, sixth, and seventh cycle, respectively. Catalyst re-
usability tests were then conducted for the synthesis of com-
pound 7a using benzaldehyde (2a), ethyl acetoacetate (4), and
urea (5) under USI for 15 min and for 11e using 4-nitroben-
zaldehyde (21), malononitrile (8), and 2-mercaptopyridine (9)
under USI for 32 min by following the same procedure as
adopted for 3k. The yields obtained for the compounds were 97,
97, 97, 96, 97, 97, and 97% for 7a as well as 96, 96, 96, 97, 97,
97, and 98% for 11e for the first, second, third, fourth, fifth,

sixth, and seventh cycle, respectively. From this study, it was

noticed that the catalyst could successfully be reused (at least)
7 times in the synthesis of the compounds 3k, 7a, and 11e with-
out a significant loss of the catalytic activity.

Effect of ultrasonication on the structure of the
catalyst

The recovered catalyst after the 7th cycle of each synthesis was
characterized by XRD to study the structural changes due to
ultrasonication. As can be seen in Figure 8, the diffraction peak
positions of the catalyst recovered after the synthesis of the
compounds 3k, 7a, and 11le (Figure 8b—d), respectively,
remained the same as compared to the fresh catalyst
(Figure 8a). It was also noticed that the broadening in the XRD

pattern of the recovered catalyst had increased with an increase
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Table 10: Green chemistry metrics for the synthesis of 2-amino-4-(hetero)aryl-3,5-dicarbonitrile-6-sulfanylpyridines 11.

2 NC" 'CN
. Ar
o 8 NDL catalyst (5.0 wt %) NC._AL_CN
. " ResH EtOH/H,0 1.5 mL:1.5 mL R
Ar H HoN 'N” 'S
2 9/10 Mar
Ar = (hetero)aryl 9 R = pyridyl
10 R = phenyl

entry reactants product AE (%) E-factor®  PMIP Curzon’s gRME¢

RME® (%)

Ar R (%)

1 phenyl: 2a pyridyl: 9 11a 94 36.054 37.054 90 2.7
2 4-methoxyphenyl: 2e pyridyl: 9 11b 95 33.026. 34.026 91 2.9
3 3,4,5-trimethoxyphenyl: 2g  pyridyl: 9 11c 95 29.647 30.647 87 3.3
4 3-hydroxyphenyl: 2r pyridyl: 9 11d 95 35.188 36.188 89 2.8
5 4-nitrophenyl: 21 pyridyl: 9 11e 95 31.741 32.741 91 3.1
6 4-fluorophenyl: 2m pyridyl: 9 11f 95 34.356 35.356 90 2.8
7 4-bromophenyl: 20 pyridyl: 9 119 95 29.698 30.698 89 3.3
8 3,4-difluorophenyl: 2t pyridyl: 9 11h 95 34.699 35.699 86 2.8
9 pyridyl: 2u pyridyl: 9 11i 94 37.143 38.143 87 2.6
10 Phenyl: 2a phenyl: 10 11j 94 35.474 36.474 92 2.7
11 4-methylphenyl: 2b phenyl: 10 11k 95 33.991 34.991 93 2.9
12 4-methoxyphenyl: 2e phenyl: 10 111 95 32.827 33.827 92 3.0
13 3,4,5-trimethoxyphenyl: 2g  phenyl: 10 11m 95 29.020 30.020 89 3.3
14 4-nitrophenyl: 21 phenyl: 10 11n 95 32.021 33.021 90 3.0
15 4-fluorophenyl: 2m phenyl: 10 110 95 34.319 35.319 91 2.8
16 4-chlorophenyl: 2n phenyl: 10 11p 95 32.744 33.744 91 3.0
17 3-bromophenyl: 2s phenyl: 10 11q 95 29.775 30.775 89 3.2
18 pyridyl: 2u phenyl: 10 11r 94 36.893 37.893 88 2.6

aE-factor = Minputs’ — mass of the target product (™1) — mass of the recovered materials/™1. °PMI = (Minputs — mass of the recovered materials)/
M11 or 1 + E-factor. °Curzon’s RME = ™11/ ™2 + M8 + M9/10 or yield x AE x 1/SF; SF = 1. 99RME = 100-(™11/(Minputs — mass of the recovered mate-
rials)) or 100-(1/(1 + E-factor)). ®™inputs = M2 + M8 + M9/10 + ™S + MC + MWPM + MPM.

of the ultrasonication time. This clearly indicated that the amor-
phization of the recovered catalyst was enhanced by increasing

the ultrasonication time.

Conclusion

An environmentally benign NDL catalyst was characterized and
utilized as a heterogeneous catalyst for the synthesis of 2-aryl-
1-arylmethyl-1H-benzo[d]imidazoles, dihydropyrimidinones/
-thiones, and 2-amino-4-(hetero)aryl-3,5-dicarbonitrile-6-
sulfanylpyridines in a mixture of ethanol and H,O 1:1 under
ultrasound irradiation. Notable advantages of this methodology
include the clean reaction profile, broad substrate scope,
simplicity of the process and handling, low catalyst loading, and

the easy and quick isolation of the products in good to excellent

yield. Besides, the products obtained were in an adequate purity
without the need for chromatographic separation, and the cata-
lyst was reused 7 times without a significant loss of the catalyt-
ic activity. Hence, the catalyst is a greener alternative for the
synthesis of 1,2-disubstituted benzimidazoles, dihydropyrimi-
dinones/-thiones, and highly substituted pyridines when com-
pared to the existing reported catalysts. Further, the expansion
of the catalyst scope and the generality for the synthesis of other
privileged nitrogen- and sulfur-based heterocycles is under
progress in our laboratory.

Experimental
See Supporting Information File 1 for full experimental data of

compounds 3, 7, and 11.
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Figure 8: XRD pattern of a) the fresh NDL catalyst; b) the recovered NDL catalyst after the 7th cycle of the ultrasonic synthesis of 3k; c) the recov-
ered NDL catalyst after the 7th cycle of the ultrasonic synthesis of 7a; and d) the recovered NDL catalyst after the 7th cycle of the ultrasonic synthe-

sis of 11e.

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data, and copies
of the 'H and '3C NMR, mass, and HRMS spectra of 3, 7,
and 11.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-156-S1.pdf]
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We report that phenacyl azides are key compounds for a regiodivergent synthesis of valuable, functionalized imidazole (32-98%

yield) and pyrimidine derivatives (45-88% yield), with a broad substrate scope, when using deep eutectic solvents [choline chlo-

ride (ChCl)/glycerol (1:2 mol/mol) and ChCl/urea (1:2 mol/mol)] as environmentally benign and non-innocent reaction media, by

modulating the temperature (25 or 80 °C) in the presence or absence of bases (Et3N).

Introduction

In a world with dwindling petroleum resources, the setting up of
more and more sustainable routes for the preparation of hetero-
cyclic compounds is an ongoing synthetic endeavor as these
scaffolds are ubiquitous motifs in many biologically active
compounds and pharmaceuticals. In this context, in the last
decades, the so-called deep eutectic solvents (DESs) have
received an increasing attention due to their biodegradability,
high thermal stability, non-flammability, and low volatility.
These are mixtures usually obtained from the combination of 2

or 3 safe, inexpensive and nature-inspired components able to

engage in reciprocal hydrogen-bond interactions, and that form
fluids at a specified mixing ratio at the desired temperature.
Owing to the broad tunability of their physicochemical proper-
ties and the ability to act not only as solvents but also as cata-
lysts and reagents, DESs have progressively replaced toxic and
volatile organic solvents (VOCs) in countless heterocyclodehy-
dration processes and multicomponent reactions (MCRs) [1-3].

As part of our ongoing research in DES chemistry, we reported

recently on the preparation of valuable heterocycles by
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(a) nucleophilic substitution (tetrahydrofuran derivatives) [4],
(b) heterocyclodehydration reactions (2-aminoimidazoles,
2-pyrazinones, benzoxazines, thiophenes) [5-8],
(c) carbon-sulfur bond-forming reactions [9], (d) directed
ortho-metalation and nucleophilic acyl substitution strategies
[10], (e) Pd-catalyzed aminocarbonylation of aryl iodides,
Suzuki—Miyaura and Sonogashira cross-coupling reactions [11-
13], (f) Cu-catalyzed C-N coupling reactions [14], and
(g) heterogeneous “click” cycloaddition reactions [15] using
DESs as environmentally responsible and non-innocent reac-
tion media. Telescoped, one-pot transformations of phenacyl
halides to symmetrical 2,5-disubstituted pyrazines (A), through
phenacyl azides as intermediates, were also found to take place

smoothly using such neoteric solvents (Scheme 1, path a) [16].

N Ar
Ly
—
Ar” °N A
ref. [16]
path a

Ar N Ar
0 DES \[ 27—
o} .
NaN3 80 °C N o
Ar)J\/X — | a )I\/N3 [ + B
DES r path b
N Ar

X=Br, Cl

H,, Pd/C, DES, rt

DES, Et3N N
t path ¢ H (0]

(0]

A

rWJ\AF
NIN

0~ "Ar ¢

Scheme 1: One-pot synthesis of 2,5-diarylpyrazines (A) (path a) or
2-aroyl-(4 or 5)-aryl-(1H)-imidazoles (B) (path b), or 2,4-diaroyl-6-
arylpyrimidines (C) (path c) in DES from phenacyl azides (rt = room
temperature).

Among nitrogen-containing heterocyles, imidazoles and pyrim-
idines are important structural scaffolds commonly found in
natural products [17,18], light-emitting devices [19,20], and
pharmacologically active compounds as anticancer, anti-inflam-
matory, antitubercular, antihypertensive, antihistaminic, anti-
obesity, antiviral, and other medicinal agents [21-27]. Herein,
we wish to report that either 2-aroylimidazoles (B) (Scheme 1,
path b) or 2,4-diaroylpyrimidines (C) (Scheme 1, path c¢) can
regioselectively be prepared from the same phenacyl azide as
starting material by properly selecting the nature of the eutectic
mixture and the temperature, in the presence or absence of
bases.

To the best of our knowledge, while there are a few reports

for the synthesis of 2-aroylimidazoles (a) through the
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condensation of a-azido ketones in iPrOH in the presence of
potassium ethylxanthate as a catalyst [28], (b) by exploiting the
reaction of arylglyoxals with an excess amount of ammonium
acetate in water [29], (c) by the cathodic reduction of 2-azido-1-
phenylethanone in a DMF/LiClO4 medium [30], (d) by radical
chain reactions of a-azido ketones with tributyltin hydride [31],
or (e) by a modified Radziszewski’s synthesis when using
phenylglyoxals, benzaldeydes, and ammonium acetate as
ammonia source in acetic acid or methylene chloride or N,N-
dimethylformamide as the solvent [32], there are no adequate
studies covering the preparation of aroylpyrimidines. In 1995,
Yamamoto et al. reported the direct introduction of acyl groups
into pyrimidine rings by reacting trimethylstannyl derivatives
with acylformyl chlorides in dry benzene under a N, stream
[33].

Results and Discussion

During our studies on the synthesis of symmetrical pyrazines,
we observed that phenacyl bromide (1a, 1.5 mmol) could be
almost quantitatively converted into phenacyl azide (2a, 97%
yield), within 4 h, when treated with NaN3 (1.65 mmol) as the
azide source in a choline chloride (ChCl)/glycerol (Gly)
(1:2 mol/mol) eutectic mixture at room temperature (rt, 25 °C)
(Scheme 2) [16]. By warming the mixture up to 50 °C, the yield
of 2a dropped to 89% after 1 h, and we noticed in the crude the
appearance of an additional product, which was detected as a
fluorescent spot on TLC, whose amount increased by increas-
ing the temperature. After 4 h warming at 50 °C, we were able
to isolate by column chromatography on silica gel a product
which was characterized as 2-benzoyl-(4 or 5)-phenyl-(1H)-
imidazole (3a/3a’', Scheme 2). This adduct was formed as a
mixture of two tautomers (3a and 3a'; 3a/3a’' ratio: 57:43, Sup-
porting Information File 1) [28,29] in an overall 16% yield, the
remaining being mainly 2a, which was isolated in 75% yield
(Scheme 2). We thus became interested in improving the yield
of 3a/3a’.

After careful evaluation of the reaction parameters (tempera-
ture and time) and the amount of NaN3 used, we found that the
treatment of phenacyl chloride (1b) with NaN3 (1.5 equiv) in
ChCl/Gly at 80 °C gave the best results, as it provided the
adducts 3a/3a’' in an overall 88% yield after 12 h reaction time
(Table 1, entries 1-4). Of note, imidazoles 3a/3a' were found to
precipitate directly from the aforementioned eutectic mixture
during the reaction, and thus they could be isolated by simple
decantation or centrifugation and washing with a few drops of
EtOAc or EtyO. This procedure left azide 2a in solution. The
latter could be quantified (10% yield) by simple dilution with an
equal volume mixture of water and EtOAc, followed by the sep-
aration of the organic layer from water, and removal of the vol-

atiles under reduced pressure.
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H
0 o Ph Ph Ph
NaNj, T N Ph N
P B 3 oM+ \[ an U \[ 7
ChCl/Gly N o N ©
1a 2a H 343 3a’

T =25 °C, 4 h; 2a: 97% yield

T =50 °C, 4 h; 2a: 75% vyield; 3a:3a’: 57:43; 16% overall yield

Scheme 2: Transformation of phenacyl bromide (1a) in ChCl/Gly into phenacyl azide (2a) and 2-benzoyl-(4 or 5)-phenyl-(1H)-imidazole (3a and 3a')

depending on the temperature.

Table 1: Optimization of the reaction conditions for the synthesis of 3a/3a’.2

o Ph Ph
Phk/ Na + \[:H '
o)

NaN3
Ph cl
ChCl/Gly
1b Tt 2a
entry T(°C) t (h)
1 80 4
2 100 16
3 80 16
4 80 12

H
Ph__N Ph
T

N o

3a’

H3a

NaN3 (equiv) 2a yield (%)P 3a/3a’ yield (%)P

1.2 37 55
1.2 7 60°
0.9 68 32
1.5 10 88

aReaction conditions: 1b (0.5 mmol), ChCI/Gly (1.0 g); Pyield refers to products isolated after column chromatography on silica gel; ¢15% of 2,4-diben-

zoyl-6-phenylpyrimidine was also isolated (see main text and Table 2).

To examine the scope and limitation of this transformation,
various functionalized phenacyl halides (1c—i) were tested as
substrates. As can be seen from the results compiled in
Scheme 3, the reaction is amenable to “neutral” (Me), electron-
withdrawing (Cl, Br, CN) and electron-donating (MeO, OH)
substituents as the desired imidazoles 3b/3b'-3h were isolated
in 78-98% yield. The presence of additional halogen groups
such as chlorine and bromine in 3¢/3¢' and 3d allows further
downstream diversification by cross-coupling reactions. A
4-fluoro-substituted phenacyl chloride as well as a bromo-
methyl 2-naphthyl ketone proved to be competent substrates as
well, thus furnishing the corresponding imidazoles 3i/3i' and 3j
in 67-87% yield. Conversely, a phenacyl halide decorated with
an additional phenyl group at the para-position delivered the
expected adduct 3k/3k' in 32% yield even by prolonging the
reaction time to 16 h, most probably because of the poor solu-
bility in the eutectic mixture and/or the higher thermal stability
towards the loss of N, (vide infra) of the corresponding
phenacyl azide 2k as it is formed. The latter was indeed isolat-
ed as the main product (68% yield, Scheme 3).

A plausible mechanism for the formation of the 2-aroylimida-
zoles 3/3' is depicted in Scheme 4. A key intermediate may be

the in situ generated a-imino ketone 5. The latter is known to

undergo dimerization to give 6 followed by dehydration. The
two tautomers 3/3' would most probably originate by two
competitive pathways (a and b; Scheme 4) via a [1,5]-hydrogen
shift [28,29]. Hydrogen-bond catalysis promoted by DES com-
ponents may be playing an important role in favoring the loss of
nitrogen under mild conditions from a putative azide tautomer
4, the latter deriving from the corresponding a-phenacyl azide
precursor 2 via an acid-catalyzed enolization process [34]. The
pyrolysis of a-azido ketones in conventional VOCs (trichloro-
benzene) is known to take place under harsh conditions, which
are based on heating the mixture between 180 °C and 240 °C
[35].

The investigation of the thermal stability of phenacyl azides 2
led to the fortuitous discovery of the competitive formation of a
different heterocycle. Indeed, while phenacyl azide (2a) was
stable per se in a ChCl/Gly mixture after stirring at rt for 12 h, a
new fluorescent spot was detected on TLC plate in the presence
of an excess of Et3N (3 equiv). After column chromatography
on silica gel, we were able to isolate a new product that was
characterized as 2,4-dibenzoyl-6-phenylpyrimidine (7a, 55%
yield) in addition to 3a/3a' (26% yield), the remaining being
starting material only (conversion: 81%, Table 2, entry 1). The

employment of ChCl/urea (1:2 mol/mol) as the eutectic mix-
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ChCl/Gly
1 80 °C,4-16 h 2

1c,2b,3b/3b": Ar = 4-MeCgHy; 1d,2¢,3c/3c": Ar = 4-CICgH4; 1e,2d,3d: Ar = 4-BrCgHy; 1f,2e,3e: Ar = 4-CNCgH,4
1g,2f,3f/3f": Ar = 4-MeOCgH,; 1h,29,39/3g": Ar = 2,5-(Me0),CgHs; 1i,2h,3h: Ar = 2-OHCgHy; 1j,2i,31/3i": Ar = 4-FCgH,
1k,2j,3j: Ar = 2-naphthyl; 11,2k,3k/3k": Ar = 4-PhCgH,

O P @ﬁ Qﬁ 0P

(0] 0 Ar H
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X=Br:4h x Cl:4h x Cl;4h X=Br;4h
OH
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| O OH
N N 0
3f:3f = 50: 50 (98%) 3g:3g' = 93:7 ( 94%) 29: 4% 3h: 71% 2h: 4%
X=Cl, 4h X=Cl;4h X=Br;4h
Ph
F
@TN > MO,
\
N N
N o}
3i:3i' = 90:10 (87%); 2i: 4% 3j: 67%, 2j: 31% 3k:3k' = 79:21 (32%); 2k: 68%
X=Cl;4h X=Br;4h X=Br;16h

Scheme 3: Synthesis of 2-aroyl-(4 or 5)-aryl-(1H)-imidazoles 3. Scope of the reaction. Typical conditions: 1 (0.5 mmol), NaN3 (0.75 mmol), ChCI/Gly
(1.0 g), 80 °C, 416 h; yield refers to products isolated after column chromatography on silica gel; only one tautomer has been depicted for simplicity;
imidazoles 3c/3c’, 3i/3i'", 3j, 3k/3k' were found to precipitate as they formed, and were isolated by filtration/centrifugation and washing with a few
drops of AcOEt or Et,0; synthesis of imidazoles 3k/3k": 10% (w/w) EtOH was added to the eutectic mixture to improve the solubility of 2k.
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Scheme 4: Proposed mechanism for the formation of 2-aroyl-(4 or 5)-aryl-(1H)-imidazoles 3/3' from a-phenacyl azides 2 in ChCl/Gly.

1918



Table 2: Investigation of the reaction conditions in the synthesis of 7a.2

(0]
)I\/Ns Et3N, solvent
Ph
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O

Ph
\NJ\Ph

N_ N
4 o N H ’ t H
2a O~ "Ph 7a H 3a

entry solvent 7a yield (%)° 3a/3a’ yield (%)° conversion yield (%)
1 ChCI/Gly© 55 26 81
2 ChCl/urea® 57 43 full
3 ChCl/uread 41 33 74
4 ChCl/urea® 37 25 62
5 ChCl/urea 33 31 66
6 Gly® 52 37 89
7 EtsNC¢ 27 - 27

aReaction conditions: 2a (0.3 mmol), solvent (0.5 g); °
9Et3N: 2 equiv; ®EtsN: 1 equiv; 'KoCOs: 3 equiv.

ture provided 7a in 57% yield and 3a/3a’' in 43% yield, but with
full conversion (Table 2, entry 2). By lowering the equivalents
of Et3N up to 1, or alternatively using K,CO3 (3 equiv) as a
base, in ChCl/urea, the yield of 7a dropped down up to 33% and
that of 3a/3a' up to 25% (Table 2, entries 3-5). By changing the
solvent to pure Gly, 7a and 3a/3a' now formed in 52 and 37%
yield, respectively (Table 2, entry 6). When Et3N (3 equiv) was
alternatively used as the sole solvent, the formation of 7a was
suppressed dramatically (27% yield, Table 2, entry 7) [36]. This
last result is consistent with a synergistic cooperation of the
basic ChCl/urea eutectic mixture [37] with Et3N in promoting

the transformation at rt. a-Azido ketones are, indeed, known to

DES components

EGNHT A~ Ph .
0 4 H\o N ( + HN/\”/ .- ] 'T'
N, . O AR, 0. P —HO ar Ar
PN N Ph)\/N T OJ ~—| Ph L\‘( Ph : H j
— N2
2a Hy EWN O 4a Ph ~NH 6a NH” © 3 N
5a
)O]\/ Bh I/OI:/\ Et3N Et;NH* (6]
_N N )K(N Ph
Ph™ A T NH o Ph)Lﬁ/ S SNH=—== Ph S Sn=""T [~ —
- ! N ~NH
Ph_ -~ p© ea ~H0O N Ph N Ph ~ N-H —NHs
N R ‘T Et;N H )
Os5a ™\ 2 8a s | S PR N0
' PyPh PR AO7H ™ g N 10a |
Et;NH* AN '

DES components

yield refers to products isolated after column chromatography on silica gel; °EtzN: 3 equiv;

be highly base sensitive and to undergo a base-promoted loss of

nitrogen to form a-imino ketones upon protonation [38].

A plausible mechanism for the formation of pyrimidine deriva-
tive 7a from 2a, in competition with imidazoles 3a/3a’, is
depicted in Scheme 5.

The key intermediate Sa, formed by elimination of nitrogen
from the enol-azide 4a, would undergo either dimerization to
give 6a, and then imidazoles 3a/3a’' after cyclization and dehy-
dration (see Scheme 5), or trimerization to afford adduct 8a
further to an additional attack of 5a to the internal imino group

AN \\ v 1
DES components

[ DES components = urea, ChCI]

DES components

Scheme 5: Proposed mechanism for the formation of 2-benzoyl-(4 or 5)-phenyl-(1H)-imidazoles 3a/3a’ and 2,4-dibenzoyl-6-phenylpyrimidine (7a)

from a-phenacyl azide (2a) in ChCl/urea in the presence of EtgN.
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of 6a and dehydration. Consecutive tautomerization, followed
by an intramolecular nucleophilic attack to the terminal imino
group of 9a, provides cyclized adduct 10a, and finally pyrimi-
dine derivative 7a by aromatization/elimination of NHj3. To the
best of our knowledge, this is the first one-pot synthesis of func-
tionalized pyrimidines using phenacyl azides as the sole starting
material [39]. Variation of the phenacyl azides was next investi-

gated in the preparation of various pyrimidines 7 (Scheme 6).

The results shown in Scheme 6 demonstrate that this protocol
allows the use of phenacyl azides as starting material also for
the preparation of a variety of 2,4,6-trisubstituted pyrimidines.
The cyclotrimerization of phenacyl azides containing an alkyl
group (4-Me, 2b), halides (4-Cl, 4-Br and 4-F, 2c¢, d, and 2i) or
strong electron-withdrawing groups (2-CF3, 4-CF3, 21, m)
occurs smoothly at rt generally within 4 h in a ChCl/urea
eutectic mixture, thereby providing the desired pyrimidines
7b-h in 45-88% yield. Variable amounts of difunctionalized
imidazoles 3/3' (20-40%), deriving from a dimerization

process, also formed competitively in some cases under the

t,4h NN

2

O~ "Ar

(6]
ChCl/urea, EtsN A"MAF A N Ar
Ar)J\/NB B ————— | + \[ H
N
H
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aforementioned conditions. The latter, however, could be easily
isolated by column chromatography. The presence of strong
electron-donating groups like MeO was not tolerated. Indeed,
phenacyl azides 2f, and 2g remained unreacted when stirred in
ChCl/urea at rt even for 12 h.

Conclusion

In summary, we have shown that phenacyl halides can be
straightforwardly converted, via phenacyl azides, into valuable
2-aroyl-(4 or 5)-aryl-(1H)-imidazoles when a solution in ChCl/
Gly (1:2) is heated to 80 °C for 4-16 h in the presence of NaNj
(1.5 equiv). In most cases, their isolation can be performed by a
very gentle procedure: decantation/centrifugation as soon as
they form from the above eutectic mixture. The reaction
proceeds in very good yields (67-98%) when phenacyl azides
are soluble in the eutectic mixture and is applicable to a range
of substrates. Phenacyl azides, in turn, can also be competi-
tively converted into 2,4-diaroyl-6-arylpyrimidines (45-88%
yield) via an unprecedented cyclotrimerization reaction the key

intermediate a-imino ketone undergoes when a solution in

H
Ar N Ar
. \[ —
N 0O
37

O
3

2b,3b/3b',7b: Ar = 4-MeCgHy; 2¢,3c/3c',7c: Ar = 4-CICgHy; 2d,7d: Ar = 4-BrCgHy; 2h,7e: Ar = 2-OHCgH4
2i,3i/3i',7f: Ar = 4-FCgHy; 21,7g: Ar = 2-CF3CgH4; 2m,31/3I',7h: Ar = 4-CF3CgH4

@ N @

o)
| X
NN
3
OIQ\
cl

7c: 45%; 3c/3c": 40%
conversion: 85%

S
| X
NN
O]//\(j\
ZCH,

7b: 52%; 3b/3b': 29%
conversion: 81%

U,

7f: 61%; 3i/3i'": 36%
conversion: 97%

Cl

(0]
| X
NN
F FsC

7g: 88%; conversion: 88%

O O

O, T O
NN Br NN
HO

Br

7d: 82%; conversion: 82%

Te: 75%; conversion: 82%

7h: 69%; 31/3I': 20%
conversion: 88%

Scheme 6: Scope of the synthesis of 2,4-diaroyl-6-arylpyrimidines 7. Typical conditions: 2 (0.3 mmol), EtzN (0.9 mmol), ChCl/urea (0.5 g), rt, 4 h;
yield refers to products isolated after column chromatography on silica gel; synthesis of pyrimidine derivatives 7b and 7d, reaction time: 12 h.
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ChCl/urea is stirred at rt for 4 h in the presence of Et3N
(3 equiv) as a base. These cyclizations proved to be relatively
sensitive to the electronic properties of the starting phenacyl
azides as they did not take place in the presence of strong elec-
tron-donating groups like MeO. Studies to expand even more
the scope and the selectivity of such DES-promoted heterocycli-
zation reactions and to elucidate their mechanism are in

progress.

Experimental

General methods

Deep eutectic solvents [choline chloride (ChCl)/glycerol (Gly)
(1:2 mol/mol); choline chloride (ChCl)/urea (1:2 mol/mol)]
were prepared by heating under stirring up to 80 °C for
10-15 min the corresponding individual components until a
clear solution was obtained. 'H NMR and !3C NMR spectra
were recorded on a Varian Mercury 300 or on a Bruker 400 or
600 MHz spectrometer and chemical shifts are reported in parts
per million (8); CDCl3, (CDj3),CO and (CD3),SO were used as
solvents. GC-MS analyses were performed on a HP 6890 gas
chromatograph, Series II by using a HP1 column (methyl
siloxane; 30 m X 0.32 mm x 0.25 um film thickness) equipped
with a mass-selective detector operating at 70 eV. Analytical
thin-layer chromatography (TLC) was carried out on pre-coated
0.25 mm thick plates of Kieselgel 60 F»s4; visualization was
accomplished by UV light (254 nm) or by spraying with a solu-
tion of 5% (w/v) ammonium molybdate and 0.2% (w/v)
cerium(III) sulfate in 100 mL 17.6% (w/v) aq. sulfuric acid and
heating to 473 K until blue spots appeared. Column chromatog-
raphy was conducted by using silica gel 60 with a particle size
distribution of 40-63 um and 230-400 ASTM, using hexane/
EtOAc mixtures as the eluent. High-resolution mass spectrome-
try (HRMS) analyses were performed using a Bruker microTOF
QII mass spectrometer equipped with an electrospray ion source
(ESI). NaN3, 2-haloketones, and all other reagents, unless other-
wise specified, were purchased from Sigma-Aldrich (Sigma-
Aldrich, St. Louis, MO, USA), and used without any further

purification.

Experimental procedures

General procedure for the synthesis of 2-azido
ketones 2d, 2e, 2f, 2k, 2l and 2m

a-Haloketone 1 (1.5 mmol) and NaN3 (107 mg, 1.65 mmol)
were sequentially added to the ChCl/Gly (1:2 mol/mol, 2.0 g)
eutectic mixture. The reaction mixture was stirred at 25 °C
under air for 3-12 h until complete consumption of the starting
material (monitored by thin-layer chromatography). Then, water
was added, and the mixture was extracted with EtOAc
(3 x 10 mL). The collected organic layers were dried using an-
hydrous Na;SQy, filtered, and the volatile evaporated under

reduced pressure to afford the crude product, which was puri-

Beilstein J. Org. Chem. 2020, 16, 1915-1923.

fied by column chromatography on silica gel (hexane/EtOAc
5:1-4:1) to afford the desired a-azido ketone 2. Characteriza-
tion data of the isolated 2-azido ketones are provided in Sup-

porting Information File 1.

Synthesis of 2-benzoyl-4-phenyl-1H-imidazole (3a)
and 2-benzoyl-5-phenyl-1H-imidazole (3a"). Typical

procedure
©TN%§3
\
N
0 NaN; H,
Ph cl +

ChCl/Gly, 80 °C
1a
H
N
|
N (0]

Sodium azide (0.75 mmol) was added to a solution of
2-chloroacetophenone (la, 0.5 mmol) in ChCl/Gly
(1:2 mol/mol, 1.0 g) under air and with vigorous stirring. The
mixture was then warmed to 80 °C. After 12 h, 10 mL of water
were added and the solid 3a was recovered by decantation (or
filtration) from the reaction mixture and washed with a few
drops of EtOAc or Et;O. The solution was extracted with
EtOAc (3 x 10 mL). The combined organic phases were dried
over anhydrous Na;SO4 and the solvent was concentrated in
vacuo. The addition of Et;O to the crude mixture allowed the
further precipitation of 3a, which was finally recovered in 88%
yield. Characterization data of the isolated imidazoles are provi-
ded in Supporting Information File 1.

Synthesis of 2,4-dibenzoyl-6-phenylpyrimidine (7a).
Typical procedure

0
0 EtsN (3 equiv) PhNJ\Ph
Ns |
Ph ChCliurea, 25 °C N N
2a j/: 7a
0% >Ph

EtzN (0.930 mmol, 0.130 mL) was added to a solution of
2-azidoacetophenone (2a, 0.31 mmol, 0.05 g) in ChCl/ urea
(1:2 mol/mol, 0.5 g) eutectic mixture at 25 °C, under air and
with vigorous stirring. The reaction was monitored by TLC
(hexane/EtOAc 7:3). After 4 h, 5 mL of water were added and
the reaction mixture was extracted with EtOAc (3 x 5 mL). The
combined organic phases were dried over anhydrous NaySOy
and the solvent was concentrated under reduced pressure.
Purification by column chromatography on silica gel (hexane/

EtOAc 9:1) provided pyrimidine 7a in 57% yield. A mixture of
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imidazoles 3a/3a' (43% yield) was also isolated. Characteriza-
tion data of the isolated pyrimidines are provided in Supporting

Information File 1.

Supporting Information

Supporting Information File 1

Compound characterization data and NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-158-S1.pdf]
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The combination of supported ionic liquids and immobilized NHC-Pd—RuPhos led to active and more stable systems for the

Negishi reaction under continuous flow conditions than those solely based on NHC-Pd-RuPhos. The fine tuning of the NHC-Pd

catalyst and the SILLPs is a key factor for the optimization of the release and catch mechanism leading to a catalytic system easily

recoverable and reusable for a large number of catalytic cycles enhancing the long-term catalytic performance.

Introduction

N-heterocyclic carbenes (NHCs) are known as efficient coordi-
nation ligands for different types of metals. The main feature of
NHC complexes is their structural tunability [1]. Thus, their cat-
alytic efficiency can be easily modulated through systematic
variations of the steric and electronic design vectors of the NHC
ligand [2]. These complexes have been used as highly efficient

catalysts for a wide variety of C—C and C-X cross-coupling

reactions [3]. Among others, different NHC-Pd complexes have
been designed as efficient homogeneous catalysts for Negishi
reactions [4]. Although these systems are highly efficient, their
homogeneous nature hamper the separation of the products and
recovery of the excess of the palladium from the reaction solu-
tion. A possible solution to this issue is the preparation of the

related immobilized complexes enabling a simpler recovery and
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reuse of the catalysts by filtration [5]. Furthermore, the immobi-
lized NHC-complexes can be easily adapted to flow processes
using a fix-bed reactor set-up increasing simultaneously the
sustainability and the efficiency of the C—C coupling reactions
[6,7]. In the pursuit of NHC immobilized metal complexes
many different materials of organic and inorganic nature have
been used as supports [5]. Several reports describe the synthe-
sis of supported palladium—NHC complexes (Pd-NHC) and
their application in cross-coupling reactions [8-10]. The main
flaw of this type of systems is related with the mechanistic
aspect of most C—C formation reactions catalyzed by palladium
[11]. Careful studies of the reaction mechanism have revealed
that, under certain conditions, palladium-supported species can
act as mere pre-catalysts [12,13]. As suggested by Ananikov
and co-worker, these in situ-generated catalytic species can give
rise to cocktail-type systems with different active metal species
present in solution [14]. In the case of immobilized catalysts,
these palladium species can be released from the support
reacting in the homogeneous medium transformed from Pd® to
Pd!L. In this way, a “cocktail” of catalytic species, including mo-
lecular complexes, clusters and nanoparticles may be responsi-
ble for the catalytic activity [15]. In a continuous system, this
can be accompanied by a significant leaching of the catalytic
metal. In order to avoid a loss of activity by this leaching
process, the role of the ligand and the support on the evolution
of the catalytic systems should be carefully considered. It has
been shown that the immobilization of Pd-catalysts or precata-
lysts onto supported ionic liquid-like materials can facilitate the
recapture by the support of the released active species at the end
of the reaction, in what has been called a “boomerang” mecha-
nism [16,17]. Here, we report our efforts aiming a rational
development for Negishi catalysts based on NHC-Pd com-
plexes in conjunction with supported ionic liquid-like phases to
enhance their catalytic stability under continuous flow condi-

tions.

1 2a,b

2a \ 2b

Scheme 1: Synthesis of NHC-supported catalysts.
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Results and Discussion

Scheme 1 summarizes the synthetic approach used for the prep-
aration of the functionalized polymers considered in this work.
A commercially available PS-DVB bead-type macroporous
chloromethylated polymer 1 (Merrifield resin with 20% DVB
and 1.2 mmol Cl/g,) was used as the starting material for the
immobilization of N-arylimidazoles 2a and 2b, following the
traditional alkylation protocol [18,19]. The preparation of these
modified polymers was monitored by FT-ATR-IR, FT-Raman
using a micro-spectroscopy accessory and the NBP test [20,21].
The corresponding Pd-NHC complexes 4a and 4b (Scheme 1)
were obtained by treatment of the supported imidazolium
species with Pd(OAc), in the presence of a base. The amount of
immobilized NHC ligand was determined by elemental analy-
sis, while the palladium loaded on the polymer was determined
by ICP analyses (see Table 1). The slightly lower value of the
Pd loading is likely to be related to the partial formation of 2:1
NHC/Pd complexes. The experimental details for the synthesis
of 2a,b, 3a,b and 4a,b are given in Supporting Information
File 1.

Table 1: Pd Loading for the different NHC-Pd synthesized.

Entry  Polymer NHC loading? Pd loading®
1 4a 0.75 0.43
2 4b 0.64 0.46

aAs determined by elemental analysis (mmol functional group/g resin);
Pas determined by ICP analysis (mmol Pd/g resin).

The Negishi reaction of benzylzinc bromide (5) and methyl
4-bromobenzoate (6) to form methyl 4-benzylbenzoate (7) was
used to evaluate the activity of the palladium catalysts on
polymer support (Scheme 2). The Negishi reaction is a potent

cross-coupling reaction in organic chemistry. Notably, it has

AcO._ .OAc
X- Pd
PN

. d\N\E/N/R . d\N\J:\/N/R

3a,b 4a,b

y z X
o= DU
4

y PS-DVB resin
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Pd-cat.

©/\Zn&_ /©/Br
+
MeOOC

5 6

Scheme 2: Negishi benchmark reaction.

much value for the synthesis of fine chemicals and medicinal
drugs [22]. The conditions selected for the benchmark reaction
were the use of THF as the solvent, 60 °C and a catalyst loading
based on the introduction of 5 mol % of Pd. The reaction was
monitored by GC and the resulting conversions and yields were
confirmed by 'H NMR (see Supporting Information File 1).

The kinetic plots for this model reaction are represented in
Figure 1. The NHC-Pd catalyst 4a showed a rather reduced ac-
tivity (less than 10% after two hours), while the catalyst bear-
ing isopropyl moieties at the aromatic ring (4b) displayed a sig-
nificant increase in the catalytic activity, reaching 67% yield
after 120 min (Figure 1).

In order to improve the catalytic performance of these systems,
the cooperative effect of an additional ligand was evaluated.
Organ and co-workers have demonstrated that the introduction
of pyridine ligands can be used to enhance the activity of such
NHC complexes (pyridine enhanced precatalyst preparation,
stabilization and initiation, PEPPSI) [23,24]. In addition to pyri-
dine ligands, other compounds with coordinating atoms such as
C, N or P have been reported to tune the catalytic activity of the
NHC-Pd complexes [25-28]. Thus, a ligand containing P as the
coordinating atom was selected for the activation of the NHC
complexes. In this regard, RuPhos (2-dicyclohexylphosphino-
2',6'-diisopropoxybiphenyl) has been used as a palladium ligand
for the Negishi reaction [29]. The preparation of the
NHC-Pd-RuPhos complexes 8a,b was carried out by mixing a
suspension of 4a,b with a solution of RuPhos for 2 hours
(Scheme 3). The corresponding modified immobilized

NHC-Pd-RuPhos complexes were isolated by filtration and

Vs ™\
X L L0
AcO. ) OAc AcO-Pd-OAc iPr—0
g RuPhos AR =
d\N N — & N" N \
=/ O—iPr
4
a,b 8a,b L L: RuPhos

Scheme 3: Synthesis of immobilized NHC—Pd—RuPhos.

60 °C, N, atm, dry THF

II II COOMe

7
RuPhos
100 1004 AcO Pid OAc \
Qv L
\kif/ ]\‘/J
T70
80- 80, O
l‘iuPhos ‘
AcO-Pd-OAc / o
—_ A~ - ©)]
Kool @ N‘Jj‘?}% 60 |
o S A
2 ‘
>- J
404 A
A
| X
20 i ! AcO-Pd-OAc Y
O/\N\; ! \ ]
AA
oA 00

0 30 60 90120
Time (min)

0 30 60 90 120

Figure 1: Negishi reaction catalyzed by immobilized NHC—Pd com-
plexes. Conditions: methy! 4-bromobenzoate (0.25 mmol, 1 equiv),
benzylzinc bromide (0.5 mmol, 2 equiv, 1 mL of a 0.5 M solution in
THF), 5 mol % of Pd catalyst (0.0125 mmol) in dry THF (1 mL). No at-
mosphere, 60 °C. Yields calculated by GC and confirmed by "H NMR.

thoroughly washed to remove any remaining non-coordinated
RuPhos (0.37 and 0.57 mequiv of Pd/g for 8a and 8b, respec-
tively).
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The introduction of the additional phosphine ligand produced a
clear positive effect on the activity, enhancing the catalytic per-
formance of the immobilized NHC-Pd complexes assayed as
clearly shown in the kinetics profiles depicted in Figure 1. Both
NHC-Pd-RuPhos catalysts showed an activity increase: ca.
10-fold for 8a and ca. 2.9-fold for 8b, according to the TOF
values calculated at 15 minutes.

In the light of this initial screening under batch conditions with
both kinds of catalytic complexes, NHC-Pd (4a,b) and
NHC-Pd-RuPhos (8a.,b), their activity and stability was evalu-
ated under flow conditions. For this, the corresponding fixed-
bed reactors were prepared, and the general flow reaction setup
depicted in Supporting Information File 1. It should be
mentioned that the catalyst 4a showed, as in the batch process,
low activity (<5% yield) under flow conditions. However, the
catalyst 4b yielded 7 under the selected flow conditions (flow
rate of 0.214 mL/min, Figure 2). At initial times, yields for 7
were higher than those obtained in the batch process, which is
remarkable considering the short residence time used (2.5 min).
However, a strong deactivation was observed under prolonged
use (Figure 2). The catalytic activity decay calculated in terms
of productivity (g of 7 x g Pd™! x h™!) was of ca. 50% after
only 2 h of continuous use. This decay in activity can be associ-
ated with the leaching of palladium from the heterogeneous
phase [30]. The initial samples collected showed an elevated
concentration of leached soluble palladium species as calcu-
lated by ICP-MS of the respective solutions (>15 ppm of Pd).

Beilstein J. Org. Chem. 2020, 16, 1924—-1935.

The elemental analysis of the catalyst after its use was also
consistent with this Pd loss from the NHC complex.

Additionally, the catalyst 8a was also tested under continuous
flow conditions. Although, this time a fivefold larger fixed bed
reactor (2.9 mL vs 0.5 mL) was used, leading to a larger resi-
dence time (29 min vs 2.5 min). An increase in the residence
time may favor the re-adsorption of the active species into the
support limiting, at some extent, the Pd leaching. The results
obtained under these conditions are depicted in Figure 3. As ex-
pected, the use of a larger residence time led to a high yield.
Quantitative yields were initially obtained under these condi-
tions, with a productivity of 1.73 g 7/g Pd-h. This level of activ-
ity was kept constant during at least 5.5 h of continuous use.
However, after this time a strong deactivation of the catalyst
took place. An activity loss of ca. 50% of the initial value was
observed. After this decay, between 8 and 15 h of continuous
use, the productivity achieved was maintained around 0.8 g of
7 x gPd! x h7l

These results agree with the ones observed by Organ and
co-workers, who have developed silica-immobilized
Pd-PEPPSI-IPr-SiO; [31] and Pd—PEPPSI-IPent—SiO; [32]
catalysts. They observed a gradual catalyst deactivation
due to the slow release of palladium over time. However,
the high level of catalyst activity, especially for
Pd-PEPPSI-/Pent-SiO,, made, in that case, the loss of Pd less
relevant. With a reduction of palladium loading to half of its
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flow rate 0.214 mL/min. Productivity max: 7.97 g of 7 x g Pd=1 x h='. Yields calculated by GC and confirmed by H NMR.
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initial value, still relatively efficient long-term flow runs could
be carried out.

Different strategies have been evaluated to develop precatalysts/
catalysts immobilized onto supported ionic liquid-like phases
(SILLPs) [33-38]. In these systems, the microenvironment pro-
vided by the ionic liquid-like units can have a remarkable influ-
ence on the overall process, particularly on the catalytic activity
and recyclability of the supported species. Indeed, the appro-
priate design of the SILLPs is a key factor for the optimization
of release and catch systems leading to easily recoverable and
reusable catalysts working for a large number of catalytic cycles
without any loss in performance [33,34]. In this regard, the
effect of the presence of different SILLPs in the catalytic behav-
ior of the former catalytic complexes was evaluated. Thus, the
benchmark Negishi reaction between 5 and 6 was performed
using a polymeric mixture of two components: the immobilized
NHC-Pd-RuPhos catalyst and a series of polymeric SILLPs in
a 1:3 weight ratio. The first component can efficiently act as a
catalyst but also will generate and release a series of Pd species
accounting for the leaching. The second component, the SILLP,
can act as scavenger of those species leached to the solution not
only eliminating them from the solution but also contributing to
their stabilization avoiding the formation of inactive species and
keeping their activity for further catalytic cycles. Three differ-
ent SILLPs were evaluated displaying different imidazolium
substitution patterns and a loading of IL-like fragments of

13-24% by weight. Figure 4 summarizes the results obtained

for this study. The presence of SILLPs affected both activity
and Pd leaching. Regarding the activity, the presence of methyl
imidazolium groups in SILLP 9a slightly reduced the catalytic
activity, while the presence of butyl- and methyldecylimida-
zolium units (SILLPs 9b and 9c, respectively) led to more
active systems. This can be clearly appreciated when the TOF
values at 15 minutes are compared (Figure 4b). The presence of
the SILLPs 9¢ and 9b clearly led to a catalytic system more
active than 8a, while the presence of 9a reduced the activity.
The presence of the SILLPs also had a strong influence on the
Pd leaching. In the absence of the SILLPs (8a as catalyst) the
observed Pd leaching was 22.4 ppm, corresponding to ca. 7% of
the initial Pd. In the presence of the SILLPs this leaching was
reduced to 2.7, 14.4 and 17.1 ppm (ca. 0.8%, 4.5% and 5% of
the initial Pd) for the polymeric mixtures 8a + 9a, 8a + 9b and
8a + 9c, respectively. This confirmed that the SILLPs act as
scavengers for the leached Pd species. Noteworthy, the larger
palladium leaching did not lead to higher activities, suggesting
that in absence of the SILLP some deactivation for the leached
species was taking place.

The TEM analysis of the polymers after the reactions showed
the presence of palladium nanoparticles (Figure 5) confirming
that during the reaction a part of the leached palladium was con-
verted into PANPs. The higher reactivity of the cocktails based
on 9b and 9c can be associated with the presence of PANPs with
smaller size distributions. Our previous results obtained for

AuNPs-SILLPs indicated that for the macroporous resins the
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Figure 4: Negishi reaction between 5 and 6 catalyzed by 8a in the presence of SILLPs. a) Yield (%) vs time for different catalytic mixtures. b) TOF
values obtained at 15 minutes. Conditions: 1 equiv methyl 4-bromobenzoate (0.25 mmol), 2 equiv benzylzinc bromide (0.5 mmol, 1 mL of 2 0.5 M
solution in THF), 5 mol % Pd catalyst (0.0125 mmol) in dry THF (1 mL). N, atmosphere. Yields calculated by GC and confirmed by 'H NMR.

NP size decreased when the size of the aliphatic residue of the
imidazolium units increased with decyl N-substitution leading
to smaller particle sizes [39]. The analysis of the polymeric
samples revealed similar trends for the case of PANPs. SILLPs
with decyl and butyl N-substitution (9¢ and 9b) presented the
smallest size distributions, being also the most reactive ones.

In the light of these experiments, it can be concluded that the
supported NHC-Pd-RuPhos 8a acts as both catalyst and as a
system releasing soluble Pd species, which can be partially
catched by the SILLP acting as scavenger. The key is to find
out if these recaptured species onto SILLP are still active for the
Negishi reaction. The leaching of Pd from NHC-Pd—RuPhos is

in agreement with previous studies for C—C palladium cata-

lyzed reactions [33-35]. Recently, Ananikov and co-workers re-
ported that for PA-NHC systems the reactivity of the systems is
mainly determined by the cleavage of the metal-NHC bond,
while the catalyst performance is strongly affected by the stabi-
lization of in situ-formed metal clusters [15,30,40]. In the mech-
anism suggested by these authors, PdA-NHC complexes can
evolve through two different pathways towards the formation of
a catalytically active cocktail of Pd species. In the first one, a
reductive elimination takes place from the Pd(II) intermediate
with the concomitant release of NHC-containing byproducts. In
the second pathway, the dissociation of the M—NHC produces
Pd intermediates from which metal clusters and MNPs can be
readily formed while the carbene can react through C-NHC or
H-NHC coupling. The presence of onium salts significantly
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Figure 5: TEM images of the polymers after the Negishi reaction between 5 and 6. a) 8a, bar scale 20 nm, PdNP size distribution 4.91 + 1.26 nm.
b) 8a + 9a, bar scale 50 nm, PdNP size distribution 4.23 + 1.65 nm. c) 8a + 9b, bar scale 50 nm, PdNP size distribution 3.61 + 1.36 nm. d) 8a + 9c,

bar scale 50 nm, PdNP size distribution 3.23 £ 0.81 nm.

contributes to the stabilization of both Pd clusters and PdNPs
[40]. Thus, a combination of a classical molecular mode of
operation and a cocktail-type mode of operation can also be
involved in the Negishi reaction. Two different palladium
species released from the NHC complex can act as catalyst for
the Negishi reaction: i) soluble Pd(II) species or ii) palladium
nanoparticles (PdNPs). Imidazolium moieties in SILLPs can

/

scavenge and stabilize both types of palladium species. The
possible catalytic effect of these Pd species immobilized onto
SILLPs for the Negishi reaction was, thus, evaluated. Firstly, a
solution of Pd(II) was adsorbed in the SILLP 10 similar to 9a
but with a high loading of methylimidazolium units leading to a
Pd(II)-SILLP system 11 with 0.56 mequiv of Pd/g of SILLP
and 3.79 mequiv of IL-like units/g of SILLP (Scheme 4). This

cr . _
FA N i) AN Cl
°/\N®N - = N'gN i) or iii) N@N/
10 . PdCl
SILLP NeN N (o N~ CI
1 1Za,b
Pd-SILLP PdNPs-SILLP

Scheme 4: Pd species immobilized onto SILLPs. i) 1 g SILLP 10, 100 mg PdCly in milli-Q® water (100 mL 1% HCI, 1000 ppm PdCly), orbitalic stirring,
rt, 5 h. ii) 250 mg Pd-SILLP 11, 0.2 g NaBH,4 in 12 mL EtOH/H20 1:4, rt, 3 h. iii) 250 mg Pd-SILLP 11, 4 mL EtOH, MW (2 h, 200 °C, 300 psi, 120 W).
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system was treated with either NaBH4 or EtOH under micro-
wave irradiation to produce the corresponding PANPs immobi-
lized onto SILLPs (12a,b).

The Pd-containing polymers 11 and 12a,b were tested as poten-
tial catalysts for the benchmark Negishi reaction. Pd(I1I)
adsorbed by ionic exchange (11) yielded 73% of 7 after
120 minutes of reaction under standard conditions, confirming
that soluble Pd(II) species released from the immobilized
systems and scavenged by SILLPs can act as catalysts for the
Negishi reaction. The reaction was also evaluated in the pres-
ence of 0.05 equivalents of RuPhos, as some of this ligand
should be released from the NHC—Pd-RuPhos complex along
with Pd (Figure 6a). Under such conditions, the reaction took
place with yields for 7 of ca. 90% for the first cycle. Note-
worthy the levels of leaching were lower than the ones ob-
served for 8a (0.49 ppm vs 22.4 ppm for 8a). The reaction was
also assayed in the presence of one equivalent of RuPhos and
SILLP 9a as scavenger, by using a mixture of 11 and 9a in a 1:3
weight ratio (Figure 6b). Under these conditions, the catalytic
system was less active, but the leaching was reduced even
further reaching a value of 0.04 ppm. The recyclability of the
systems was also tested. In general, the catalysts assayed main-
tained the catalytic activity as far as an additional amount of
RuPhos (0.05 equiv) was added for the new cycle. Under these
conditions, the activity of 11 was kept constant for at least four
catalytic cycles remaining the Pd leaching for each cycle rather
small (ca. 0.04 ppm in the solution). The mixture of 11 and the
scavenger 9a was also active in successive cycles, under simi-
lar conditions, although the activity suffered from more fluctua-
tions, probably due to the heterogeneity of the mixture. In any

case, the systems were still active after six consecutive cycles
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being the Pd leaching per cycle in the 0.04—0.12 ppm range. It
can be seen that in the absence of an additional amount of
RuPhos after the first cycle the catalytic activity was lost but
was recovered for the third cycle when RuPhos was added.

Regarding the activity of the PANP-SILLPs 12a,b, they showed
no activity, with yields lower than 1%, in the absence of
RuPhos, while providing good catalytic performance in the
presence of one equivalent of the phosphine. The catalysts pre-
pared by NaBH, reduction were slightly less reactive than those
obtained with EtOH as reducing agent. Noteworthy, the sup-
ported catalysts were active in further catalytic cycles after sep-
aration of the product by filtration and polymer washing [41].
Catalytic systems 12a,b were also recycled being 12a even
more active in a second than in the first cycle while 12b
reduced its activity (see Table 2). To understand these differ-
ences, it must be noted that the nature of the MNPs obtained in
SILLPs is very sensitive to the procedure used for their prepara-
tion and this significantly affects its activity but also their recyc-
lability [35,39]. The capacity to generate active catalytic species
from the MNPs is essential in the first run, but the capacity of
the system, including imidazolium fragments and remaining
MNPs, to efficiently recapture the soluble species in an active
form is key for the second and successive runs.

All these results suggest that the SILLPs can be used as effi-
cient scavengers for the palladium-leached species released
from NHC-Pd-RuPhos complexes, limiting the leaching and
possibly improving the long-term system stability. In order to
screen the effect of the SILLPs under continuous flow condi-
tions, small flow fixed-bed reactors were prepared and evalu-

ated. The first system was prepared by packing two layers, one
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Figure 6: Negishi reaction between 5 and 6 catalyzed by 11. 1 equiv methyl 4-bromobenzoate (6, 0.25 mmol), 2 equiv benzylzinc bromide (5,

0.5 mmol, 1 mL of a 0.5 M solution in THF), 5 mol % Pd catalyst in dry THF (1 mL). a) 11 in presence of RuPhos, Pd/RuPhos 1:0.05 molar ratio.
RuPhos added for each cycle. b) 11 + 9a, 1:3 weight ratio, in the presence of RuPhos, Pd/RuPhos 1:1 molar ratio, RuPhos added each cycle except
for the 2nd cycle. N, atmosphere. Yields calculated by GC and confirmed by 'H NMR.
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Table 2: Negishi reaction between 5 and 6 catalyzed by 12a,b.2

Beilstein J. Org. Chem. 2020, 16, 1924—-1935.

Entry Catalyst Pd/RuPhos Cycle Yield (time, min)P

15 30 120
1 12a 1:0 1 n.f. n.f. n.f.
2 12b 1:0 1 n.f. n.f. n.f.
3 12a 1:1 1 12 31 73
4 12b 1:1 1 42 50 73
5 12a 1:1 2 84 83 85
6 12b 1:1 2 11 21 66

21 equiv methyl 4-bromobenzoate (6, 0.25 mmol), 2 equiv benzylzinc bromide (5, 0.5 mmol, 1 mL of a 0.5 M solution in THF), 5 mol % Pd catalyst in
dry THF (1 mL). ®Yield calculated by GC and confirmed by "H NMR; n.f.: product not found.

on the top of the other. The bottom layer was prepared with
200 mg of the scavenger SILLP 9a (to recapture released Pd
species) and the top layer with 200 mg of the catalyst 8a
(Figure 7a). However, this configuration did not contribute to
improve the stability of the system, with a strong catalyst deac-
tivation observed, reaching ca. 47% of the initial activity after
40 h on flow.

In an attempt to achieve a better performance a homogeneous
distribution of the catalyst and the scavenger within the fixed
bed reactor seems to be preferable as it has been observed in

multicatalytic systems [42]. In this case, two different fixed bed
reactors were prepared with a well-disperse mixture formed by
50 mg of the catalyst 8a and 150 mg of a SILLP. Two different
SILLPs were used, one with low loading of IL-like units
(9a,1.09 mequiv/g, 13 wt %) and one with a high loading (10,
3.79 mequiv/g, 37 wt %). In the case of the continuous reactor
containing the high loading SILLP the activity decay was lower
than the previously observed (up to ca. 35% of the initial value).
However, the system based on the use of the SILLP 9a with a
low loading kept a constant level of activity, with a produc-
tivity of ca. 15 g of 7 x g Pd™! x h™1,

: a) b) 16 C) 30% -
p | 29% - %
->=< 12 4 L “‘ / I_._‘__ { -
- " | \ 28% @ 570, %
'b q“57/ LS 27% ;27/ =
%D ‘? 50% 12 4 \‘\ 12 -
X ' \ .

8 \ ] PURLPS
32 ‘\\ , 19% @49,
> 32% @~ - 8+ 8+
‘t
‘2 4 1
H -
()
-g 4 8a+10 44 8a+9a

| 9a high Ioading low loading

e low loading 4 3
(a1

0 | IE N N R 0 1T * T 1" 0 T 1 7 T°7

0 10 20 30 40 0 10 20 30 40 0 20 40 60 80

Time (min)

Figure 7: Negishi reaction between 5 and 6 under flow conditions catalyzed by 8a in the presence of a scavenger SILLP (9a and 10). a) 200 mg of 8a
(top) and 200 mg of 9a (bottom). V = 0.535 mL, residence time = 2.5 min, productivity max: 18.84 g 7 x g Pd=! x h='. b) 50 mg of 8a and 150 mg of 10
(mixed), V = 0.38 mL, residence time = 2.5 min, Productivity max: 53.24 g 7 x g Pd=" x h~". ¢) 50 mg of 8a and 150 mg of 9a (mixed), V = 0.35 mL,
residence time = 2.5 min, productivity max: 53.24 g 7 x g Pd~" x h=". Yield calculated by GC and confirmed by 'H NMR.
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Based on these results, two larger fixed bed reactors were pre-
pared, and their performance evaluated for the benchmark
Negishi reaction. A first one was filled with 250 mg of 8a and
750 mg of the SILLP 9a, while the second one contained the
same amount of catalyst but using the SILLP 9¢ instead of 9a.
The results are summarized in Figure 8. In agreement with
results observed in the batch experiments, the mixture of the
polymers 8a + 9¢ led to more active systems reaching >99%
yield of 7. However, the activity strongly decayed after
60 minutes of continuous use. This can be related with the
leaching observed during this period with samples containing
up to 10 ppm of leached palladium. The system based on 8a and
9a provided a more stable performance. Although the activity
displayed was slightly lower, as observed in the batch experi-
ments, it remained constant after an initial conditioning time.
Thus, the initial samples showed up to ca. 85% yield of 7,
which after 80 minutes slightly decayed to ca. 70% yield, corre-
sponding to a productivity of 4.87 g of 7 x g Pd™! x h™!. This
level of productivity was maintained during at least five hours
of continuous use.

Beilstein J. Org. Chem. 2020, 16, 1924—-1935.

The TEM images of the polymeric systems after their use under
continuous flow conditions revealed again the presence of
PdNPs (Figure 9). However, the images show that for the
system 8a + 9c¢ the number of particles and their size distribu-
tion are larger than for 8a + 9a. This trend is different to the one
observed in batch experiments.

Conclusion

The results here presented confirm the viability of using poly-
meric cocktails formed by mixtures of supported
NHC-Pd-RuPhos and SILLPs as efficient catalysts for the
Neghishi reaction. In such cocktails, SILLPs act as scavengers
of the palladium species released from the immobilized
NHC-Pd-RuPhos, leading to complex mixtures of immobi-
lized species still active for the considered reaction, while the
leaching is minimized and the long-term catalyst life improved.
This provides an opportunity for the development of active and
stable Pd systems to be used under flow conditions, over-
coming the limitations associated to the intrinsic mechanistic

pathways of the Negishi reaction. A catch and release mecha-
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Figure 8: Effect of the structure of the SILLP scavenger for the Negishi reaction between 5 and 6 under flow conditions catalyzed by 8a in the pres-
ence of SILLPs 9a or 9¢. 60 °C. Total flow rate: 0.1 mL/min. 0.05 mL of a 0.2 M solution of 5 in THF and 0.05 mL/min of a 0.1 M solution of 6 in THF.
V = 1.7 mL, residence time = 17 min. Productivity max: 7.08 g 7 x g Pd~! x h=". a) 250 mg of 8a and 750 mg of 9¢ SILLP low loading, b) 250 mg of 8a
and 750 mg of 9a SILLP low loading. Yield calculated by GC and confirmed by 'H NMR.
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Figure 9: TEM images of the polymer after the Negishi reaction between 5 and 6 under flow conditions. a) 8a + 9¢, bar scale 20 nm, PANPs particle
size distribution 4.72 + 1.44 nm. b) 8a + 9a bar scale 20 nm, PdNPs particle size distribution 3.12 £ 0.97 nm.

nism can be established favored by the presence of the sup-
ported ionic liquid-like phases. SILLPs with a relatively low
loading of methylimidazolium units provided the most efficient
systems to be used in conjunction with the immobilized
NHC-Pd-RuPhos.
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Abstract

This paper describes a sustainability index (SI) as a quantitative measure of “sustainability” applicable to synthesis plans based on
the provenance of input materials and energy sources and the fate of output waste products. The index is computed as the root-
mean-square average of the following four parameters: mass fraction of valorized inputs (Fyy), mass fraction of valorized outputs
(Fyop), mass fraction of valorized target product (Fyp), and input enthalpic energy fraction arising from renewable energy sources
(FrEg)- Valorized input materials originate from renewable, recycled, or reclaimed sources. Valorized output materials are destined
for recycling or reclaiming so that they may be used in the same or other chemical processes. Valorized target product refers to that
portion of the target product that is actually used for its intended purpose. Renewable energy sources are defined as originating
from hydroelectric, wind, solar, geothermal, and biomass sources. The computation of SI is illustrated for 22 synthesis plans of the
high commodity flavour ingredient vanillin from biofermentation, chemical synthesis, and solvent extraction processes. In addition,
these plans are compared and ranked according to Borda count and poset (partially ordered set) pairwise dominance analyses using
the following attributes: process mass intensity (PMI), sacrificial reagent (SR) consumption, input enthalpic energy (IEE) consump-

tion, Rowan solvent greenness index (RSGI), and sustainability index (SI).

Introduction
The words “sustainable” and “sustainability” are nowadays discussing topics related to pressing issues such as preservation
routinely used throughout common speech and the popular of the environment, climate change, and resource management.

press, including published modern chemistry literature, when = However, in all of this enormous volume of information avail-
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able in the popular press, corporate mission statements, and
scientific literature there does not exist an agreed consensus-
based and widely used guantitative definition of what these
words actually mean. A recent article published in Chemical
and Engineering News in 2019 [1] nicely highlighted the prob-
lem in the context of distinguishing the terms green chemistry
from sustainable chemistry. It was noted that “the term sustain-
able chemistry has been introduced more recently and pos-
sesses countless definitions put forth by individuals, companies,
trade associations, non-profit organizations, and governmental
entities”. Also noted was the “key need [to come up with] a
standardized approach for assessing the sustainability of chemi-
cal processes or products”, and the need for “better information
on product content throughout the supply chain and more com-
plete data on the health and environmental impacts of chemi-
cals throughout their life-cycle” in order for “stakeholders [to]
make informed decisions that compare the sustainability of
various products”. A literature search on the subject of sustain-
ability metrics in chemistry journals revealed a few publica-
tions that addressed the problem of quantifying and measuring
what sustainability is [2-10]. Most of the discussions revolved
around extended thermodynamics analysis, energy consump-
tion, and energy resource considerations from fossil-fuel
derived and renewable sources. Dutch and Belgian chemical
engineers proposed an extended thermodynamic analysis
considering exergy and lost work to address the sustainability
potential of the chemical process industry [2-4]. Horvath and
co-workers put forth the following sustainability metrics
defined for biomass-based carbon chemicals using ethanol
equivalent as a common basis: sustainability value of resource
replacement, sustainability value of the fate of waste, and
sustainability indicator [5-7]. Sikdar defined sustainability as
the interplay of three domains: economic aspects, environ-
mental aspects, and social aspects [8]. Sheldon and Sanders
defined sustainability metrics for the production of chemicals
from renewable biomass in terms of four criteria: material and
energy efficiency, land use, and process economics [9]. Very
recently, Egyptian and Lebanese scientists put forward an
industrial environmental index obtained from process, environ-
mental health and safety, and life cycle assessment metrics to
assess the sustainability of industrial solvent-based processes
[10].

Continuing our goal over the last decade of developing prac-
tical and easy-to-understand metrics that can be used by any
chemist or chemical engineer, in this work we introduce a quan-
titative description of sustainability that is directly applicable to
assess synthesis plans. Synthesis plans represent the heart and
soul of what chemists create in the laboratory and chemical
engineers scale up and optimize in the chemical plant. Hence,

any chance of developing a quantitative definition of sustain-

Beilstein J. Org. Chem. 2020, 16, 2346—-2362.

ability that addresses the needs and concerns already pointed
out must focus on assessing the performance of synthesis plans
according to some set of measurable parameters. This is a very
important aspect in the evolution of scientific ideas that begin
with qualitative statements often worded in fuzzy general lan-
guage, but then develops into concrete statements written in the
language of mathematics that make explicit what parameters
need to be measured, how they are related to one another, and
what outcome scenarios are predicted from them. The net result
is that vagaries are removed from the discussion and hence the
subject is presented in a rigorous and understandable format
that is ultimately taken seriously. Since it is evident that synthe-
sis plans begin with input resources and ultimately produce
output products, it then becomes necessary to analyze both the
origins of all inputs and the fate of all outputs in order to deter-
mine the sustainability potential of a given synthesis plan. In
order to achieve our objective, we decided to begin from two
already established main ideas. The first is the comparison of
the rate of depletion of each resource (material or energy) used
in a synthesis plan versus the rate of that resource’s renewal as
pointed out by Horvath and co-workers [5-7]. Clearly, sustain-
ability is possible if the rate of renewal exceeds the rate of
depletion. The second is the concept of “provenance” borrowed
from the authentication of objects of art as genuine by art
dealers and museum curators during the selling and purchasing
of them at auctions. The provenance of an object of art poten-
tially links it to its true creator. Obtaining provenance consti-
tutes amassing traceable hard evidence that links the original
artist and his or her work via the chain of its ownership through
time from its creation to the present day. Provenances are
necessary to establish the authenticity of a piece of art and thus
distinguish it from a forgery. The concept of provenance or
tracing has also been applied in other fields including computer
science, data integrity management, petrology, archaeology,
seed preservation, food authenticity, and palaeontology [11]. In
the context of synthesis plans, it is possible to apply the concept
of provenance to the origins of all material and energy resources
used in a given plan in order to distinguish whether that
resource originated from a renewable or non-renewable source.
By the same reasoning, it is also possible to trace the fate of all
waste outputs of a given plan in order to distinguish whether
they will end up as useable or non-usable waste. From this
discussion it becomes obvious that the success of tracing both
provenance of inputs and fate of outputs involved in a synthesis
plan in order to estimate the degree of its sustainability is based
entirely on the full disclosure of supply chains and end-of-life
chains throughout the chemistry enterprise. Such open access
and transparent information, however, necessarily exposes
vulnerabilities in those chains such as privacy with respect to
business-to-business dealings and general proprietary protec-

tion that may not be comfortable to accept or possible to reveal

2347



to producers, suppliers, vendors, and end users. These concerns
are at the root cause of much of the vagueness and trepidation
associated with the practical application of sustainability as
already pointed out earlier [1]. Nevertheless, in this work we
provide a framework that can be implemented to estimate the
degree of sustainability of synthesis plans following these ideas
once such information is made available whether internally for
a privileged few or externally for all to see. With this view in
mind, in the next sections we show a step-by-step development
of our methodology and then apply it to the assessment of
22 synthesis plans of the high commodity flavour ingredient
vanillin.

Methodology

We begin the development of a quantitative description of
sustainability applied to synthesis plans by starting with the
mathematical statement of the law of mass balance given by
Equation 1.

M o101 inputs = M o101 outputs (1)

where the M quantities refer to masses in grams. The left-hand
side of Equation 1 will be governed by the provenance of input
materials and the right-hand side will be governed by the fate of
output materials. Hence, the mass of total inputs can be subdi-
vided into two parts: mass of valorized inputs (My;) and mass of
non-valorized inputs (Myy;) according to Equation 2.

M o101 inputs = My + M vy, 2)

In this formulation, valorized inputs are defined as those that
are derived from sources such that their rate of renewal is
greater than or equal to their rate of depletion, and non-
valorized inputs are defined as those that are derived from
sources where the converse rate condition is true. Specifically,
inputs derived from renewable or recycled sources such as
biomass, scrap metals, or retrieved byproducts from other pro-
cesses are considered valorized, and inputs derived from non-
renewable sources such as fossil fuels and virgin mineral ores
are considered non-valorized. The definition of Fy; used here
extends that of renewables intensity [12]. Similarly, the mass of
total outputs may be subdivided into three parts: waste mass of
valorized outputs (Wy), waste mass of non-valorized outputs
(Wnvo), and mass of target product (M), ogyc) as shown in
Equation 3.

Mtotaloutputs =Wiotal T Wproduct =Wyo +Wyyo + Mproduct 3)
Valorized waste outputs are those that may be recycled or

reclaimed for use in the same synthesis plan or other unrelated

synthesis plans if they are sold to other chemical enterprises in
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the chemical commodity supply chain. These may include reac-
tion and work-up solvents or reaction byproducts than can be
chemically converted to starting materials, or byproducts that
can be reclaimed for use in other chemical processes. Non-
valorized waste outputs are those that will end up as “dead
waste” whether or not they undergo treatment before release
into the four main environmental compartments of air, water,
soil, and sediment. Based on the definition of variables in Equa-
tions 1, 2, and 3 we can then define the following key parame-
ters. The process mass intensity (PMI) [13] is defined accord-
ing to Equation 4.

_ MV] +MNV] _ Mtotalinputs
M

PMI

4

product product

The mass fractions of valorized inputs (Fy;) and valorized waste
outputs (Fyp) are defined according to Equation 5 and Equa-
tion 6.

Fy = My, My )
Mtolal inputs MVI + MNVI
Wyo
FVO I — (6)
Wyo +Wxvo

We can also define a mass fraction of valorized target product
(Fyp) according to Equation 7 that describes the proportion of
target product of a synthesis plan that is actually used for its
intended purpose. This takes into account the end-of-life stage
of the life cycle of the target product where part of it will end up
as “dead waste”.

*
_ M product -M product
Fyp = IY; M
product

*

where Mpmduc
be wasted. For example, if the target product of a synthesis plan

, is the mass of target product that is destined to

is a pharmaceutical compound a certain fraction of its manufac-
ture will be used as intended by patients; however, there will be
a remaining fraction that will be destined as non-usable waste
via natural excretion by the human body and more importantly
via disposal by pharmacies when the medicine passes its recom-
mended safe expiry date. The estimation of Fyp will always rely
on significant assumptions and guesswork since there are no
proper centralized data kept for tracking end-of-life waste of
any product manufactured in the chemical industry. Hence, for
the purposes of calculating SI, estimating M;mduct is the

weakest link.
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Having described the three mass fractions related to the prove-
nance of input materials and fate of output materials, we may
now examine the energy source provenance for conducting all
heating and cooling operations involved in all reaction steps in a
synthesis plan. We define a total input enthalpy energy,
(IEE);p1a1, as shown in Equation 8 where it is divided into
renewable and non-renewable energy sources.

(IEE)total = (IEE)renewable + (IEE)non—renewable (8

The explicit formulation of (IEE);,; is shown in Equation 9
where it is obtained as a sum of all energy consumptions as a
result of heating and cooling over all input materials used in a
synthesis plan above or below a reference state representing the
ambient temperature and pressure conditions of 298 K and
1 atm, respectively. Temperature deviations are governed by
temperature dependent heat capacity relationships for each
substance, and pressure deviations are governed by volume-
temperature relationships according to some specified equation
of state. In practice, the contribution to IEE from temperature
deviations far exceeds that from pressure deviations for reac-
tion pressures below 100 atm. In cases where the reaction pres-
sure exceeds 100 atm, the Redlich-Kwong equation of state
formalism [14] was used in this work for computing IEE values.

total inputs

UEE)q = Y, (EE);=

J=1
Tyxn 0
ov
total inputs ,[ Cp,j(T)dl+f|:V—T(aT] } dp )
Z moles ; 298 1 P Ir=298
. Prxn o
J=1 + ] V—T(—j dp
0 oT »lror

rxn

Similar to the mass fractions defined in Equations 5-7, we can
define an analogous input enthalpic energy fraction arising from
renewable energy sources (Fgg) as shown in Equation 10. This
definition is similar to renewability index proposed earlier [15].

_ (IEE)renewable

RE — 10
(IEE)total {10

In the present formalism we define the following energy
sources as renewable: hydroelectric, solar, wind, geothermal,
and biofuels; and the following energy sources as non-renew-
able: coal, other fossil-fuels such as petroleum and natural gas,
and nuclear. Furthermore, following recently published energy
mix data [16,17] we set Fgg = 0.35 for all synthesis plans that
were published on or after the year 2000 and Fgg = O for all
synthesis plans that were published before 2000. We chose the
year 2000 as an arbitrary boundary time frame since it marked
the beginning of the 21st century when ideas of sustainability

Beilstein J. Org. Chem. 2020, 16, 2346—-2362.

began to take root in the general societal consciousness.

Taking into account the four fractional values Fy;, Fyo, Fyp,
and Frg we can define an overall sustainability index (SI)
which is the root-mean-square average of these four fractional
quantities as shown in Equation 11.

\/(Fw )2+ (Fyo) +(Fyp)® +(Fre)’

7

:%\/(FVI)z +(Fyo)* +(Fyp)* + (Frg)?

SI =

11

Since each of these fractions has values ranging between 0 and
1, then the magnitude of SI will also have a value ranging be-
tween O and 1. This mathematical formalism conveniently
allows the writing down of a quantitative definition of sustain-
ability applicable to synthesis plans. A given synthesis plan can
therefore be said to be completely “sustainable” if the following
conditions are satisfied: Fy; =1, Fypo =1, Fyp=1, Frg =1, and
SI = 1. Conversely, a given synthesis plan can be said to be
completely “unsustainable”, if the following conditions are
satisfied: Fy; =0, Fyp =0, Fyp =0, Frg = 0, and SI = 0.

Having this new sustainability metric in hand, we can then use
it along with process mass intensity (PMI), sacrificial reagent
(SR) consumption, input enthalpic energy (IEE), and Rowan
solvent greenness index (RSGI) as key attributes to rank any
kind of synthesis plan or chemical process. PMI and IEE have
already been defined in Equations 4 and 9. SR consumption
defined in Equation 12 quantifies the mass fraction of reagents
whose atoms do not contribute to the chemical structure of the
final target product of the synthesis plan. Following the concept
of atom economy [18], this attribute is important in designing
syntheses that maximize the use of all atoms in input reagents
towards the final product structure while minimizing waste
byproducts as a consequence of producing the intended interme-
diates over the course of the synthesis sequence. The RSGI [19]
given in Equation 13 is a convenient metric that is used to
quantify the relative environmental, toxicological, and safety-
hazard impacts of solvents used in reaction, work-up, and
purification procedures. It is defined using an overall solvent
index (OSI) that scales between 0 and 12 spanning the benign
solvent water to the non-benign solvent benzene. Equation 14
and Equation 15 show the explicit dependence of OSI on
15 physical, toxicological, and hazard parameters.

Z mass sacrificial reagents

SR = (12)

z total mass reagents
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RSGI =" m;(OSI}y);

1

13)

where m; is the mass of solvent i and OSIy; is defined as a
normalized quantity over a set of solvents as shown in Equa-
tion 14.

(14)

OSI; — OSI
(OShy); = 12(1—“‘"‘}

OSI ax — OSI in

where OSI,in and OSI,,x are the minimum and maximum
values of OSI for a set of solvents and OS]; for a given solvent i
is given by Equation 15.

OSI; =2 (MOEL,i +Mpsoi +Mpcso, ) +Mewp;

+Mgep;+Moppi+Mpp;i+Mpcp; +Mpgg ; as)
+Ms0il,i + Mha[f life,i + Maqua,i + Mprhmse,i

+Mgp ;i +Mpp,

where the metric parameters (M) cover occupational exposure
limit (OEL, ppm), LDs( (ingestion toxicity, mg/kg), LCsq
(inhalation toxicity, g m™ for 4 h), global warming potential
(GWP, unitless), smog formation potential (SFP, unitless),
ozone depletion potential (ODP, unitless), acidity-basicity
potential (ABP, unitless), bioconcentration potential (BCP, unit-
less), persistence potential (PER, unitless), soil sorption coeffi-
cient (soil, K,), half-life of solvent in environment (half-life,
h), aquatic toxicity to fish (aqua, mg/L for 96 h), Q-phrase
potential (Q-phrase, unitless), skin dose (SD, mg), and flash
point (FP, degrees K). Table 1 shows a revised and expanded
formatted listing of normalized OSI values for various solvents
used in the chemical industry.

In our past work [20] describing a presentation of a “standard-
ized process green synthesis report” for chemical syntheses of
pharmaceutical compounds we were able to demonstrate the
Borda count [21-24] and poset (partially ordered set) pairwise
dominance [25] ranking algorithms based on the four attributes
PMI, SR, IEE, and RSGI. In the present work, we can now add
SI as a fifth key attribute as part of those ranking algorithm
analyses which takes into account sustainability potential as
well as material and energy consumption and environmental
and safety-hazard impacts. In order to demonstrate these ideas,
we chose to examine 22 academic and industrial synthesis plans
for the manufacture of 1 kg of vanillin since this high
commodity flavour chemical is ideally suited to the present in-
vestigation owing to its varied methods of synthesis spanning

classical chemical synthesis, biofermentation, and solvent ex-
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Table 1: Revised summary of overall solvent index (OS]) for various
organic solvents used in the pharmaceutical industry.

0Sl12

12.000
10.597
10.350
10.150
10.130
10.077
9.885
9.774
9.773
9.703
9.677
9.653
9.324
9.048
8.879
8.777
8.534
8.451
8.421
8.365
8.309
8.090
8.016
7.985
7.927
7.875
7.852
7.734
7.727
7.647
7.603
7.597
7.592
7.429
7.425
7.402
7.365
7.323
7.278
7.129
7.074
6.966
6.952
6.732
6.719
6.706
6.644
6.547
6.505

solvent

benzene
chlorobenzene
aniline

toluene

nitrobenzene

pyridine

triethylamine
o-xylene

p-xylene

m-xylene
1,2-dichlorobenzene
1,2-dichloroethane
formaldehyde
n-hexane
methylcyclohexane
cyclohexane
2-methyltetrahydrofuran
carbon tetrachloride
diethyl ether
dimethylacetamide
acetic anhydride
chloroform

carbon disulfide
tetrahydrofuran
acetic acid
tert-butanol
cyclopentyl methyl ether
petroleum ether
1,4-dioxane

isopropyl acetate
acetonitrile

ethyl acetate
p-N,N-dimethyltoluidine
n-heptane
trifluorotoluene
dimethylformamide
methyl tert-butyl ether
hexamethylphosphoric triamide
methyl ethyl ketone
dichloromethane
acetone

1-heptanol

1-propanol

methyl propionate
isopropanol
trichloroethylene
n-butanol
nitromethane
n-pentane
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Table 1: Revised summary of overall solvent index (OSlI) for various
organic solvents used in the pharmaceutical industry. (continued)

6.108 methyl formate

5.905 methyl acetate

5.859 ethylene glycol monomethyl ether
5.772 isoamyl alcohol

5.672 amyl acetate

5.620 isoamyl acetate
5.593 sec-butanol

5.495 N-methylpyrrolidinone
5.426 methanol

5.360 isobutyl acetate
5.352 anisole

5.298 tert-amylalcohol
5.268 cyclopentanone
5.210 trifluoroacetic acid
5.110 isopropy! ether

5.106 1-octanol

4.773 ethanol

4.751 ethylene glycol

4.538 thionyl chloride®
4.535 dimethoxymethane
4.474 isooctane

4.224 dimethyl carbonate
4.182 glycol diacetate
3.908 diglyme

3.795 sulfolane

3.679 sCO2

3.266 ethylene glycol dimethyl ether
3.250 triethylene glycol monomethyl ether
3.027 propylene carbonate
2.803 dimethyl sulfoxide
2.485 propylene glycol
2.233 dimethylisosorbide
0.000 water

aUnderlined entries indicate benign performance (OS/y2 < 5); italicized
entries indicate intermediate performance (5 < OS/42 < 8); and bold-
formatted entries indicate worst performance (OS/4» > 8). PMissing
LCsg (oral), LD5g (inhalation), and aquatic toxicity data; used as a dual
reagent and solvent in industrial syntheses of acid chlorides from
carboxylic acids.

traction procedures from the natural source vanilla beans. We
chose these particular examples from the literature since they
had the most detailed experimental procedures from which the
set of discussed metrics could be reliably determined and then
ranked. Figure S1 found in Part 1 of Supporting Information
File 1 shows all of the schemes pertaining to the 22 synthesis
plans listed in alphabetical order along with temperature and
pressure conditions for each reaction step. Table 2 summarizes
the same alphabetized list showing the plan codes, starting ma-
terials used, and type of chemical process employed. Four plans

involved biofermentation from p-glucose, ferulic acid, or
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isoeugenol [26-30]; five plans involved chemical synthesis from
wood-derived starting materials (lignosulfonic acid liquor or
sawdust) [31-37]; seven plans involved chemical synthesis from
either fossil-fuel or natural product-derived starting materials
(guaiacol, eugenol, isoeugenol, and 4-hydroxybenzaldehyde)
[38-43]; and five plans involved solvent extraction procedures
either by percolation, Soxhlet, or supercritical fluid methods
using cured vanilla beans that were either whole or were cut up

as starting material [44-46].

Results and Discussion

Sustainability of vanillin plans

The exercise of partitioning input materials according to their
provenance and output materials according to their fate is
extremely challenging because it requires a completely trans-
parent knowledge and access to the entire network supply and
end-of-life chains that constitute the chemical industry enter-
prise. In practice, when reading experimental sections in journal
publications and patents, one has limited or no access to such
background knowledge even though authors may disclose the
names of chemical suppliers of the starting materials they used
in their own work. It is a fair comment to say that authors them-
selves may not know or care to know the chain of supply of
those starting materials so long as they have them in hand in a
sufficiently pure condition to carry out their own research
agenda. In any event, the task of estimating a quantitative
measure of sustainability of any given synthesis plan according
to the formalism of Equation 11 will require significant assump-
tions to be made. For the purpose of our work, which is meant
to be illustrative only in the numerical methods employed, we
implemented the following assumptions in the calculation of SI

for all 22 plans of vanillin:

(1) If ethanol is used as an input material then 10% of it was
assumed to originate from renewable sources (i.e., biomass), if
the publication is dated after 1990 since that is the approximate
time frame when biofuels were made widely available in the
market.

(2) Water was considered a renewable input material due to the
circulating global hydrological cycle.

(3) Mineral salts, metal-derived catalysts, and all non-aqueous
and non-biologically derived materials from fossil fuels or ores
were considered non-renewable inputs since their rate of
renewal occur on geological time scales that are several orders
of magnitude longer than organism time scales.

(4) Lignosulfonic acid liquor and sawdust were considered

renewable inputs since they ultimately originate from trees.

Ferulic acid and p-glucose were considered renewable inputs
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Table 2: Summary of plan codes, starting materials, and process types for 22 synthesis plans of vanillin.

Alphabetized list of vanillin synthesis plans plan code
Borregaard synthesis pi
Collins chemical p2
Eilks Pt 1 p3
Eilks Pt 2 p4
Faith p5
Frost p6
Givaudan—Roure p7
Haarmann and Reimer p8
Hibbert p9
Ji p10
Lampman pil
Lesage—Meesen pi2
Mayer p13
Mexican group SFE pl4
Mottern p15
Ontario Paper Co. p16
percolation extraction cut pl17
percolation extraction whole p18
Sorensen—Mehlum p19
Soxhlet extraction cut p20
Soxhlet extraction ground p21
Taber p22

since they originate from sugar beet biomass [47] and other
cellulosic biomass feedstocks, respectively. Isoeugenol and
eugenol were chosen to originate from the natural product
clover oil since 80% by weight of this essential oil is eugenol
[48], and isoeugenol is directly obtained from eugenol by base-
catalyzed isomerization.

(5) Oxygen from air was considered a renewable input for the
oxidation of lignosulfonic acid liquors since it is produced as a
natural waste byproduct of photosynthesis.

(6) Spent vanilla beans were considered reusable waste since

they can be composted into biomass.

(7) Supercritical carbon dioxide was considered reusable waste
since it can be recycled in the same solvent extraction process

via continuous pressurization and depressurization cycles.

(8) A renewable energy source contribution of 35% (Fgrg =
0.35) was assigned, if the publication is dated on or after the
year 2000 for reasons discussed earlier.

(9) Since vanillin is mainly used as a food flavouring agent,

70% of it was assumed to be actually used in the food industry

starting material

lignosulfonic acid liquor
isoeugenol

isoeugenol

isoeugenol
lignosulfonic acid liquor
p-glucose

ferulic acid

isoeugenol
lignosulfonic acid liquor
guaiacol

sawdust

ferulic acid

eugenol

cured vanilla pods
guaiacol

lignosulfonic acid liquor
cured vanilla pods
cured vanilla pods
sawdust

cured vanilla pods

process

chemical synthesis
chemical synthesis
chemical synthesis
chemical synthesis
chemical synthesis
biofermentation
biofermentation
biofermentation
chemical synthesis
chemical synthesis
chemical synthesis
biofermentation
chemical synthesis
solvent extraction
chemical synthesis
chemical synthesis
solvent extraction
solvent extraction
chemical synthesis
solvent extraction

solvent extraction
chemical synthesis

cured vanilla pods
4-hydroxybenzaldehyde

(Fyp =0.7) and 30% of it will end up as part of the food waste
stream which mirrors recent statistics [49-53] that assert that
about a third of all foodstuffs produced will end up wasted
along supply chains and by end-of-use consumers.

In order to facilitate computation of SI an Excel-based calcu-
lator was developed that can be used for any synthesis plan
once all inputs and outputs are identified (see Supporting Infor-
mation File 2). Firstly, for a given synthesis plan, all scaled
masses of input and output materials are entered for the produc-
tion of 1 kg of vanillin. Scaled mass data for each plan are
found in Part 2 of Supporting Information File 1. Secondly,
valorized input and output materials are selected according to
the assumptions listed above. Finally, Fgp is set to 0.35 or 0 for
plans published after or before the year 2000, respectively and
Fyp is set at 0.7. Figure 1 shows radial diamond diagrams
depicting the four fractions for the leading eight most sustain-
able plans representing biofermentation and solvent extraction
methods. The main reason for their high SI scores is the
combined high values of Fy; and Fyg close to unity in each
case. For the solvent extraction procedures low values of Fy;
are found if the mass ratio of solvent to vanilla bean is very
high as is the case for the percolation extraction cut, Soxhlet ex-

traction cut, and Mexican group SFE plans. For the case of
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Figure 1: Radial diamond diagrams illustrating the sustainability index (Sl) computed based on Fy;, Fyo, Fyp, and Fge for the top eight scoring vanillin

synthesis plans.
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supercritical carbon dioxide used as an extraction solvent, the
main drawback is that industrial carbon dioxide is classified as
originating from a non-renewable mineral resource (mainly
calcium carbonate) and that the mass ratio of sCO, solvent to
vanilla beans is 435:1. Synthesis plans based on chemical syn-
theses from lignosulfonic acid liquor, guaiacol, eugenol and
isoeugenol have Fy values of 0 since none of their solvent and
waste byproducts are reuseable. However, Fy; values for these
syntheses range between 0 (Eilks — Pt 2) and 0.898 (Borre-
gaard) with an average value of 0.414 over 14 plans. With
respect to renewable energy sources, only nine out of the
22 plans were assigned a value of 0.35 for Fgg since their publi-
cations appeared on or after the year 2000.

Table 3 summarizes numerical results of the 5 attributes PMI,
SR, IEE, RSGI, and SI for all 22 synthesis plans of vanillin.
From this list we observe that chemical syntheses tend to have
lower PMI values and biofermentation and solvent extraction
methods tend to have higher PMI values due to higher solvent
consumption in the latter group. Ten out of the 22 plans had SR
values of 0 and the rest of the plans had higher values in the
range 1.2 to 92, except for the Eilks — Pt 1 and Lampman plans
that used isoeugenol and sawdust, respectively, as starting mate-
rials. With respect to energy consumption, the two percolation

Beilstein J. Org. Chem. 2020, 16, 2346—-2362.

extraction procedures using cut or whole cured vanilla beans
with no heating of solvents had the lowest IEE value of 0. The
other plans had significant energy demands for various reasons.
The methods starting from lignosulfonic acid liquors were con-
ducted under elevated temperature and pressure conditions of
200 °C and 100 atm. The SFE method using a high amount of
sCO, required pressurization conditions of about 200 atm. The
biofermentation methods, though they were conducted under bi-
ologically ambient conditions of 37 °C and 1 atm, had high IEE
values as a result of the high mass of aqueous nutrient broths re-
quired for their operation relative to the small mass of starting
materials. For example, the most sustainable Lesage—Meesen
plan with the highest SI value of 0.8072 had an IEE value of
939,475 kJ/kg owing to the 1254:1 combined aqueous nutrient
medium-to-substrate ratio. With respect to solvent impacts, the
Givaudan—Roure, Lesage-Meesen, and Haarmann and Reimer
biofermentation procedures had RSGI values of 0. The only
other plan with a zero solvent impact was the improved ligno-
sulfonate method of Borregaard carried out in aqueous solution.
The traditional chemical synthesis methods had more of a sol-
vent impact due to the use of the following solvents listed in
descending order of impact according to OSI values given in
Table 1: benzene (12.000), aniline (10.350), toluene (10.150),
nitrobenzene (10.130), cyclohexane (8.777), diethyl ether

Table 3: Summary of computed values for five attributes for 22 synthesis plans of vanillin.

Alphabetized list of vanillin

synthesis plans PMI (kg/kg)
Borregaard synthesis 84
Collins chemical 38
Eilks Pt 1 1712
Eilks Pt 2 147
Faith 50
Frost 15973
Givaudan—Roure 21
Haarmann and Reimer 1159
Hibbert 803
Ji 3843
Lampman 32540
Lesage—Meesen 19434
Mayer 26
Mexican group SFE 7513
Mottern 125
Ontario Paper Co. 730
percolation extraction cut 831
percolation extraction whole 1028
Sorensen—Mehlum 563
Soxhlet extraction cut 582
Soxhlet extraction ground 5332
Taber 1943

SR (kg/kg) IEE (kJ/kg) RSGI (kg/kg) sl
8.6 169046 0 05756
1.2 50440 38 0.4603

341 17309 4492  0.4866
0 2881 673  0.3907

0 29286 6 04519

92 578763 16369  0.6725

0 795 0 05956

0 9388 0 07762

71 1005329 3768  0.4207
45 325200 24670  0.3914
9845 2398980 112106  0.3676
30 939475 0 08072
10 20989 163 0.3704

0 1678005 27578  0.6345

0 2181 277  0.4551
32,5 688521 2101 0.4689
0 0 3727  0.6391

0 0 1579 0.7272
295 653838 1952 0.4171
0 50219 2644  0.6385

0 676694 16828 0.4246
1.4 28138 12327  0.3946
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(8.421), acetic anhydride (8.309), petroleum ether (7.734), ethyl
acetate (7.597), N,N-dimethyltoluidine (7.592), methyl tert-
butyl ether (7.365), dichloromethane (7.129), methanol (5.426),
and ethanol (4.773). The Lampman plan had the highest overall
RSGI value of 112,106 kg/kg vanillin due to the high masses of
impactful solvents employed to obtain 1 kg of vanillin product,
namely, nitrobenzene, diethyl ether, and cyclohexane.

Ranking of vanillin plans

Once numerical values of PMI, SR, IEE, RSGI, and SI are
available for a given set of synthesis plans to a common target
product, it is possible to use some kind of ranking algorithm to
identify which ones have the highest overall performances
based on these five attributes. From our previous work [20] we
compared and contrasted the Borda positional counting method
[21-24], established in 1781 by Jean-Charles de Borda
(1733-1799), and the poset pairwise dominance analysis
method [25] on 6 synthesis plans for the pharmaceutical apix-
aban. In implementing the Borda count method we first list the
plans in ascending order of PMI, SR, IEE, and RSGI so that
plans having the lowest values for these attributes are ranked
highest; and we list the plans in descending order of SI so that
plans having the highest values of SI are ranked highest. Since

Table 4: Summary of Borda count results for 22 synthesis plans of vanillin.2

Alphabetized list of vanillin PMI points SR points
synthesis plans

Borregaard synthesis 18 19
Collins chemical 19 21
Eilks Pt 1 8 11
Eilks Pt 2 16 22
Faith 20 22
Frost 3 12
Givaudan—Roure 22 22
Haarmann and Reimer 9 22
Hibbert 12 13
Ji 6 14
Lampman 1 10
Lesage—Meesen 2 16
Mayer 21 18
Mexican group SFE 4 22
Mottern 17 22
Ontario Paper Co. 13 15
percolation extraction cut 11 22
percolation extraction whole 10 22
Sorensen—Mehlum 15 17
Soxhlet extraction cut 14 22
Soxhlet extraction ground 5 22
Taber 7 20

Beilstein J. Org. Chem. 2020, 16, 2346—-2362.

in this analysis there are 22 vanillin plans to consider the top
ranking plan in any given list is assigned a point value of 22 and
the lowest ranking plan is assigned a point value of 1 with all
other plans having intermediate points accordingly. The
maximum Borda count score corresponds to the number of
plans considered in the set. In cases of plans having the same
numerical values for a given attribute, they are assigned the
same Borda count score. For example, for the SR attribute there
are 10 plans that have an SR value of 0. Hence, each of them is
assigned a Borda count score of 22 and the following lower
ranking plans are successively given lower values in descending
order. In this case the lowest ranking SR plan is given a Borda
count score of 10. Once all Borda count scores are determined
for all plans for each attribute, the scores for each plan are
added up and these summed scores are ranked from highest to
lowest. Table 4 shows the net results of the Borda count method
implemented on all 22 synthesis plans for vanillin considered.
Part 3 of Supporting Information File 1 contains all of the
Borda count data. We observe that the Givaudan—Roure (102)
and Haarmann and Reimer (92) biofermentation routes have the
highest overall ranking across the 5 attributes according to the
Borda count method followed closely by the percolation extrac-
tion of whole vanilla beans (90), Faith synthesis from lignosul-

|IEE points RSGl points Sl points overall Borda
count

11 22 14 84
12 20 11 83
17 10 13 59
19 17 3 77
15 21 9 87
9 8 19 51

21 22 15 102
18 22 21 92
4 11 7 47
10 6 4 40
2 4 1 18
5 22 22 67
16 19 2 76
3 5 16 50
20 18 10 87
7 14 12 61

22 12 18 85
22 16 20 90
8 15 6 61

13 13 17 79
6 7 8 48
14 9 5 55

8Entries highlighted in bold represent the highest scores in each of the 5 attribute categories.
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fonic acid liquor (87), and Mottern four-step chemical synthe-
sis from guaiacol (87). The lowest ranking plan was found to be
the Lampman synthesis from sawdust, which had the highest
overall process mass intensity (PMI = 32,540 kg/kg),
second highest energy consumption requirements
(IEE = 2,398,980 kJ/kg), fourth-highest solvent impact ranking
(RSGI = 112,106 kg/kg), and lowest sustainability index value
(SI=0.3676).

In implementing the poset pairwise dominance algorithm we
determine the number of pairwise attributes and the number of
pairwise plan comparisons for each pairwise attribute in order
to determine the overall size of the ranking exercise. Since there
are 5 attributes the number of pairwise attribute comparisons is
C(5,2) = 5!/((5 = 2)! 2!) = 10. The explicit list is as follows:
PMI versus SR, PMI versus IEE, PMI versus RSGI, PMI versus
SI, SR versus IEE, SR versus RSGI, SR versus SI, IEE versus
RSGI, IEE versus SI, and RSGI versus SI. Since there are
22 synthesis plans for vanillin the number of pairwise plan com-
parisons is C(22,2) = 22!/((22 — 2)! 2!) = 231. Hence, there are
overall 10 x 231 = 2310 pairwise comparisons that need to be
made in the entire poset analysis. In general, a complete poset
analysis on K synthesis plans to a common target product based
on m attributes will require C(K, 2)*C(m, 2) = (K!/(K — 2)!
21)-(m!/(m — 2)! 2!) pairwise comparisons. For a given pairwise
plan comparison for a pair of attributes there are two possible
outcomes: (a) a comparable pair in which plan A dominates
plan B for both attributes X and Y; and (b) an incomparable pair
in which plan A dominates plan B for attribute X and plan B
dominates plan A for attribute Y. For facile visual display of the
results upper triangular 22 X 22 matrices are constructed

showing green-coloured entries for comparable pairs and red-
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coloured entries for incomparable pairs. When a comparable
pair for a given pairwise attribute comparison is found the
dominant plan is identified. This sequence of steps is repeated
for each pairwise attribute comparison and then the number of
dominant occurrences for each plan are tallied up. Part 4 of
Supporting Information File 1 summarizes the ten 22 x 22
matrices and the number of dominances for each plan for each
pairwise attribute comparison. Supporting Information File 3
contains an Excel template file that facilitates carrying out the
tedious task of pairwise comparisons involved in the poset anal-
ysis, particularly when the number of synthesis plans under
consideration is large. Table 5 summarizes the main results of
the poset dominance analysis for all vanillin plans considered.
We observe that plans p7 (Givaudan—Roure), p8 (Haarmann
and Reimer), and p18 (percolation extraction whole vanilla
beans) have the highest number of pairwise dominances of 145,
105, and 101, respectively. Plans p11 (Lampman synthesis from
sawdust), p10 (Ji synthesis from guaiacol), p14 (Mexican group
SFE), p9 (Hibbert synthesis from lignosulfonic acid liquor), p21
(Soxhlet extraction from ground vanilla beans), and p6 (Frost
biofermentation from p-glucose) have the fewest number of
dominances of 0, 18, 23, 27, 28, and 29, respectively. Table 6
and Table 7 summarize the results of the two ranking algo-
rithms. Both methods identify the same set of overall best plans
and overall worst plans with 11 out of the 22 plans having
exactly the same ranking. With respect to plans having differ-
ent ranking orders we find that 5 out of 22 plans have +/- 1
rank positional change, 5 out of 22 plans have +/— 2 rank posi-
tional change, and 1 plan out of 22 having a +/- 3 rank posi-
tional change. Overall, the faster Borda count method is able to
quickly identify the top and bottom performing plans with

certainty. The more tedious poset pairwise dominance analysis

Table 5: Summary of pairwise poset dominance analysis for 22 synthesis plans of vanillin based on 5 attribute categories.?

pairwise number of dominances
attribute

comparison pl1 p2 p3 p4d p5 p6 p7

PMI vs SR 8 10 1 9 10 1 12 6 3 2
PMI vs IEE 9 10 7 13 11 8 19 2 3 5
PMIvs RSGI 17 16 5 12 15 1 21 8 7 2
PMl vs SI i0 9 4 1 7 1 14 7 3 1
SR vs IEE 7 8 112 9 1 12 12 A1 3
SR vs RSGI 8 9 1 9 9 1 11 11 3 1
SR vs Sl 7 5 1 2 7 2 10 11 A1 1
IEE vs RSGI 9 8 6 11 10 3 18 15 2 1
IEE vs SI 7 510 2 5 7 14 15 A1 1
RSGl vs SI i3 8 3 1 8 4 14 18 3 1
TOTALS 95 88 39 72 91 29 145 105 27 18

p8 p9 p10 pl11 pl12 pi13 pi14 pi15 p16 p17 pl18 pl19 p20 p21 p22

0 1 8 3 9 5 6 6 7 8 3 4
0 1 14 1 9 4 9 9 6 8 3 6
0 1 15 1 14 9 7 7 11 9 2 5
0 1 1 1 7 &5 6 6 3 7 1 2
o 2 7 3 12 2 13 13 4 9 4 8
0 6 7 1 8 5§ 6 8 6 6 2 3
0 5 1 10 6 4 9 1 2 10 6 3
0 3 10 1 1 3 8 M 5 6 3 5
0 3 1 1 9 3 17 18 1 9 2 2
0 18 1 1 8 &5 7 12 3 7 2 2
0 41 65 23 93 45 88 101 48 79 28 40

aEntries highlighted in bold represent the highest dominances in each of the 10 pairwise attribute comparisons.
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Table 6: Summary of Borda count and poset dominance analysis of 22 synthesis plans for vanillin listed alphabetically.

Alphabetized list of vanillin synthesis plans

Borregaard synthesis
Collins chemical
Eilks Pt 1

Eilks Pt 2

Faith

Frost
Givaudan—Roure
Haarmann and Reimer
Hibbert

Ji

Lampman
Lesage—Meesen
Mayer

Mexican group SFE
Mottern

Ontario Paper Co.

percolation extraction cut
percolation extraction whole

Sorensen—Mehlum
Soxhlet extraction cut

Soxhlet extraction ground

Taber

plan code

p1
p2
p3
p4
p5
p6
p7
P8
P9
p10
p11
pi2
p13
p14
p15
p16
p17
p18
p19
p20
p21
p22
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Borda count

84
83
59
77
87
51
102
92
47
40
18
67
76
50
87
61
85
90
61
79
48
55

Table 7: Summary of Borda count and poset dominance rankings of 22 synthesis plans for vanillin.2®

Borda count ranking

102
92
90

87
87

85
84
83

79
77
76

67
61

61
59
55

51

plan

p7
p8
p18

p5
p15

p17
p1
p2

p20
p4
p13

p12
p16

p19
p3
p22

p6

Poset dominance ranking

145
105
101

95

93

91
88
88

79
72
65

48

45

41
40
39

29

poset dominances

95
88
39
72
91
29
145
105
27
18

41
65
23
93
45
88
101
48
79
28
40

plan

p7
p8
p18

p1
p15
p5
p2
p17

p20
p4
p13

p19
p16

pi12
p22
p3

p6
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Table 7: Summary of Borda count and poset dominance rankings of 22 synthesis plans for vanillin.2? (continued)

50 p14 28
48 p21 27
47 p9 23
40 p10 18
18 p11 0

p21
p9
pi14

p10
pt1i1

2l ine separated, italicized entries represent plans having exactly the same ranking order. PBold entries represent plans having different ranking

orders.

is more reliable in ranking the intermediate performing plans
due to its thoroughness in considering all possible pairwise plan

comparisons across all attributes considered.

Conclusion

We have introduced and demonstrated how a sustainability
index (SI) can be computed specifically for synthesis plans
based on the provenance of input materials and energy sources,
and the fate of output waste materials. Reasonable and reliable
estimates of SI based on provenance and fate of input and
output materials respectively can only be made if full disclo-
sure of both supply and disposal chains in the chemical enter-
prise exists. We note that this is a formidable challenge for the
chemical community to accept and adopt in routine practice.
We also note that the computation of SI will necessarily involve
significant assumptions to be made in determining key parame-
ters such as Fgrg and Fyp and that these assumptions, in turn,
will necessarily affect the ranking of synthesis plans. The nine
assumptions listed for the analysis of vanillin are an illustrative
example of what is entailed for the computation of SI. Other
target products will require their own set of assumptions.
Nevertheless, we believe that the protocols disclosed in this
work are easily implementable once the necessary data are
made available.

In our determination of the four fractions contributing to SI we
implemented a binary approach based on whether or not a mate-
rial or energy input arises from renewable or non-renewable
sources; and on whether or not an output material could be
recycled or reused. Specific rates of depletion versus renewal of
a resource applied to inputs and specific rates of reusability
versus accumulation of outputs require a complete macroscopic
knowledge and connectivity of all elements pertaining to the
network of all chemical processes involved in a given synthesis
plan. At this time reliable estimates of these rates are not readily
available to the average practicing chemist or chemical engi-
neer in established open-access data collection databases for all
commodity material resources, and so this significant limitation
prevents estimation of time analyses pertaining to how long a

given resource may exist under a so-called “sustainability

condition”. For first generation chemical feedstocks arising
from fossil fuels, the rate of finding new reserves of fossil fuel
may be used as a rate of “renewal” rather than the geological
rate of renewal which is several orders of magnitude lower. In
any case, rates of finding new reserves of fossil fuels or miner-
al deposits depend on knowledge of counting existing reserves,
which necessarily requires reliable databases that constantly
track data annually. Such tracking is not always in industry’s
best interest to disclose such information publicly for economic
and political reasons. For example, providing inaccurate or
incomplete information to governments and investors can
leverage control of prices of crude oil, natural gas, and metals;
whereas, disclosing accurate and up-to-date information can
expose vulnerabilities among governments and investors that

can be taken advantage of.

Furthermore, deciding where to terminate a chain of resources,
i.e., which material to designate as the “starting material” for a
given synthesis plan, remains a non-resolvable dilemma. What
is known with certainty is that extending a starting material
chain will necessarily amplify material consumption (PMI),
enthalpic energy inputs (IEE), and associated environmental
and safety-hazard impacts (RSGI). Hence, if the starting points
of the vanillin plans in this work are changed, particularly for
the chemical syntheses, then this will change the values of all of
these parameters and ultimately the ranking order of the plans
based on those parameters. There is also the problem of includ-
ing the syntheses of all reagents and catalysts used in each reac-
tion step involved in a given synthesis plan. Again, significant
amplification of material consumption (PMI), enthalpic energy
inputs (IEE), and associated environmental and safety-hazard
impacts (RSGI) will result. For the case of Fy; which is the ratio
of mass of valorized input to mass of total input, if we were to
include the synthesis route of a catalyst used in the main synthe-
sis chain we can envisage two case scenarios for how this will
impact the computation of Fy; where the mass of total inputs
(denominator) will obviously increase. In one case, if the mass
of inputs to make the catalyst is considered valorized, then the
numerator magnitude will also increase. Hence, the overall

value of Fyj is expected to increase which will in turn increase

2358



the value of SI. On the other hand, if the mass of inputs to make
the catalyst is considered non-valorized, then the numerator
magnitude does not change. Hence, the overall value of Fyjy is
expected to decrease which will in turn decrease the value of SI.
Similar trends apply for Fyp and Fgg. Such a scenario will have
a negative impact on chemical syntheses that primarily use non-
renewable materials, reagents, and catalysts. The net effect is to
drive down the ranking of chemical syntheses. Chemical syn-
theses have a lower likelihood of achieving moderate levels of
sustainability compared to ones based on biofeedstocks and
biofermentation processes mainly because they utilize fossil
fuel-derived materials. In any event, the task of tracing starting
materials, catalysts, and reaction solvent syntheses is very
tedious, especially for time-pressed chemists who wish to prac-
tice green chemistry. However, such a task can be significantly
alleviated if synthesis databases of first, second, and third gen-
eration feedstocks existed where all key metrics have been
worked out in advance such as PMI, SR, IEE, and RSGI. It is
then possible to tap into these databases in a cassette-like
manner and insert these synthesis chain extensions to the main
synthesis chain of interest as needed. The creation of such data-
bases requires significant investment in time and energy but
once done it is expected that they will have far-reaching utility
in the long run. An important point to keep in mind in extending
synthesis chains to first generation feedstocks of simple chemi-
cal complexity is that environmental and safety-hazard impacts
of reactants and reagents become important since reaction sol-
vent usage dramatically decreases. Reactions involving first
generation feedstocks are typically gas-phase reactions run
without any reaction solvent. However, as the synthesis chain
extends to more complex intermediates and other materials,
reaction solvent usage increases dramatically and becomes the
bulk input mass of materials used. Hence, environmental and
safety-hazard impacts of reaction solvents become important in
the pharmaceutical industry, for example.

Deciding on where to terminate a chain is a contentious issue;
however, general guidelines can be created to help direct and
facilitate decision-making in the form of a decision tree. A first
key question to ask is: “Does a plan trace to a renewable or
reclaimed starting material?”. If the answer is “yes”, then all
metrics analyses up to that renewable material need to be done.
On the other hand, if the answer is “no”, then there are three
possible options in decreasing order of thoroughness. The first
option is to trace to a non-renewable starting material that is
common to all synthesis plans compared as far as possible. The
second option, if no common starting material can be found, is
to trace to a non-renewable starting material (i) that is a first
generation feedstock such as coal, crude oil, or ores from the
earth’s crust; or (ii) whose molecular weight is less than

80 g/mol corresponding to benzene or pyridine starting materi-
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als. The third option is to trace to a “readily available” or com-
mercially available starting material. An agreed consensus be-
tween academic, industry, and government stakeholders is
needed to decide which option is most appropriate and feasible,
or to decide other options. The main criterion for tracing each
reaction step in a backwards fashion is to always choose litera-
ture examples with the least PMI, highest yields and atom
economies, and least environmental-safety hazard impacts. As
one goes towards virgin materials energy demands and hazard
impacts generally increase. All synthesis plans should be com-
pared in the same way to avoid biased ranking. For example, if
reagents and catalysts are not traced further back, then this is
done for all plans considered to a given target product. On the
other hand, if they are traced back to earlier materials then this
should be done for all plans. A key problem is that ranking po-
sitions can be arbitrarily selected for a given set of synthesis
plans to a common target product simply by selecting the cut-
off chain of starting materials. Hence, the computation of SI and
subsequent ranking are most vulnerable to the apparent arbi-
trary choice of starting material cut-offs in the analyses. Trans-
portation costs for getting starting materials to the manufac-
turing site also contribute to input energy; however, for the case
of simplicity we have not considered these in the present analy-
sis.

Based on the above challenges and limitations discussed above,
we believe that our choice of starting materials used to carry out
our metric analyses for all synthesis plans of vanillin consid-
ered as shown in Figure S1 (Supporting Information File 1) are
reasonable and lead to fair ranking comparisons. We have also
shown how synthesis plans may be compared and ranked using
Borda count and poset pairwise dominance algorithms accord-
ing to the following attributes: process mass intensity (PMI),
sacrificial reagent consumption (SR), input enthalpy energy
consumption (IEE), Rowan solvent greenness index (RSGI),
and sustainability index (SI). The Borda count method is found
to be adequate for rapid identification of best and worst plans
in a given set of synthesis plans, whereas, the more detailed
poset pairwise dominance analysis is appropriate for obtaining a
precise ranking of intermediate performing plans. Application
of these ranking methods to 22 synthesis plans for vanillin
indicated that biofermentation processes from ferulic
acid and isoeugenol starting materials were best performers
overall followed closely by percolation solvent extraction pro-
cesses from whole or cut cured vanilla beans. Chemical synthe-
ses of vanillin from lignosulfonic acid liquors or guaiacol were
surprisingly competitive when analyzed according to all of the
5 comparative attributes; however, they ranked low with respect
to the sustainability index alone. The most sustainable pro-
cesses were biofermentations and percolation solvent extrac-

tions.
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Table 8: Abbreviations

Abbreviation  Explanation

ABP acidification-basification potential
aqua aquatic toxicity, mg/L for 96 h

BCP bioconcentration potential, unitless

Fy mass fraction of valorized inputs

Fnvi mass fraction of non-valorized inputs

Fvo mass fraction of valorized outputs

Fnvo mass fraction of non-valorized outputs

Fre input enthalpic energy fraction arising from
renewable energy sources

Fyp mass fraction of valorized target product

FP flash point, degrees K

GWP global warming potential, unitless

IEE input enthalpic energy, kJ per kg product

K number of synthesis plans to a common
target product

LCso lethal concentration required to kill 50% of
population, g/m3 for 4 h

LDsg lethal dose required to kill 50% of population,
mg/kg body weight

m number of attributes used in a ranking
algorithm

M metric

My, mass of valorized or renewably sourced
inputs

My mass of non-valorized or non-renewably
sourced inputs

Mproduct mass of target product produced in a
synthesis plan

M'product mass of target product that is destined to be
waste after its intended use

ODP ozone depletion potential, unitless

OEL occupational exposure limit, ppm

osl/ overall solvent index

PER persistence potential, unitless

PMI process mass intensity, kg total inputs per kg
product

Q quotient referring to risk phrases, unitless

r rank number for a plan

RE renewable energy

RSGI Rowan solvent greenness index, kg per kg
product

SD skin dose, mg

SFE supercritical fluid extraction

SFP smog forming potential, unitless

Sl sustainability index, dimensionless

SR sacrificial reagents

Wyo mass of waste of valorized or reusable
outputs

Wnvo mass of waste of non-valorized outputs

Wiotal total mass of waste produced in a synthesis

plan
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Supporting Information

Supporting Information File 1

Figure S1 comprising 22 vanillin synthesis plans, data for
vanillin synthesis plans on production of 1 kg vanillin,
Borda count results, and Poset analysis.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-196-S1.pdf]

Supporting Information File 2

Excel file of sustainability index (SI) calculator.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-196-S2.xls]

Supporting Information File 3

Excel template file for carrying out poset pairwise
dominance analysis.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-196-S3 xls]
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In this report, chitin and chitosan nanocrystals were used as biomass-based supports for Pd nanoparticles (NPs) used as a heterogen-

eous catalyst for the Heck coupling reaction. By using a one-pot fabrication method, a Pd salt precursor was directly reduced and

deposited onto these nanocrystal catalysts. Characterization of these nanocomposites showed disperse Pd NPs on the surfaces of the

chitinous nanocrystals. Heck coupling model reactions revealed full product yield in relatively benign conditions, outcompeting the

use of other catalysts supported on biomass-based nanomaterials, including cellulose nanocrystals. These initial results show the

potential for using chitinous nanomaterials as effective catalyst supports in cross-coupling reactions.

Introduction

Over the past decades, biomass-based nanomaterials have
become a highly prevalent topic of research owing to their
sustainability, bioavailability, unique structural and morpholog-
ical characteristics [1]. Particularly dominant in this field are
cellulose nanocrystals (CNCs), which are rod-like nanocrystal-
lites liberated from lignocellulosic biomass under acid hydroly-
sis conditions [2]. A spectrum of applications have been investi-

gated over the years for this sustainable bio-nanomaterial in-

cluding drug delivery [3], food packaging [4], environmental
remediation [5], and catalysis [6]. With their high solubility and
presence of functionalities such as hydroxy groups, sulfate half-
esters, and carboxylates, CNCs are able to stabilize highly
disperse metal nanoparticles (NPs), which can act as heterogen-
eous catalysts for a wide array of organic transformations [7-9].
Furthermore, the chiral nature of polysaccharides has also been

used as a tool for enantioselective catalysis such as carbonyl
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hydrogenations and amino acid hydrolysis, proving the unique
ability of these biomass-based supports [10,11].

Chitin is another type of biomass feedstock that has attracted
similar attention to cellulose. Found primarily in squid, insects,
fungi, and the shells of crustaceans (shrimp, crab, and lobster),
chitin is the second-most abundant biopolymer after cellulose,
with an annual availability of over 6 million tons from crus-
tacean shell waste alone [12]. With shell waste being often
discarded back into the sea or in landfills, it is imperative that
downstream applications be developed such that environmental
concerns and disposal costs for this neglected resource are
reduced through the creation of bio-based sustainable technolo-
gies [13]. In this manner, strategies for fabricating CNCs have
been adapted for chitin nanocrystals (ChNCs). From the
seminal discovery of ChNCs by Marchessault in 1959 [14],
much work has been done to improve the monodispersity, mor-
phology, and structure of this unique nanomaterial [15]. Very
recently, we have reported the use of ammonium persulfate as a
mild oxidizing agent to liberate the nanocrystallites existing
within bulk chitin to yield ChNC with carboxylate functionali-
ties [16]. Moreover, deacetylation of ChNCs in alkaline condi-
tions, in the presence of NaBHy, led to chitosan nanocrystals
(ChsNCs) with abundant amine groups.

While groups are starting to investigate the usage of chitin and

chitosan-based supports for heterogeneous catalysis, there are

still scarce investigations on using these biomaterials on the

depolymerization H

y HoN

Beilstein J. Org. Chem. 2020, 16, 2477-2483.

nanoscale, which can allow for higher accessibility of their
functionalities towards better stabilizing dispersed metal nano-
particle catalysts, along with increased solubility in aqueous
media. Very recently, we have shown that these bio-based
nanomaterials could stabilize highly disperse Au species on the
surface of these nanocrystals to create a highly active catalyst
for aromatic nitro reduction and aldehyde—amine—alkyne (A%)
coupling reactions [16]. Off this discovery, in this letter, we
further expand the scope of using both ChNCs and ChsNCs as a
catalyst support for Pd NPs to allow access towards other highly
relevant C—C bond-forming reactions. A one-pot fabrication
method is used to deposit Pd NPs directly onto both ChNCs and
ChsNCs, and the as-made heterogeneous catalysts were tested

with the Heck coupling reaction as a model for catalytic activi-

ty.

Findings

The fabrication of ChNC and ChsNCs was conducted using a
procedure previously reported by our group (Lam) (see Sup-
porting Information File 1) [16]. ChNCs were treated with am-
monium persulfate (APS) for 16 h to form disperse ChNCs after
washing. ChsNCs were made by deacetylating ChNCs in the
presence of concentrated NaOH as well as a small amount of
NaBHy4 (Scheme 1).

As seen through transmission electron microscopy (TEM) in
Figure 1, a relatively uniform distribution for both ChNCs and
ChsNCs with individual rod-like nanocrystals was observed,

HoN <

\N/‘%O deacetylation |
H HN NH,

2
)/.s

H3C H3C o
OH 0 OH Yeo| 40%NaOH o
1 o Ho AN | amaps | OF o Ho ™ 10%NaBH, | OF o nol\ |

0o 0 — >0 o F > |0 o

HO © HO © HO ©
NH 16 h, 60 °C NH O 18 h, 117 °C NH, ©O

o:< OH o=< OH OH
L CHs -n - CHs ~n - “n

bulk chitin ChNC ChsNC

Scheme 1: Pathway for the formation of ChNC and subsequently ChsNCs from bulk chitin.
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Figure 1: TEM micrographs of (a) ChNCs and (b) ChsNCs. Both samples were stained and prepared on glow-discharged C-coated Cu TEM grids.

with an average length of 231 + 38 nm for the ChNC and
159 + 34 nm for the ChsNC (Supporting Information File 1,
Figure S1). These measures were made from parts in the grid
where the nanocrystals were well separated. Larger aggregates
of the individual nanocrystals were also observed in all samples.
Glow-discharged carbon-coated TEM grids were used, along
with uranyl acetate as a negative stain in order to provide higher
contrast to the individual rods.

Further characterization of the ChNCs and ChsNCs confirmed
the structural and chemical functional properties of these nano-
materials. We turned to Fourier transform infrared (FTIR) spec-
troscopy to access the degree of deacetylation (DDA) of the
prepared materials (Supporting Information File 1, Figure S2).
The ratio of primary amine over the sum of nitrogen-containing
functionalities can be derived through the measurement of the
N-H bend and C-O stretch peaks absorbance, found at
1560 cm™! and 1030 cm™!, respectively [17]. In general, bulk
chitin has a DDA of 0-20%, while chitosan has a DDA of
>80% [18]. The fabricated ChNCs had DDA values of 5-10%,
while the ChsNCs had DDA values between 80-95%. A full
spectral assignment for all of the FTIR peaks can be found in
our recent report [16].

This transformation of the acetamide functionality into an
amine one had drastic effects on the physicochemical proper-
ties of the nanomaterials. Specifically, the deacetylation of
ChNC into ChsNC led to a decrease in crystallinity in the nano-
material. Indeed, this can be seen in the FTIR with the broad-
ening of the N—H and O-H stretches from 3000-3500 cm™!.
This was more notable in the powder X-ray diffraction (PXRD)
spectra of ChNCs and ChsNCs (Supporting Information File 1,

Figure S3) where broadening of the peaks was observed for
ChsNC as amorphization of the internal ChNC structure
occurred during the deacetylation process. ChsNCs were readily
suspendable in aqueous media and formed a transparent solu-
tion, owing to their positively charged amino functionality,
while ChNCs were less easily suspended. Zeta potential mea-
surements of —24.6 mV for ChNCs and +36.8 mV for ChsNCs
provided a rationale for these observations. With these differ-
ences between the two nanomaterials, we then explored how
they behaved as catalyst supports for Pd NPs.

A one-pot synthesis method was used to both deposit Pd salts
and reduce them into NPs onto the support material. First,
PdCl, was mixed for 15 min with either ChNC or ChsNC in an
acidic aqueous medium to form a dark yellow mixture. This
step facilitated coordination of Pd salts onto the support,
as evidenced when using CNC as support [7]. From their
synthesis involving oxidative conditions, both ChNC and
ChsNC featured carboxylate functionalities on their surface
which we expected to be good chelating functionalities for
Pd(II) (Scheme 1) [16]. For ChsNC, amines were unlikely to
play any coordinating role, since they should be fully proto-
nated under acidic conditions. Then, the mixtures were subju-
gated to 4 bar H, for 2 h at room temperature to reduce Pd(II)
into metallic Pd NPs (Scheme 2), and the reaction mixture
turned black. We also conducted a control study in the exact ex-
perimental parameters were performed on PdCl, and either
ChNC or ChsNC, but with no H, reductant. In this case, the
solution color remained yellow, indicating that using either
ChNC or ChsNC alone cannot fully reduce PdCl,. The
resulting hybrid materials are noted PANP@ChNC and
PANP@ChsNC, respectively.
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Scheme 2: Catalyst fabrication method for the deposition of Pd NPs
onto chitin (PANP@ChNC) and chitosan (PANP@ChsNC).

Dihydrogen was selected here because it is one of cleanest
reductants in this context as it will limit the production of by-
products to chloride salts, by opposition to more classic
reducing agents such as NaBHy. Prior to characterization, the
non-dried samples were purified by dialysis. The zeta potential
measurements for PANP@ChNC and PANP@ChsNCs were
—13.9 and +57.9 mV, respectively. PANP@ChsNCs were,
again, far more suspendable in aqueous solution as compared to
PANP@ChNCs. TEM micrographs of PANP@ChNC
(Figure 2a) and PANP@ChsNC (Figure 2b) confirmed com-
plete immobilization of Pd NPs onto both the ChNC and
ChsNC, with energy dispersive X-ray (EDX) spectroscopy
confirming the presence of Pd (Supporting Information File 1,
Figure S4). PANP@ChNC:s self-aggregated while drying during
the TEM sample preparation procedure, despite the use of glow
discharged TEM grids. Conversely, the PANP@ChsNCs were
dispersed owing to the higher solubility of ChsNC. Both
PANP@ChNCs and PANP@ChsNCs were imaged unstained to

Beilstein J. Org. Chem. 2020, 16, 2477-2483.

avoid any artefact in Pd imaging [19]. Dispersed “packets” of
Pd NPs were observed for both samples, with far more packets
observed for PANP@ChNC (packet diameter of 42 + 10 nm)
samples compared to PANP@ChsNC (packet diameter of
24 + 7 nm) samples for the same wt/wt loading of the PdCI, salt
to ChNC/ChsNC (initially set to 1.6 wt %). It is also noted that
the packets found in PANP@ChsNC were almost half as small
relative to PANP@ChNC. At higher magnification, these
packets are seen to be extremely small Pd NPs agglomerated
together (Supporting Information File 1, Figure S5). A similar
packet formation was observed when the wt/wt loading of
PdCl, was reduced by to 0.8 wt % to fabricate PANP@ChNC
(Supporting Information File 1, Figure S6).

X-ray photoelectron spectroscopy (XPS) was used to confirm
the oxidation state of Pd on both the support materials
(Figure 3). The experimental XPS spectra were deconvoluted
and their match with thus obtained fitted data confirmed.
Firstly, Pd on PANP@ChNC was mainly Pd(0), with the
Pd 3ds/, peak residing at 335.1 eV, along with a small shoulder
at higher binding energy indicating the presence of Pd(II)
(Figure 3a). In contrast, Pd primarily exists as Pd(II) on
PANP@ChsNC (Figure 3b), which could be attributed to three
possible reasons: 1) the presence of PdCly, 2) the oxidation of
Pd NPs into PdO, and 3) the complexation of Pd(II) by
ChsNCs. To address the first point, a survey XPS scan showed
no CI contribution to the overall atom distribution suggesting
that no PdCl, species were present in the nanocomposites. For
the second point, high-resolution XPS spectra on the O 1s scan
of both the PANP@ChNC and PANP@ChsNC samples show

Figure 2: TEM micrographs of (a) PANP@ChNCs and (b) PANP@ChsNCs. The samples were placed on glow discharged TEM grids, but unstained.
The images were taken purposefully with high contrast and large objective aperture to capture the nanocrystals.
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Figure 3: High-resolution X-ray photoelectron spectroscopy of the

Pd 3d region of (a) PANP@ChNC and (b) PANP@ChsNC. Deconvolu-
tion of the experimental peaks (grey line) of each spectrum with a fitted
(black line) leads to the Pd(0) (orange line) and Pd(ll) (blue line)
doublets.

the exact same symmetric peak, similar to that of bare ChNC
and ChsNC, indicating that no formation of a Pd—O bond is
present (Supporting Information File 1, Figure S7). A more
accurate explanation is through the third point where Pd(II) is
present on ChsNC over ChNC, an observation further validated
by TEM micrographs that showed consistently fewer metallic

Table 1: Heck coupling reaction optimization.2
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Pd NPs on ChsNC than ChNCs. This point is corroborated by
the very significant increase in zeta potential from +36.8 mV to
+57.9 mV from ChsNCs to PANPs@ChsNCs, which can only
be explained by the integration at the nanocrystals surface of
positively charged species, namely Pd(II). This resistance to
reduction was surprising and in contradiction to what we ob-
served with deposition onto CNC of Pd in the presence of Hp
[7], or Ag alone [20]. The striking difference between CNC on
one hand and ChNC/ChsNC on the other is the presence of
carboxylates on the latter. Carboxylates are expected to afford
much stronger coordination to Pd(II) than OH typically present
in CNC, and potentially prevent its full reduction.

Through FTIR (Supporting Information File 1, Figure S2) and
XRD (Supporting Information File 1, Figure S3) analysis, there
is little to no structural changes occurring in either the ChNC or
the ChsNC during catalyst fabrication. The lack of metallic Pd
peaks present in XRD is indicative of extreme broadening of the
reflections of very small Pd NPs within the packets found.

Heck coupling is a prominent reaction for arene alkenylation, as
the production of stilbene derivatives is highly relevant in areas
of research such as pharmaceuticals and materials technology
[21]. Furthermore, works in heterogeneous catalysis have
shown that the catalyst support plays a major role in the activi-
ty of transition-metal NPs such as Pd [7]. A model reaction was
performed under the conditions listed in Table 1, at 90 °C for
24 h using only PANP@ChNC at 1 mol % Pd relative to iodo-
benzene. Full product yield was achieved, and another replicate

| catalyst
+ X R
©/ ) AcNH,0 1:1 O
K,CO3

entry catalyst time (h) temperature (°C) yield?
1 PANP@ChNC 24 90 100
2 PANP@ChNC 24 70 <1
3 PANP@ChNC 6 90 35
4 PANP@ChNC® 24 90 38
5 PANP@ChNC (0.8 wt % Pd)d 24 90 52
6 PANP@ChsNC 24 90 3
7 ChNC*® 24 90 0
8 PdCl, and ChNC 24 90 43

2All reactions listed used 0.2 mmol of iodobenzene and 0.24 mmol of styrene, and a Pd loading relative to iodobenzene of 1 mol %, unless otherwise
specified. The solvent was 1:1 acetonitrile/water. PYield was determined through GC-MS with hexamethylbenzene as an internal standard (Support-
ing Information File 1, Figure S8). °Reaction done with 0.5 mol % Pd loading relative to iodobenzene. 9Reaction done with PANP@ChNC using

0.8 wt % Pd relative to ChNC, as opposed to 1.6 wt % like the standard PANP@ChNC. €Pd loading is 0 mol %.
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was done for accuracy (Table 1, entry 1). However, a decrease
in the reaction temperature to 70 °C yielded virtually no prod-
uct (Table 1, entry 2). By keeping the system at 90 °C and
shortening the time to 6 h, 35% product yield was already ob-
tained, indicating a promising reaction rate (Table 1, entry 3). If
the Pd loading was lowered to 0.5 mol %, a stark drop in the
yield was observed (Table 1, entry 4). In entry 5 (Table 1),
PANP@ChNC with a lower Pd wt % relative to ChNC was used
which yielded a lower product yield of 52% despite retention of
1 mol % loading relative to iodobenzene. The ChNC is poten-
tially hindering the ability for substrates to interact with the Pd
sites at such low wt % of Pd on the surface of the ChNC
support.

In contrast to PANP@ChNC, PANP@ChsNC showed little
product yield in the model reaction (Table 1, entry 6), which
was surprising as our previous works showed that ChsNC was
the superior catalyst support for Au-catalyzed A3 coupling reac-
tions [16]. The XPS analysis of PANP@ChsNC suggests that Pd
is complexed to ChsNC in the +2 oxidation state (Figure 3).
These results align with our previous work where ChsNCs tend
to stabilize Au in the +1 oxidation state as opposed to metallic
Au. Since the Heck coupling primarily follows a classic oxida-
tive addition/reductive elimination pathway with Pd(0) being
the active catalytic site in most cases [22], Pd(Il) would be inac-
tive towards oxidative addition of the electrophilic iodobenzene,
leading to no product formation. Importantly, even if mild
reducers were present to initiate the cycle and afford Pd(0), as is
often the case in Pd cross coupling chemistry, the fact that 4 bar
Hj pressure was not able to reduce these species is a strong in-
dication of their stability against reduction. We also tested the
controls to show that the ChNC support alone was catalytically
inactive (Table 1, entry 7). We also demonstrated that direct
mixing of PACl, with ChNC had minor catalytic effect (Table 1,
entry 8), likely because the partial reduction taking place under
these conditions was ineffective in affording the well-defined
nanoparticles we synthesized as PANPs@ChNC.

Comparisons within the literature were made with similar
Pd NP-based systems (Table S1 in Supporting Information
File 1). Firstly, it can be seen that the PANP@ChNC system
outcompetes a similar system with Pd NP on CNCs, which led
to 75% yield in 24 h and 100 °C, albeit with lower Pd loading
[7]. Further comparisons with Pd NPs on other supports such as
SiO; as reported by Jadhav et al. also suggest our system has
higher catalytic activity in more benign conditions, with the
Pd NP on SiO, system yielding 92% stilbene product at 110 °C
and using dimethylformamide as the solvent [23]. Other exam-
ples using carbon-based supports such as carbon spheres [24]
and graphene oxide [25] also have formidable yields, yet with

either very high temperatures greater than 100 °C or using
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organic solvents such as toluene. The comparison with recent
work in using chitin microspheres shows that chitin-based
supports are potentially valuable support materials, with full
product conversion in only 10 h, yet with mostly organic sol-
vents (4:1 DMF/H,0) [26].

Conclusion

ChNCs and ChsNCs were explored as sustainable supports for
immobilizing Pd NPs to fabricate heterogeneous catalysts for
the Heck coupling reaction. Through TEM and XPS analysis,
metallic Pd NPs were formed and dispersed on the surface of
the supports, while FTIR and PXRD showed little to no struc-
tural change to the biomaterials after metal deposition. Heck
coupling results demonstrate the importance of using ChNCs as
opposed to ChsNCs in order to control the redox chemistry of
Pd, with full product yield in relatively mild conditions using
PANP@ChNC.

Supporting Information

Supporting Information features experimental procedures
depicting the materials used, the syntheses of ChNC and
ChsNC, fabrication methods for PANP@ChNC and
PANP@ChsNC, the standard reaction protocol for Heck
coupling, characterization information as well as additional
characterization such as FTIR, PXRD, and supplemental
TEM images.

Supporting Information File 1
Experimental part.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-201-S1.pdf]
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A rapid route for obtaining unsymmetrical 1,2-dihydropyridines (1,2-DHPs) as opposed to 1,4-dihydropyridines (1,4-DHPs) has

been achieved via a one-pot multicomponent Hantzsch reaction. A benign protocol has been developed for the preparation of

various 1,2-dihydropyridine derivatives using heterogenized phosphotungstic acid on alumina support (40 wt %). High yields of

over 75% have been accomplished in just 2-3.5 h after screening several heterogeneous catalysts and investigating the optimal

reaction conditions. The catalyst chosen has passed the heterogeneity test and was shown to have the potential of being reused for

up to 8 consecutive cycles before having a significant loss in activity. In addition, aromatic aldehydes gave the aforementioned

regioisomer while the classical 1,4-DHPs were obtained when carrying out the reaction using aliphatic aldehydes. The preliminary

study of the antiproliferative activity against human solid tumor cells demonstrated that 1,2-DHPs could inhibit cancer cell growth

in the low micromolar range.

Introduction

A multicomponent approach towards the synthesis of the
desired product offers a number of advantages over a stepwise
method. Such advantages include the development of a design
that is: cheaper, simpler, economical, and environmentally
friendly [1,2]. Multicomponent reactions are not new to
research. The pioneer multicomponent reactions are the
Hantzsch (1882), Biginelli (1891), Mannich (1912), Passerini

(1921), and Ugi (1959) reactions [3]. The significance of such a
phenomenal approach for the synthesis of novel compounds
first began as a way of increasing the chemical libraries and
then shifted to obtaining products that are in high demand on an
industrial scale at a cheaper and more benign way [4]. Recently,
negative human impacts have been greatly witnessed as a result

of population growth, so environmentally friendly design has
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become one of the most important contributions. As a result,

such research has grown exponentially in the past decade [5,6].

The work conducted by the German chemist Arthur Hantzsch
exploded in the synthetic interest in dihydropyridines and
pyridines when the pharmacological usefulness of these com-
pounds in medicine was discovered [7]. The structural resem-
blance of these compounds to the coenzyme reduced nicotin-
amide adenine dinucleotide (NADH) sparked the potential phar-
maceutical properties, and till today, the Hantzsch synthesis is
the main route for obtaining such products, which are eventu-
ally used as active pharmaceutical ingredients in the pharma-
ceutical industry [3,8]. An analysis of the market shows that
there are over 7000 drugs derived from dihydropyridines, some
of which are blockbuster drugs, such as Tamiflu®, dioscorine,

ibogaine, and isoquinuclidines [9,10].

Classically the Hantzsch synthesis involved the condensation of
2 equivalents of the B-ketoester ethyl acetoacetate (2) with
benzaldehyde (1a) and ammonia (Scheme 1) [11]. This proce-
dure was later optimized over the years using different sub-
strates by varying the p-ketoesters and aldehydes in order to
prepare a larger array of 1,4-dihydropyridines (1,4-DHPs) [12].
In addition, further developments were made to the methodolo-
gy in order to enhance the reaction yield and also to reduce the
reaction time. Other recent developments involve reducing the
energy and waste that is produced in the reaction for a more en-
vironmentally friendly synthesis [13-16]. The source of nitrogen
has also been varied from the classical use of ammonia. The
most common nitrogen source reported in literature is ammoni-
um acetate (3). Others include the use of oxahydrazines, prima-

HT MOEt ’

1a 2 3

NH,4OAc
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ry amines, and urea. The oxidation of dihydropyridines to
pyridines has been achieved using mild oxidizing agents
[7,17,18].

One of the greatest limitations of this synthesis is however the
fact that the dihydropyridines that are obtained are usually the
1,4-symmetrical ones. This multicomponent reaction has been
thought to have one of the most complex mechanisms since
various routes might take place, and the mechanism depends
much on the identity of the substrates and the reaction condi-
tions used [18]. Cao and collaborators have managed to synthe-
size the 1,2-dihydropyridine (1,2-DHP) regioisomer as the main
product through the Hantzsch synthesis at room temperature
and solvent-free conditions, irrespective of the electronic effect
of the substituted benzaldehydes studied [19]. This was a
further improvement of the reaction since the usual regioisomer
has always been reported to be the 1,4-DHP. Cao et al. have
suggested an alternative mechanism for this route. When the
same reaction was conducted under argon, they obtained a mix-
ture of the two regioisomers (1,4-DHP/1,2-DHP 32:68), proving

further the complexity of this reaction [19].

Therefore, continuing our studies for the development and ap-
plication of environmentally friendly methodologies for multi-
component reactions [20], we attempted to find a green catalyst
that could provide a wide substrate scope for the Hantzsch syn-

thesis of 1,2-dihydropyridines in a short reaction time.
In order to achieve a green method, apart from utilizing a multi-

component reaction as a route providing a high atom economy,
heterogeneous catalysis should be used since it offers a greener

1,4-DHPs

classical EtO
Hantzsch

synthesis N
H
4a

<
th&

1,2-DHPs

Scheme 1: The classical Hantzsch synthesis between benzaldehyde (1a), ethyl acetoacetate (2), and ammonium acetate (3) as well as the synthesis

highlighted in this work.
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alternative to homogeneous catalysis and ideally a solvent-free
design to reduce the amount of solvent waste [21,22]. These
two factors will reduce the amount of hazardous chemicals by
reducing the amount of solvent in the reactor and during the
workup of the product. A solid insoluble catalyst can easily be
removed from the reaction mixture via filtration, unlike a
soluble one [23-25].

Results and Discussion

According to literature, the reaction has shown to work best and
most efficiently under acidic conditions since such conditions
enhance the selectivity. When the model reaction between
benzaldehyde (1a), ethyl acetoacetate (2), and ammonium
acetate (3, Scheme 1) was carried out in the absence of any
catalyst, it turned out to be very slow and, according to GC
chromatograms, stopped in the early stages since the peaks of
the corresponding starting materials of the model reaction
appeared. A number of acidic catalysts was then analyzed
before choosing the optimal catalyst (Table 1). The most signif-

icant result selected was based on the yield and reaction time.

The Nafion® catalysts showed the most promising results when
carrying out the screenings. These catalysts were not further
studied since they are no longer commercially available, and the
preparation requires rather extreme conditions. The four cata-
lysts chosen for further investigation according to the prelimi-
nary screenings shown in Table 1 were the activated resin
Amberlyst® 15 (Table 1, entry 6), 40 wt % PW on silica

Table 1: Screening of acidic heterogeneous catalysts.

entry@ catalyst

1 Nafion® NR-50

2 Nafion® SAC-13

3 montmorillonite K30

4 Dowex® 50W

5 Amberlyst® 15

6° activated Amberlyst® 15

7 40 wt % silicotungtstic acid on cellulose

8 40 wt % silicotungstic acid/AloO3

9 40 wt % phosphotungstic acid (PW)/SiO»

10 20 wt % silicotungstic acid/montmorillonite K10
11d 30 wt % PW/montmorillonite K30

12 40 wt % PW/AI2O3

13 40 wt % PW/acidic AloO3

14 30 wt % PW/Amberlyst® 15

15 50 wt % HzPO4/Alo03

16 30 wt % phosphomolybdic acid/Amberlyst® 15
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(Table 1, entry 9), a 30 wt % PW loading on montmorillonite
K30 clay (Table 1, entry 11), and a 40 wt % PW loading on
alumina (Table 1, entry 12).

The study on the optimal reaction conditions shed a light on the
acidity and the physical characteristics required for the reaction
to be successful; the reaction requires strong acids. In addition,
a peculiar result was obtained when analyzing the structure of
the product obtained since the less frequently reported regio-
isomer, the unsymmetrical 1,2-DHP, was being obtained in a
high yield and with a high selectivity. At this stage, further opti-
mization and reaction trials were required in order to better
understand the reaction conditions needed for the best results in
terms of yield and selectivity of this transformation. The
following investigation on each selected catalyst included
changes in the molar ratio of the reagents, in the amount of
catalyst, and in the temperature as well as the effect of the
chosen green solvents (Figure 1).

Increasing the temperature did not significantly change the reac-
tion yield or reduce the reaction time, while the presence of a
green solvent, such as water or ethanol, negatively impacted the
course of the reaction. Increasing the amount of catalyst did
have a positive effect on the reaction, however, this was ob-
served only up to a certain weight. The molar ratio of the
reagents was altered by increasing the amount of ammonium
acetate (3) in the model reaction. This again had no particularly

positive effect. Since the presence of water was shown to be

yield (%) reaction time (h)
88 5
96 5
72 45
48 55
68 55
82 5
49 6
37 6
61 6
40 6
83 25
94 3.5
85 4
80 45
74 5
43 6

aReaction carried out under neat conditions using 0.04 g/mmol of the catalyst and a 1a/2/3 1:2:1 ratio. PYield of the pure isolated product. Activation

by heating overnight at 100 °C. 91a/2/3 1:2:2 ratio.
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Figure 1: Optimization trials with the selected solid catalysts.

Table 2: Screening of different substrates.

o O O
@ﬂ\H + MOEt + NH4OAc
1 2 3
product? R
5a CgHs (1a)
5b 2-OH-CgH4 (1b)
5¢c 2,4-(OH)2-CgH3 (1c)
5d 2,4-Clp-CgH3 (1d)
5e 3-CH30-CgHy4 (1€)
5f 2-CH30-CgHy4 (11)
59 4-CH3-CgHg4 (19)
5h 4-N(CHg)2-CgHy4 (1h)
5i naphthyl (1i)
5j 2,3-(methylenedioxy)-CgHgz (1j)
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detrimental, the ammonium acetate (3) used was left to dry in a
desiccator before use.

Reaction monitoring was mostly done using thin-layer chroma-
tography (TLC) and at times also GC. These techniques showed
the occurrence of at least three intermediates before reaching
the ultimate product. No side products were observed at the end
of all reactions, which shed a light on the selectivity obtained
using the developed protocol. The results from the optimization

trials are highlighted in Figure 1.

The optimal reaction conditions chosen included room tempera-
ture, a stoichiometric molar ratio of the reactants, using 40 wt %
PW loaded on alumina under solvent-free conditions. These
conditions satisfied the green protocol we were aiming for.
Therefore, from this stage we moved onto the next one by
changing the substrates to explore the versatility of the de-
veloped method.

The selectivity was promising even for the other substrates used
(Table 2). Various substituted benzaldehydes were used, and all
gave similar results. Deviations from the model reaction
occurred in terms of the expected reaction time and yield, but
generally, the deviations from the model reaction were minimal.

Unexpectedly, when carrying out the reaction using aliphatic
aldehydes under the same conditions, a different regioisomer,
the commonly reported 1,4-DHP instead of the 1,2-DHP, was

0.2 40 wt %

—_—
PW on Al,O3

yield of 5 (%) time (h)
94 4.5
73 3.5
96 4
65 6
62 5
62 5.5
64 4.5
92 4
90 4
81 4.5

aThe reactions were performed on a 5 mmol scale under neat conditions at room temperature and in the presence of 0.04 g/mmol 40 wt % PW on

alumina at a molar ratio of 1:2:1. PPure isolated product.
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produced in the form of 4 with a high selectivity (Table 3),

which was also reported by Cao and collaborators [19].

Catalyst characterization and recyclability

The catalyst was analyzed by X-ray fluorescence (XRF) spec-
troscopy in order to ascertain the PW/Al,O3-support ratio. The
mass percentage ratio of tungsten, which is the main compo-
nent of the catalyst, and aluminium, the major element of the
support, was used to determine the percentage of PW in the en-
semble. According to the data obtained by XRF spectroscopy,
the PW loading of 38.4 wt % was concordant to the theoretical
value of 40 wt %.

When the reusability test was carried out with the model reac-
tion using the optimal catalyst, 40 wt % PW on alumina, a sub-
stantial yield loss of 13% was observed after the 8th cycle while
the required reaction time increased by 30 minutes after the 7th
cycle (Figure 2). This result confirmed the green character of
the protocol, which is what we were aiming for.

95 5.1
R RS 5

90 / 49
/ 48

85
47
/ 46

80
OISR SNNEN OBASN BNON  aNaN a5
75 44
43
70 42
1 2 3 4 5 6 7 8

I Percentage yield -Reaction time

Figure 2: Graphical representation of the results obtained in the reus-
ability test.
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Green metrics

The green character of a reaction can be approximately quanti-
fied by calculating both the E-factor and the atom economy
(AE), amongst other factors. The AE of the Hantzsch synthesis
for the model reaction involving benzaldehyde (1a, 1 mol),
ethyl acetoacetate (2, 2 mol) and ammonium acetate (3, 1 mol)
is equal to 74%:

AE = m (.product) ‘
m (starting materials)

~ 329.39 ¢
2-130.14 g +106.12 g+ 77.08 g

)]
-100% = 74.3%

In order to take the amount of waste generated by the materials
that are not directly involved in the reaction into consideration,

the E-factor was also calculated:

_ m (product) + m (catalyst)

m (catalyst) + m (starting materials)
B 1.548g+02¢g 3
02g+0.385g+0.531 g+1.301 g

@

0.72

The mass used for the calculation is that of the starting materi-
als of the model reaction and that of the catalyst used in the

general procedure.

Biological screening

The 1,4-DHP scaffold displays an extensive range of biological
activities, including reversing multidrug resistance (through the
inhibition of the P-glycoprotein) [26] and antiproliferative
effects on human cancer cell lines [27]. We wondered whether
the studied 1,2-DHPs could interfere with tumor cell growth.
Thus, we selected a small subset of 1,2-DHPs and screened
them against a panel of six human solid tumor cell lines. The

Table 3: Results obtained when using the aliphatic aldehydes 1 in the Hantzsch synthesis.

o 0O O y
294
@kH + MOEt +  NH0Ac _02940wt%
PW on Al,O3
1 2 3
product? aldehyde yield of 4 (%)P time (h)
4b cyclohexanal (1k) 82 4
4c penten-2-al (11) 79 4

aThe reactions were performed on a 5 mmol scale under neat conditions at room temperature and in the presence of 0.04 g/mmol 40 wt % PW on

alumina at a molar ratio of 1:2:1. PPure isolated product.
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results are shown in Table 4. Interestingly, the majority of the
1,2-DHPs displayed antiproliferative activity against all cell
lines, in the low micromolar range. The most active compound
was 5e, which exhibited Glsq values in the range of
2.7-5.6 pM. The results obtained are comparable to those of the
standard anticancer drug cisplatin (CDDP), which was used as
reference drug.

Conclusion

The one-pot multicomponent Hantzsch reaction for the synthe-
sis of substituted dihydropyridines was performed under green
heterogeneous and neat conditions in the presence of
0.04 g/mmol of a 40 wt % phosphotungstic acid on alumina
catalyst, which is simple, safe and environmentally benign to
prepare, fully recoverable, and reusable for up to 8 runs. A high
AE of 74% and a low E-factor of (.72 highlight the green char-
acter of the procedure. More importantly, PW/alumina was able
to catalyze a wide range of reactions involving different aromat-
ic aldehydes to give products in good to excellent yields and
interestingly all with the same general structure, corresponding
to the 1,2-DHP regioisomer, unless when using aliphatic alde-
hydes.

Experimental

General

All the chemicals used were purchased form Sigma-Aldrich. IR
spectroscopy studies were conducted on a Shimadzu IRAf-
finity-1 FTIR spectrometer calibrated against 1602 cm™! poly-
styrene absorbance spectra. The 'H NMR and '3C NMR spec-
tra were measured on a Bruker Avance IIIl HD® NMR spec-
trometer equipped with an Ascend 500 11.75 Tesla supercon-
ducting magnet, operating at 500.13 MHz for 'H and
125.76 MHz for 13C, and a multinuclear 5 mm PABBO probe.
Melting points were recorded on a Stuart® SMP11 melting

Beilstein J. Org. Chem. 2020, 16, 2862—-2869.

point apparatus. Reactions were monitored by TLC and GC.
Mass spectra were measured via a Thermo Scientific GC/MS
DSQ II device, which contained a column: EC-5 30 m X
0.25 mm i.d. X 0.25 um or using the direct-infusion method
using a Waters® ACQUITY® TQD system with a tandem
quadrupole mass spectrometer. The software used was Ther-
moXcalibur 2.2 SP1.48. The XRF spectroscopy analysis of the

catalyst was performed using a Bruker S2 Ranger®.

Catalyst preparation

The method previously reported by Zhu et al. was used to
prepare several supported heteropoly acids (silicotungstic and
PW) on various supports at different loadings [28]. For 1 g of a
catalyst batch with a loading of 20 wt %, 0.8 g of the support
and 0.2 g of a heteropoly acid were stirred in a minimum
amount of distilled water to form a slurry for 8 hours at room
temperature in a 10 mL round-bottomed flask. Then, the cata-
lyst was dried overnight at 110 °C and ultimately calcined at
250 °C in a furnace under air for 4 h to obtain a white powder
(1 g), which was stored in a calcium chloride/silica-filled desic-

cator.

General method

The general method involved the addition of 1 equiv of the
aldehyde (5 mmol), 2 equiv ethyl acetoacetate (2, 10 mmol),
and 1 equiv ammonium acetate (3, 5 mmol) in one vessel. The
reactants were left to stir together with 0.2 g of the catalyst
(40 wt % PW on alumina). At intervals of 30 minutes, the reac-
tion mixture was analyzed using TLC, GC, or both. With time,
the reaction mixture was observed to change from colorless to
yellow, which darkened or brightened to orange or yellow and
thickened with the occurrence of crystals on the sides of the
flask. Once the spot or the peak corresponding to the benzalde-
hyde disappeared on the TLC plate or in the gas chromatogram,

Table 4: Antiproliferative activity (Glsq values) of selected 1,2-DHPs against human solid tumor cells.2

compound
A549 HBL-100 Hela

5a 29146 23+1.8 21+2.0
5b >100 >100 28+75
5d 14 + 3.1 19+ 3.0 12+45
5e 51+0.3 48104 27+0.5
5f 43+14 42+6.2 26 £4.0
59 18+4.9 20+ 0.9 22+6.6
5h 34+47 38+4.0 28+4.6
5i 23+6.8 26+2.0 18+ 5.0
5j 16 £6.7 16+3.5 49+1.0
CDDP 49+0.2 1.9+0.2 1.810.5

cell line

SW1573 T-47D WiDr

31+0.7 21+25 22+24
>100 >100 >100

22+1.2 17+ 3.6 17+1.2
5.6+1.0 40+0.3 33+05
49 +12 33+5.1 41+9.6
18+6.8 22+ 2.1 18+1.6
33+6.1 31+0.9 39+8.9
30+0.3 20+ 2.0 331438
11+£1.7 15+1.9 19+3.3
27+04 17 +3.3 23+43

aGl5 values are given in UM. The standard deviation was calculated from at least two independent experiments. CDDP (cisplatin) was used as a
reference compound. Values in bold face represent the best antiproliferative data against tumor cell lines (Glsg < 10 uM).
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the time was taken as the reaction was finished. The reaction
mixture, obtained as a viscous oil, was filtered through a sinter
funnel to remove any catalyst and washed using acetone, which
was then evaporated in a rotary evaporator. The resultant crys-
tals were then recrystallized using hot ethanol. The products
were then characterized via IR, NMR, and MS analysis.

Hot filtration test

The optimized model reaction was monitored by GC, and the
catalyst was left in the reaction mixture for 30 minutes in order
to confirm heterogeneity. During these 30 minutes, the reaction
started. However, upon removal of the catalyst by filtration, the
reaction was left to carry on but stopped, and therefore catalyst

leaching was not evident.

Antiproliferative tests

We selected the cancer cell lines A549 and SW1573 (nonsmall-
cell lung), HBL-100, as well as T-47D (breast), HeLa (cervix),
and WiDr (colon) to evaluate the antiproliferative activity. The
tests were performed in 96-well plates using the SRB assay [29]
with the following specifications: the cell seeding density was
2500 cells/well for A549, HBL-100, HeLa, and SW1573, and
5000 cells/well for T-47D and WiDr. The drug incubation time
was 48 h. The optical density of each well was measured at 530
(primary) and 620 nm (secondary). The antiproliferative activi-
ty, expressed as Glsg values, was calculated according to the
NCI formulas [30].
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Abstract

A waste biomass, sodium lignosulfonate, was treated with sodium 2-formylbenzenesulfonate, and the phenylaldehyde condensa-
tion product was then used as a robust supporting material to immobilize a copper species. The so-obtained catalyst was character-
ized by many physicochemical methods including FTIR, EA, FSEM, FTEM, XPS, and TG. This catalyst exhibited excellent cata-
Iytic activity in the synthesis of nitrogen-containing heterocycles such as tricyclic indoles bearing 3,4-fused seven-membered rings,
2-arylpyridines, aminonaphthalenes and 3-phenylisoquinolines. In addition, this catalyst showed to be recyclable and could be

reused several times without significant loss in activity during the course of the reaction process.

Introduction
Heterogeneous metal catalysts have been continuously [1-4]. However, most of them often encounter the issues of poor
receiving considerable attention in the field of organic synthe- stability and metal leaching [5], especially when the substrates

sis owing to the advantages of easy separation and recycling and/or products have a powerful coordinating ability with the
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immobilized metal [6,7]. For instance, nitrogen-containing sub-
strates or target products sometimes may lead to the fast deacti-
vation of catalysts, which consequently impair the recyclability
of the catalysts [8-11]. Therefore, special efforts should be paid
to enhancing the robustness of heterogeneous metal catalysts.

Sodium lignosulphonate (LS) is a waste from the paper-making
industry, containing aryl- and sodium sulfonate groups [12]. As
a category of polyanionic material, LS can easily load metal
ions via an ion exchange process [13]. Given the desirable prop-
erty, an array of heterogeneous metal catalysts using LS as
support were successfully designed and utilized to catalyze
some typical organic reactions in our previous work. In 2014
[14], LS were used by our group, for the first time, as a solid
support of cationic catalysts. The obtained catalysts were then
successfully applied to many organic transformations, in which
the catalysts showed not only high activity but also good recyc-
lability. However, the stability and durability of LS was very
limited especially in polar solvents such as H,O, EtOH and at
harsh conditions. In a further study of our previous work [15], a
LS/dicationic ionic liquid composite was prepared via an ion
exchange process, and then used as catalyst support for prepar-
ing a heterogeneous Cu-based catalyst, the thereby obtained
catalyst displayed remarkable performance in the Glaser hetero-
coupling reaction. Combining two successful attempts, a further
study concerning improvement of the robustness of catalysts

and active sites when using LS as support is urgently needed.

In this work, we present a novel heterogeneous Cu catalyst
using modified LS as support by a consecutive process involv-
ing the phenol-aldehyde condensation of LS with 2-formylben-
zenesulfonic acid sodium (FAS), ion exchange and acidifica-
tion. Special interest is given in the application of the prepared
catalyst for synthesizing nitrogen-containing heterocycles. The
results showed that the grafting of FAS on LS provided the
support with more ion exchange sites, significantly increasing
the loading capability of the Cu species. The acidification

SO3N8

condensation

U

LS-FAS

Beilstein J. Org. Chem. 2020, 16, 2888-2902.

process could transform the —SO3Na group left in the catalyst
after ion exchange into —SO3H, enabling the catalyst to cata-
lyze the model reactions without the addition of protonic acid.
The catalyst demonstrated impressive catalytic performance in
the synthesis of nitrogen-containing heterocycles, and there was
no deactivation even after 6 times of recycling, exhibiting en-
hanced stability compared to that without grafting of FAS. It is
expected that this research would shed light on the design of

heterogeneous metal catalysts with high activity and stability.

Results and Discussion

The whole preparation process of the catalyst is depicted in
Figure 1. Firstly, the support was prepared through
phenol—formaldehyde condensation reaction of LS and FAS.
The FAS was chosen to embellish LS in consideration of the
following reason: FAS skeleton consists of both aldehyde and
sulfonic groups, so the grafting of FAS and LS can be easily
realized via phenol-formaldehyde condensation reaction, and
therefore equips the generated polymeric support with more
sulfonic groups. The heterogeneous Cu catalyst (LS-FAS-Cu)
was finally obtained through refluxing of LS-FAS with
Cu(OTY); in ethanol, and the loading capacity of Cu was con-
firmed to be 0.92 mmol/g by means of ICP. For comparison,
two controlled heterogeneous catalysts, namely Resin-Cu and
LS-FM-Cu were prepared using commercially available
Amberlyst-15 and the material [13] was synthesized by conden-
sation of formaldehyde and LS as supports, respectively (see
Supporting Information File 1, Figure S1 and Figure S2), and
the loading capacity of Cu was 0.45 mmol/g and 0.56 mmol/g,
respectively.

Characterization of the prepared materials

The primary purpose of using FAS to modify LS was to
increase the amount of —SO3Na groups in the supporting mate-
rial. For the verification of this assumption, elemental analysis
was firstly conducted and the results are listed in Table S1 (see
Supporting Information File 1). From the results, it was found

SO3N3

FAS  cu(oTf),

LS-FAS-Cu
Lcy = 0.92 mmol/g

Figure 1: Schematic illustration for the preparation of the catalyst in this work.
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that with introduction of the FAS moiety, LS-FAS showed a
higher content of C, H and S elements compared to pristine LS,
indicating the successful grafting of FAS on LS. According to
the increment of the S element, the increment of —SO3Na
groups was 1.26 mmol/g. The chemical compositions on the
surfaces of LS, LS-FAS, LS-FAS-Cu were further character-
ized by FTIR. As shown in Figure 2, the broad and strong

I was associated with the

absorption peak at around 3000 cm™
stretching vibration of the —OH group in the skeleton of LS
[16]. The tiny peak at approximately 2900 cm™! was assigned to
the stretching vibration of the —~CH;,— moiety. The character-
istic peak of the aromatic benzene ring appeared at about
1500 cm™! [17]. The vibration bands at 1000-1200 cm™! were
attributed to the —SO3 and O—S-O stretching of the —SO3Na (or
—SO3H) group [18,19]. Grafting of the FAS moiety changed the
peak pattern of -SO3Na in LS-FAS material, and the immobili-
zation of the Cu complex shifted the corresponding peaks to a
higher wavenumber position, implying the successful coordina-
tion of LS-FAS to the Cu complex.
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Figure 2: FTIR spectra of LS, LS-FAS, and LS-FAS-Cu.

The thermal behavior of LS-FAS and LS-FAS-Cu was investi-
gated by TG in a temperature range of 40-800 °C (Figure 3).
When the temperature was lower than 200 °C, both of them
exhibited good stability with a slight drop of the curves,
possibly due to the loss of a trace amount of absorbed water
[20,21]. Two sharp weight losses were identified on the TG
curves as temperature rose. The first loss within 224-327 °C
may be caused by decomposition and elimination of the
—SO3Na groups and the introduced small organic species in the
materials [22], while the second loss at higher temperature of
327-448 °C may be attributed to decomposition of the support
skeleton [23]. The thermal stability of referential Resin-Cu cata-
lyst was also investigated by TG analysis (Supporting Informa-

Beilstein J. Org. Chem. 2020, 16, 2888-2902.

tion File 1, Figure S3), showing a high thermal stability as well
[24-26]. The above results indicated that all prepared materials
could remain stable in the system when used to catalyze organic

reactions.
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Figure 3: Thermogravimetric weight loss of the obtained materials
LS-FAS and LS-FAS-Cu.

FSEM (field emission scanning electron microscopy) and
FTEM (field emission transmission electron microscopy) were
used to observe the surface morphologies of different catalysts,
and the results are presented in Figure 4. The LS-FAS-Cu cata-
lyst featured irregular and blocky morphology with uneven size
from 100 nm to 400 nm (Figure 4a—d). In addition, the
elemental mapping images clearly revealed the presence and
uniform distribution of C, Cu, O, and S in LAS-FAS-Cu.

XPS was further utilized to analyze the chemical states of the
elements on the surface of the catalyst (Figure 5). The wide
survey spectrum of LS-FAS-Cu showed that all of the essential
elements could be detected. In the high-resolution spectrum of
C 1s, the peak at 284.9 eV was ascribed to C—C, and the peak at
286.3 eV corresponded to C—O/C-S [27,28]. The O 1s spec-
trum clearly evidenced the presence of oxygen atoms with three
kinds of chemical environments: the peaks at 532.9 eV and
532.2 eV were attributed to —OH and —C—O- groups, respec-
tively, while the peak at 533.7 eV was attributed to —SO3 [12].
In the spectrum of Cu 2p3y, the peak at ~936 eV was assigned
to CuZ* in the spinel, accompanied by the characteristic Cu?*
shakeup satellite peaks at 938-948 eV, while the peak at
~933 eV suggested the presence of Cut and/or Cu® species.
Because Cu 2p3/» XPS cannot differentiate between Cu™ and
Cuo, Auger Cu LMM spectra were further recorded, and the
results confirmed the presence of Cu* at ~570 eV, while cul at
565.6 eV [29-31], meaning that Cu®* species were partially

reduced during the course of immobilization.
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Figure 4: FSEM imagine of LS-FAS-Cu in different scale label a) 1 pm, b) 200 nm; FTEM images of LS-FAS-Cu in 500 nm (c) and 100 nm (d); and

the elemental mapping of LS-FAS-Cu for C, Cu, O and S elements.
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Figure 5: XPS spectra of LS-FAS-Cu in the regions of C 1s, O 1s, Cu 2pg/2 and Cu LMM (inset).
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Catalytic activity of the catalysts

With the catalysts in hand, we investigated their catalytic activi-
ty in organic reactions. Tricyclic indole alkaloids bearing 3,4-
fused seven-membered rings have attracted much attention
because of their interesting molecular architectures and impor-
tant biological activities [32,33]. Here the three-component
reaction of 4-aminoindole (1a), 4-methylbenzaldehyde (2a) and
diethyl acetylenedicarboxylate (3a) was performed to construct
the seven-membered indole ring system with the aid of the
LS-FAS-Cu catalyst, and the results are summarized in Table 1.
At the beginning, the three-component reaction was conducted
without the presence of any catalyst, but no products were
formed (Table 1, entry 1). After screening different kind of sol-
vents (Table 1, entries 2—8) at 60 °C, EtOH was found to be the
best one, and the target product 4a was obtained in 86% yield
(Table 1, entry 8). The referential catalysts LS-FM-Cu and
Resin-Cu showed inferior catalytic activity for this reaction,
probably attributed to the low content of Cu species in the mate-
rials (Table 1, entries 9 and 10). Further investigation revealed
that the reaction was also affected by the dosage of catalyst and
the temperature. The yield was decreased significantly with the

catalyst dosage decreasing (Table 1, entry 8 and 13). Decreas-

Table 1: Three-component reaction of 1a, 2a, and 3a to synthesis of 4a2.

NH, CHO

OEt

Beilstein J. Org. Chem. 2020, 16, 2888-2902.

ing the temperature will result in a significant loss of yields
(Table 1, entry 11), prolong the time could increase the yield
but still lower than that at 60 °C (Table 1, entry 12). Thus the
optimal conditions were confirmed to be 20 mol % of LS-FAS-
Cu (the Cu loading with reference to the substrates 1a), 60 °C
and 7 h. To our delight, the reaction could be easily scaled up to
10 mmol without significant loss of the efficiency and selec-
tivity (Table 1, entry 14).

Under the optimal conditions, the substrate scope of the model
reaction was extended and the results were shown in Scheme 1.
Aldehydes 2 with different functional groups on the benzene
ring could react smoothly with compounds la and 3a,
producing the corresponding 3,4-fused tricyclic indoles 4b—d
with yields ranging from 46% to 64%. o-Anisaldehyde, with
steric-hindrance effect, also reacted efficiently in this reaction
and gave product 4e in 55% yield. 2-Naphthaldehyde also
proceeded well with 1a and 3a and the product 4f was isolated
in 60% yield. Aldehydes with multi-substituted functional
groups also worked well in this reaction and the corresponding
products were obtained in moderate yields (4g and 4h).

It should be noted that heterocyclic aldehydes such as

LS-FAS-Cu (20 mol %)

=

e}

=z
m
o

1a 2a 3a

Solvent

m
=]
=
=
<

o

EtOH
AcOH
MeOH
THF
DMSO
Ho0
CHgNO3
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH
EtOH

0 N O O~ WOWN =

«©
Q

10¢
11f
129
13h
14i

solvent, 60 °C, 7 h

Yield [%]°

0
0
59
21
trace
0
35
86
62
57
49
71
37
84

aReaction conditions: 1a/2a/3a = 1.5:1:1.5; 1.0 mL. Plsolated yields. Without the catalyst. 9LS-FM-Cu was used. ®Resin-Cu was used. 140 °C.

940 °C, 24 h. M0 mol % LS-FAS-Cu was used. 110 mmol scale reaction.
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NH» CO2R2 RZOZC C02R2
\, + ri-cro + I LSFAS-Cu(20mol %) N7 N\ g
H COZRZ EtOH, 60 OC, 7h \

1a 2 3

4n 77%

40 65%

41 74%

Scheme 1: Substrate scope of LS-FAS-Cu catalyzed three-component reactions of 4-aminoindoles, alkynes and aldehydes.

2-bromo-4,5-methylenedioxybenzaldehyde (2i) could also
successfully engage in this reaction and the yield of product
4i was up to 64%. In the following investigation, the aliphatic
aldehydes 2j-m were also successfully reacted, and the
products 4j—m were obtained in good to excellent yields. The
acid-labile cyclopropanecarboxaldehyde (2n) could also
participate well, and the product 4n was obtained in

77% yield without damage of the cyclopropane structure.

Dimethyl acetylenedicarboxylate (3b), 1a and 2a could tolerate
the LS-FAS-Cu-promoted conditions as well, and gave the
product 40 in 65% yield. The successful attempts in the
three-component reaction of 4-aminoindoles (1a), alkynes
and aldehydes indicate that the heterogeneous catalyst
LS-FAS-Cu is competent for catalyzing nitrogen-containing
heterocyclic compounds without significant damage of the Cu

species.
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The pyridine-containing moiety, such as arylpyridines, widely
exist in natural products, pharmaceutical agents and functional
materials [34-37]. Traditional methods for synthesizing pyri-
dine-containing derivatives include condensation reactions,
cross-coupling, ring-closing, metathesis, cycloadditions, radical
reactions and microwave-assisted reactions [38-40]. In this
work, we attempt to develop a greener, simpler, more efficient
and recyclable system to synthesize arylpyridine derivatives.
Initially, the reaction of acetophenone (5a) and 1,3-diamino-
propane (6a) was conducted with the aid of LS-FAS-Cu and
TsOH-H,O in a variety of solvents at 100 °C for 24 h under an
oxygen atmosphere (Table 2, entries 1-6). After comparing the
yield, EtOH was found to be the optimal solvent, generating the
target product 2-arylpyridine 7a in 75% yield. Other kinds of
solvents were ineffective (Table 2, entries 1-5 vs entry 6). Only
the addition of TsOH-H,O showed a reluctant activity in this
organic transformation (Table 2, entry 7). When homogeneous
Cu(OTf), was used, only 20% of 7a was isolated (Table 2,
entry 8). The two referential catalysts LS-FM-Cu and Resin-Cu
exhibited low catalytic efficiencies in the model reaction, only
60% and 48% of 7a were obtained, respectively (Table 2,
entries 9 and 10). The results indicated that the yields were also
greatly affected by the catalyst loading and proper acid
additives. In the same solvent, the yield decreased with the de-
creasing of the catalyst loading (Table 2, entry 6 vs entries 9
and 10).

Beilstein J. Org. Chem. 2020, 16, 2888-2902.

In order to utilize the residual —SO3Na groups in LS-FAS-Cu
after immobilization of the Cu species, LS-FAS-Cu were
further acidized by sulfuric acid solution (2 M) and denoted as
LSA-FAS-Cu. The amount of —-SO3H was determined through
acid-base titration and elemental analysis, respectively
(Table 3). The results showed that the density of —SO3H deter-
mined by acid-base titration was much lower than that con-
firmed by elemental analysis, indicating that a portion of sulfur
existed in the form of Cu complex and —SO3;Na. Afterwards, the
catalytic activity of LSA-FAS-Cu in the model reaction was in-
vestigated under the optimal conditions except for the absence
of TsOH'H,O. Considering that the density of —SO3H in LSA-
FAS-Cu was a half of TsOH'H,O, so the amount of LSA-FAS-
Cu should be doubled. To our delight, although the reaction
time was prolonged a little, LSA-FAS-Cu (Cu 40 mol %,
—SO3H 0.5 equiv) could also promote the reaction smoothly and
generated 7a in 74% yield (Table 2, entry 11), suggesting that
the acidification process enabled the catalyst to catalyze the
model reaction without addition of TsOH-H,O.

Using LSA-FAS-Cu as catalyst, the substrate scope of the reac-
tion was subsequently investigated, and it was found that the
reaction could tolerate a wide range of functionalities, includ-
ing fluoro, chloro, iodo, cyclohexane and benzyloxy moieties.
Acetophenones with an electron-donating group in the para-po-

sition of the aromatic ring afforded the target products in better

Table 2: Optimizing the reaction condition of acetophenones and 1,3-diaminopropane to synthesis 2-arylpyridine derivatives.2

0] LS-FAS-Cu (20 mol %) X
A 0O,, 1 atm | _
())J\ + HNTTONH, N
Z EtOH, 100 °C, 24 h
5a 6a 7a
Entry Solvent Yield [%]°
1 CH3CN 30
2 toluene 5
3 CH5Clo NR
4 H>O trace
5¢ THF trace
6 EtOH 75
7d EtOH NR
8¢ EtOH 20
of EtOH 60
109 EtOH 48
11h EtOH 74

aReaction conditions: 5a (0.2 mmol), 6a (0.6 mmol), solvent (1.0 mL), 0.6 equiv TsOH-H,0, Oy (1 atm), 24 h. Pisolated yield. °60 °C. 9Only 0.5 equiv
TsOH-H,0 was used. Cu(OTf), (20 mol %) was used. 'Referential catalyst LS-FM-Cu (20 mol %) was used. 9Referential catalyst Resin-Cu
(20 mol %) was used. "Catalyst: LSA-FAS-Cu [Cu (40 mol %), —SO3H (0.5 equiv)], 26 h.
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Table 3: Acid density of catalyst.

Sample Totally S content?  SO3H density?
(mmol/g) (mmol/g)
LSA-FAS-Cu 2.08 1.16

aDetermined by EA. PDetermined by acid—base titration.

yields than the electron-withdrawing groups (Table 4, 7b—j and
7k-m). 3'-Methylacetophenone (5n) and 2-acetonaphthone (50)
could also react with 6a, and give the desired product 7n and 70
in 65% and 58% yield, respectively. Some disubstituted and
trisubstituted acetophenones were also examined, and most of

them could generate the desired products in moderate yields

Table 4: Substrate scope of the ketones catalyzed by LSA-FAS-Cu.

Beilstein J. Org. Chem. 2020, 16, 2888-2902.

(7p—t). It was noted that heterocycles-substituted ketones also
showed high reactivity in this reaction, and the corresponding

products were obtained in good yields (7u—w).

In the following investigation, the LS-FAS-Cu was also found
to be an efficient catalyst for the synthesis of aminonaphthalene
derivatives (Table 5). The substituent effect of aniline was ex-
amined systematically, and the results showed that anilines
bearing electron-donating groups such as Me, OMe and ¢-Bu at
the para-position could convert smoothly and give the corre-
sponding products in excellent yields (10a—c). The anilines with
electron-withdrawing substituents such as 4-bromoaniline (9d)
worked sluggishly and only a moderate yield of 10d was ob-
tained. Disubstituted anilines also tolerated the catalytic system,

generating the product 10e in 66% yield. Naphthylamine (9f)

0 LSA-FAS-Cu?, O RZ
» U2 X
R1U\/R2 + H2N/\/\NH2 | _
EtOH, 100 °C, 26 h RTON
5 6a 7
Entry Product Yield? (%) Entry Product Yield? (%)
N X
» |
1 N 71 12 N 39
7b m
® | ﬁ
7 7
2 | N 70 13 | TN 65
n-Pr Z =
7c 7n
N A
| B
3 N 68 14 OO N 58
lyma-n
7d 70
X | N
| 7
4 | NN 63 15 68
t-Bu Z
7e 7p
X
N |
| _
P N
5 N 60 16 56
Cy MeO
7t OMe
7q
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Table 4: Substrate scope of the ketones catalyzed by LSA-FAS-Cu. (continued)

X
| ~
6 N 82
MeS
79
X
| ~
7 N 65
MeO
7h
X
| o
8 N 67
BnO
7i
X
| ~
9 | N 63
P N7
7
X
| 7
10 N 45
F
7k
X
A | @
11 | N 40
o N
71

8L SA-FAS-Cu [Cu (40 mol %), =SO3H (0.5 equiv). Psolated yields.

also reacted positively with 2-(phenylethynyl)acetophenone
(8a) and 70% of 10f was obtained. The attempts of aliphatic
amines were also successful, obtaining the corresponding prod-
ucts 10g—i in good to excellent yields. It should be noted that
secondary amines such as morpholine (9j) also showed high re-
activity in this reaction and 10j was obtained in 81% yield. The
substituent effect of 2-(phenylethynyl)acetophenone was
studied subsequently, and the results showed that fluoro, chloro,
aliphatic chain and cycloolefin-substituted 2-(phenyl-
ethynyl)acetophenone could react smoothly, generating the
target products 10k—o in excellent yields. Unfortunately, aniline
substituted with a strong electron-withdrawing group at the
para-position and 2-(phenylethynyl)acetophenone substituted
with an electron-donating group were reluctant to react under
this catalytic system, and no desired products were determined
(10p and 10q).

20

21

22

‘ X
SO
(@)
r

64
)
7
<O N 71
o)
7s
| X
MeO N/
73
MeO
OMe
7t
E\ N/ \
Z~0 N= 76
7u
E\ 7\
Z~0 N= 75
v
AL
O
7w

Substituted isoquinoline derivatives are considered as an impor-
tant class of N-heterocyclic compounds, showing attractive
physiological, biological and pharmacological activities [41-
45]. Therefore, the feasibility of synthesizing isoquinoline de-
rivatives using LSA-FAS-Cu as catalyst was investigated. As
shown in Table 6, LS-FAS-Cu could promote 2-(phenyl-
ethynyl)benzaldehyde (11a) and urea (12a) to generate
3-phenylisoquinoline (13a) in excellent yield, while the referen-
tial catalysts showed inferior catalytic activity, which may be
ascribed to the low loading capacity of Cu species (Table 6,
entry 1 vs entries 2 and 3). In addition, by increasing the
amount of catalyst, the yields could reach the ideal level
(Table 6, entries 4 and 5).

The recyclability of LS-FAS-Cu was investigated based on the

three-component reaction of 4-aminoindole (1a), 4-methylben-
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zaldehyde (2a) and diethyl acetylenedicarboxylate (3a). In order  ture (including the catalyst) was allowed to stir for a period of
to confirm the heterogeneity of this reaction, we investigated time firstly, and then the catalyst was isolated by hot filtration.

the Cu leaching during the reaction process. The reaction mix- The remaining liquid mixture was divided into two portions,

Table 5: LS-FAS-Cu catalyzed synthesis of aminonaphthalene derivatives.?

R3
o HN
LS-FAS-Cu (10 mol %)
BN Ny (1 atm)
R2L +  HN-R® R
ZNS DCE, 100 °C, 12 h R!
N 1
8 R 9 10
Entry R! R2 R3 Product Yield® (%)
HN/©/
1 Ph H 4-MeCgH, B 81, (65)°, (58)°
0
10a
OMe
HN

2 Ph H 4-OMeCgH, | X 85
P4

3 Ph H 4-+-BuCgHy OO 79

4 Ph H 4-BrCgHy4 | X 55
P4

/@iOMe

HN OMe

5 Ph H 3,4-OMeCgHs E\ O 66
4
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Table 5: LS-FAS-Cu catalyzed synthesis of aminonaphthalene derivatives.? (continued)

10

11

12

Ph H 1-naphthalene
Ph H Bn
Ph H n-Bu

Ph H Hﬂ\Co

Ph H [ j

N

H
Ph Cl 4-MECBH4
Ph F 4-MeCgH,

..
| = 70
0
10f

Ph

N

NH
B 61
O
109

HNT >

o

90 .
X

|\ 81
=

10j
Cl HN :
| = 78
T
10k

2

I *
F

10l
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Table 5: LS-FAS-Cu catalyzed synthesis of aminonaphthalene derivatives.? (continued)

13 4-FCgHy H 4-MeCgHg4
14 n-hexyl H 4-MeCgHy
15 cyclohexenyl H 4-MeCgHy4
16 Ph H 4-NO2CeH4
17 4-OMeCgHg4 H 4-MeCgH4

I 7

O i
10n

I

10p

CC
N

Z
OMe

10q

aReaction conditions: 8 (0.2 mmol), 9 (0.24 mmol), DCE (1.0 mL), N, 12 h. Plsolated yields. °LS-FM-Cu (10 mol % was used) 9Resin-Cu (10 mol %)

was used.

one was isolated and used to calculate the target product yield,
another one stirred for a period of time once again, and the
latter did not show an increase in the yield. The Cu content in
the reaction mixture after catalyst separation was confirmed to
be 2.78 ppm by ICP. Besides, also with the aid of ICP-MS anal-
ysis, we found that there was no obvious change in the Cu
content of the catalyst before and after the reaction
(0.920 mmol/g vs 0.918 mmol/g). The above results not only
verified the heterogeneous property of LS-FAS-Cu catalyst, but
also implied that the loaded Cu species did not leach into the

reaction system during the reaction process. The results associ-
ated with the recyclability of LS-FAS-Cu and two referential
catalysts were summarized in Figure 6. After six runs of recy-
cling (Figure 6a), LS-FAS-Cu was still capable of catalyzing
the model reaction in 70% yield, indicating that the catalyst was
robust and stable under the reaction conditions and could be
recycled without obvious loss of catalytic activity. The slight
decreasing of yield maybe caused by the mass loss of the cata-
lyst during the recovery process (mass recovery 97.5%). In

stark contrast, the two referential catalysts showed inferior re-
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LS-FAS-Cu (10 mol %)

O CHO o) N, (1 atm) O NN
+ J\
[ HN" “NHz  toluene, 120 °C, 12 h Z O

11a 12a 13a

Entry Catalyst Yield [%]°

1 LS-FAS-Cu 85%, (84%)3rd cycle

2 LS-FM-Cu 74%

3 Resin-Cu 65%

4¢ LS-FM-Cu 81%

5¢ Resin-Cu 79%

a11a:12a = 1:1.2. PIsolated yield. ©20 mol % of catalyst was used.

cyclability (Figure 6b and 6¢) not only because the mass loss

but also the low stability and capacity of the metals.

100 - |—» LS-FAS-Cu
I—vLSFMCu
80 -
|—>Resh|C||<—|
Sl
= 40 -
]
>~ 20 -
0 LN I I N B N AN AN RN AN I N DN (N R AN BN HN N N BN B R |
123456123123
Recycle Number

Figure 6: Recyclability of LS-FAS-Cu, LS-FM-Cu and Resin-Cu in the
reaction between compounds 1a, 2a and 3a.

Conclusion

A robust heterogeneous Cu catalyst was successfully prepared
through immobilizing Cu on a novel and ecofriendly support-
ing material synthesized by the phenyl-aldehyde condensation
reaction of FAS and LS. This catalyst could be used for the syn-
thesis of several nitrogen-containing heterocycles and exhibited
excellent catalytic activity. ICP-MS data showed that grafting
of FAS on LS greatly increased the loading capability of the Cu
species, which was considered to be responsible for the en-
hanced catalytic performance of the catalyst. This catalyst
demonstrated a satisfying recyclability and could be reused
several times without significant loss in activity. It is anticipat-

ed that this catalyst would have a broad application prospect

considering the low cost and availability of the raw materials, as
well as the facile preparation, multi-functionalities and recycla-

bility of the catalyst.

Experimental
Experimental instrumentation

The chemical composition of the samples war characterized by
Fourier transform infrared spectroscopy (FTIR, EQUINOX 55,
Bruker) in the wavenumber range of 4000—400 cm™! and X-ray
photoelectron spectroscopy (XPS, AXIS-ULTRA DLD-600W,
SHIMADZU) at a base pressure of 2 x 1072 Pa. Elemental
analyses (EA) were conducted using a Vario Micro cube
Elemental Analyzer (Elementar, Germany). Thermogravimetric
analyses (TGA) were performed under N, atmosphere by
heating the materials from room temperature to 800 °C at a rate
of 10 °C-min~!. Before testing, all samples were degassed at
110 °C for 8 h under vacuum (107> bar) conditions. ICP-MS
data were recorded on ELAN DRC-e device. The morphologies
of samples were observed by scanning electron microscopy
(SEM, Sirion 200, Holland) equipped with an energy disper-
sive X-ray (EDX) spectroscopy and transmission electron
'H and
13C NMR spectra were recorded on Bruker AV-400 spectrome-

microscopy (TEM, Talos F200X), respectively.
ter.

Catalyst preparation procedure

Typically, 3.0 g of LS were dissolved in 5.0 mL of deionized
water, followed by adding 0.9 g of FAS. After the addition of
3.0 mL of concentrated HCI (37 wt %), the solution was contin-
uously stirred at 90 °C for 8 h. Subsequently, the so-obtained
support (denoted as LS-FAS) was filtered off, washed to be
neutral and dried at 110 °C for 10 h.
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Abstract

N-(Hetero)aryl-4,5-unsubstituted pyrroles were synthesized from (hetero)arylamines, 1,3-dicarbonyl compounds, and a-bromo-
acetaldehyde acetal by using aluminum(III) chloride as a Lewis acid catalyst through [1 + 2 + 2] annulation. This new versatile
methodology provides a wide scope for the synthesis of different functional N-(hetero)aryl-4,5-unsubstituted pyrrole scaffolds,
which can be further derived to access multisubstituted pyrrole-3-carboxamides. In the presence of 1.2 equiv of KI, a polysubsti-

tuted pyrazolo[3,4-b]pyridine derivative was also successfully synthesized.

Introduction
Among nitrogen-containing heterocycles, pyrroles have relevant drugs [5,6]. Accordingly, numerous synthetic methods
garnered significant attention in the literature because of their  to construct pyrrole skeletons were reported, including the clas-

presence in various natural products [1-4] and pharmaceutically ~ sical Hantzsch [7,8] and the Paal-Knorr pyrrole syntheses
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[9-11], which have been developed to harvest the pyrrole frame-
works. In the past few years, the interest in developing new
methods to synthesize this heterocyclic motif has rapidly
grown; transition metal-catalyzed cyclization [12-14] and multi-
component reactions [15-18] are some of the commonly used
approaches for the construction of pyrrole scaffolds. Additional-
ly, the biocatalytic synthesis of substituted pyrroles was also de-
veloped [19]. Though sustained efforts have been achieved to
develop efficient synthetic methods for the preparation of this
structural motif [20-23], the development of cost-effective
methods to access functionalized pyrrole skeletons has
remained an ongoing challenge.

N-(Hetero)aryl-4,5-unsubstituted pyrroles are one of the most
important types of pyrroles, which are frequently used as a core
scaffold in pharmaceuticals (Figure 1) [24,25]. Therefore, many
efforts have been paid to the synthesis of these privileged
pyrroles. (Hetero)arylamines are readily available chemicals.
The direct conversion of (hetero)arylamines into N-(hetero)aryl-
4,5-unsubstituted pyrroles has a high intrinsic synthetic
potential. At present, the transformations can generally be real-
ized through the following three approaches (Scheme 1):
(i) [1 + 1 + 3] annulation, in which (hetero)arylamines are
reacted with a C3 donor and a C; donor to construct pyrrole
scaffolds. Kumar et al. [26] developed a proline-catalyzed
Mannich reaction—cyclization sequence of succinaldehyde and
an in situ-generated arylimine, in which the succinaldehyde
contributes three carbon atoms to the pyrrole ring. a,f-Unsatu-
rated aldehydes have also been used as the C3 donor to
construct pyrrole scaffolds [27,28]; (ii) [1 + 4] annulation, in
which (hetero)arylamines are reacted with a C4 donor to form
the pyrrole ring; many functional molecules, such as bioderived
furans [29], (Z)-enynols [30], 1-vinylpropargyl alcohols [31],
doubly activated cyclopropanes [32], and enynals [33], can be
used as C4 counter reagents. The carbon-based 1,4-biselec-
trophiles, such as the 1,4-dicarbonyl compounds [34,35], y-car-
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bonyl rert-butyl peroxides [36], and dihydrofurans [37] have
also been reported to construct the pyrrole skeletons through
this type of annulation; and (iii) [1 + 2 + 2] annulation, in which
(hetero)arylamines are reacted with two different molecules,
and each of them contributes two carbon atoms to construct a
pyrrole ring [38-42]. Among these three approaches, the third is
considered the most attractive route for N-(hetero)aryl-4,5-un-
substituted pyrrole synthesis. The reason is twofold: (i) the
strategy uses easily available substrates and (ii) permits to
synthesize pyrroles with a high potential of molecular diversity
and complexity. However, to date, the productivity for creating
molecular diversity and complexity has yet to be fully
displayed. In addition, some of the reported approaches were
established on the basis of using expensive and nonrecyclable
homogeneous metal catalysts. To alleviate all these problems,
herein, we used easily available a-bromoacetaldehyde acetal
(2a) and a simple 1,3-dicarbonyl compound as a reagent couple
to react with (hetero)arylamines. The established [1 + 2 + 2]
annulation reaction provided a straightforward approach for
accessing various N-(hetero)aryl-4,5-unsubstituted pyrroles, and
some of the pyrrole products are not accessible with the

methods reported hitherto.

Results and Discussion

Initially, a mixture of aniline (1a), a-bromoacetaldehyde acetal
(2a), and ethyl acetoacetate (3a) was treated under the condi-
tions; the obtained results are listed in Table 1. The mixture was
heated in 1,4-dioxane at 80 °C. No reaction occurred in the
absence of the catalyst (Table 1, entry 1); however, in the pres-
ence of the strong Lewis acid Bi(OTf)3, the expected product 4a
was obtained in 36% yield after 6 h of reaction (Table 1, entry
2). To our surprise, the N-aryl-4,5-unsubstituted pyrrole deriva-
tive 4a was isolated in 80% yield when 10 mol % of AlICl; was
used as the catalyst (Table 1, entry 3). FeCl; and NiCl, were
also proven to catalyze this reaction, but the yield of 4a was
inferior to those obtained with AICl3 (Table 1, entries 4 and 5).

OH

I\ 0O OH
NH, N
O
/| F
N

GPR120 agonist

Figure 1: Representative biologically active N-(hetero)aryl-4,5-unsubstituted pyrrole scaffolds.
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approaches to N-(heteroaryl)-4,5-unsubstituted pyrroles from (heteroaryl)amines:

R2
(heteroaryl)-NH, —— A/—_ﬁ\
N R

|
(hetero)aryl
[1+ 1 + 3] annulation:
e} OHC e} e}
+ R4——Pnh + Cco +
R?’kH j H)J\/\Ph HJ\/\Ph
OHC

oxidant (1.2 equiv) —78 °C, multistep Ru cat.

Kumar et al. 2018 [26] Thompson; Montgomery 2011 [27] Biletzki; Imhof 2011 [28]

[1 + 4] annulation:

R7
O O H
R3O = OH I
m // RO R10
R6 HO // | | |
R8
150 °C Ag-Au cat. Ru cat., 100 °C Fe cat. (0.5 equiv), 100 °C Ag cat.

Caoetal. 2017 [29]  Liuetal. 2009 [30]  Haak etal. 2013[31]  Zhang etal. 2014 [32]  Ding et al. 2018 [33]

o 0
)o o O CHO R1%Ph OMe
ot-B N 3 \
‘j)\ ! | R1ZSg Q0B n-Bu0 g
OHC Et0” YO

CH3NO,, 100 °C
Gu et al. 2016 [37]

TfOH (1.0 equiv)

Lambeth et al. 2004 [34] Li et al. 2017 [36]

Henichart et al. 2005 [35]

[1 + 2 + 2] annulation:

0 R'50,C COR™6 + =
R+ MOy
R13 two steps, 1 example

Zhang et al. 2018 [42]

Ru cat., ligand, 130 °C

Beller et al. 2013 [38,39] this work:

Ru cat., 130 °C Br

Chandrasekhar et al. 2014 [40]

OEt o O

\)\OEt ' MR

AICI; cat., 80 °C

Cu-NHC cat., 140 °C
Dang; Seayad 2017 [41]

Scheme 1: Typical routes to N-(heteroaryl)-4,5-unsubstituted pyrroles.

p-Toluenesulfonic acid (PTSA), a strong Brgnsted acid, also
exhibited a promising catalytic ability, and the yield of 4a
reached 73% (Table 1, entry 6). When HOAc was used, only
unreacted starting materials were recovered (Table, entry 7).
The effect of the solvent on the model reaction was also exam-
ined. Anhydrous ethanol, acetonitrile, toluene, and DMSO did

not bring any improvement with respect to the yield of 4a

(Table 1, entries 8—11). The decrease of the catalyst loading
from 10 to 5 mol % resulted in a slight decrease of the reaction
yield (Table 1, entry 12). Further investigations revealed that
the reaction was also affected by the temperature and time; a
yield of only 51% was obtained at 50 °C (Table 1, entries 13
and 14). Therefore, the optimized reaction conditions were con-
firmed as the following: 10 mol % of AICl3 as a catalyst, 1,4-
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Table 1: Optimization of the conditions for the reaction between 1a, 2a, and 3a.2

0}
OEt
NH» 7\
OEt O O catalyst (10 mol %)
¥ Br\)\OEt ¥ )J\/U\OEt solvent, 80 °C, 6 h \
1a 2a 3a 4a

entry catalyst solvent yield (%)P
1 — 1,4-dioxane 0
2 Bi(OTf)3 1,4-dioxane 36
3 AICI3 1,4-dioxane 80
4 FeCls 1,4-dioxane 44
5 NiCly 1,4-dioxane 21
6 PTSA 1,4-dioxane 73
7 HOAc 1,4-dioxane trace
8 AICl3 EtOH 31
9 AICl3 MeCN 50
10 AICl3 PhMe 27
11 AICl3 DMSO 62
12¢ AICl3 1,4-dioxane 55
13d ACl3 1,4-dioxane 51
148 AICl3 1,4-dioxane 40
15f ACl3 1,4-dioxane 72

21a: 0.5 mmol, 2a: 0.6 mmol, 3a: 0.6 mmol, catalyst: 0.05 mmol, solvent: 1 mL, 80 °C, 6 h. bisolated yield, calculated with respect to 1a.

CAICI3: 0.025 mmol. 950 °C. €2 h. f10 mmol-scale reaction.

dioxane as a solvent, 6 h, and 80 °C. It is worth noting that the
reaction can be effectively scaled up with similar efficiency. In
a gram-scale synthesis of 4a, the corresponding pyrrole product
was obtained in 72% yield (Table 1, entry 15).

The scope of this synthetic protocol for pyrroles was then inves-
tigated under the optimized reaction conditions. The substrate
scope of the 1,3-dicarbonyl component was first examined
(Scheme 2). Acetylacetone reacted smoothly with 1a and 2a to
form 4b in 52% yield. 1,3-Dicarbonyl compounds bearing an
ester group readily participated in this reaction, affording the
desired pyrroles 4c—e in moderate to good yield. Notably,
methyl 2-methyl-1-phenyl-1H-pyrrole-3-carboxylate (4¢) is a
key intermediate in the synthesis of a TRPMS8 antagonist [43].
The substrate scope of the aromatic amine component was then
examined, and the remarkable efficiency of our pyrrole synthe-
sis was reflected by the tolerance of a broad range of functional
groups attached to the aromatic amine. For example, anilines
bearing methyl (in 4f), phenyl (in 4g), and halo functionalities
(in 4h—-m) were readily compatible with the AlCl3 and 1,4-

dioxane system. In these cases, the pyrrole products were isolat-

ed in moderate to good yield. The presence of an electron-
donating group in the phenyl ring facilitated the progress of the
reaction to some extent, resulting in 4n. Anilines with electron-
withdrawing groups, such as an acetyl or carboxy group, can
also be used in the reaction, but the yields obtained for 40 and
4p were slightly inferior. Gratifyingly, a 3,5-dichloro-4-
(1,1,2,2-tetrafluoroethoxy)aniline also participated smoothly in
this reaction, and the expected product 4q can be obtained in
75% yield. This fluorinated substituent on the aniline ring has
been identified as the key precursor to access the insect-growth
regulators [44]. It is noteworthy that the sulfonamide group
persisted during this transformation, and the desired pyrrole
product 4r could be obtained in 69% yield. A high yield was
also obtained when the phenyl group was replaced with a naph-
thyl group in 4s. Subsequently, aliphatic primary amines and
ammonia, such as benzylamine and N-butylamine, were also ex-
amined as nitrogen donors; however, no desired product was
detected.

Then, we attempted to synthesize pharmaceutically active

N-heterocyclic pyrrole derivatives with the aid of this three-
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(o)
AICl5 (10 mol 9 R?
OEt o 0 3 (10 mol %)
R'NH, + g + I\
OEt MRZ 1,4-dioxane, 80 °C, 6 h N
R' aromatic R
R < 3 OEt
R? OEt
4b R%2 = Me 52% 4F R® = Me 77% 7\
[ 4c R? = OMe 67% /) oot N
N 4d R2=0Bn 81% N 4gR'=Ph 80%
3= 0,
4e R? = Ot-Bu 75% RS 4hR%=Cl64% @\
F
4i 74%
0 o}
OEt OEt
/ \ / \ /N / \
N on 4KR*=F 65% N N
© 41R*=CI71%
4m R*=Br 73%
L 4n R* = OMe 86%
o) COOH
4j 73% 40 65% 4p 53%
(o)
OEt / \ o)
I\ OEt
N [\
N
cl cl o= s o Ph
OCF,CF3
4q 75% 4r 69% 4s 85%
Scheme 2: Substrate scope of the pyrrole synthesis.
component reaction. To our great delight, the N-heterocyclic o
pyrrole skeletons 4t—v were successfully synthesized in OEt O, O
51-85% yield by using our protocol (Scheme 3). It should be OEt OEt
mentioned that the obtained N-pyridylpyrroles 4t and 4u are a /N\ 1\ ]\
class of very important intermediates for synthesizing the N N
soluble guanylyl cyclase (sGC) activator. A reported method for = | Cl ~ NN
accessing these similar scaffolds suffers from a low product N N | \ o
yield and harsh reaction conditions (32%, 130 °C) [45,46]. cl Br
4t 85% 4u71% 4v 51%

One of the obtained N-aryl-4,5-unsubstituted pyrroles, 41, could
undergo hydrolysis to form the (pyrrol-3-yl)carboxylic acid 4w.
The latter can react readily with aniline (1a) or amantadine in
the presence of HATU or EDCI to form the multisubstituted
pyrrole-3-carboxamide derivatives 4x and 4y (Scheme 4). These
skeletons have been proven to be promising inhibitors for the
production of cytokines [47].

Scheme 3: Synthesis of N-heterocyclic pyrroles.

A plausible mechanism for the model reaction was proposed
and is depicted in Scheme 5. Initially, a reaction of 1a and 3a
occurred, providing an imine intermediate I, which tautomer-

ized to the corresponding enamine form. Meanwhile, the activa-
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Cl
4]
NaOH, MeOH
O
HN
OH 3 NHPh
amantadine (1.1 equiv) o\ aniline (1a, 2.0 equiv)
[\ HATU (1.2 equiv) N EDCI (2.2 equiv) 1\
N DIPEA (5.0 equiv) 4-DMAP (0.5 equiv) N
DMF, rt, 12 h © DCM, rt, 10 h
|
Cl c Cl
4x 70% 4w 4y 81%
Scheme 4: Direct synthesis of pyrrole-3-carboxamide derivatives.
O O Ph Ph_
~ - ~NH O
PhNH, + N O ——
N - I S
OEt OEt
1a 3a HQO 1
OFt AICI
B 8 ® AICI
r\)\oa T’ [ B N0kt 2
2a
©OEt il
R O
OEt
y - Br.
— O |
4a s M Br A\\ OEt
N N S NF
% I N
Ph Ph

HBr

v

Scheme 5: Plausible mechanism of the three-component reaction.

tion of 2a with AICl; allowed the formation of a carbocation
intermediate II, which was then trapped by the enamine inter-
mediate I to generate another intermediate III. Subsequently,
III underwent an intramolecular electrophilic substitution to
form the intermediate IV. Finally, IV underwent an elimination
of HBr and a spontaneous aromatization to afford the pyrrole
product 4a [48,49].

Apart from the pyrrole synthesis, we also observed an unex-
pected reaction in which the pyrazolo[3,4-b]pyridine scaffold
was constructed under analogous conditions. As shown in
Scheme 6, In the presence of a catalytic amount of AlCl3 and
1.2 equiv of KI, 3-methyl-1-phenyl-1H-pyrazol-5-amine (1b)
reacted smoothly with 2a and 3a, affording the polysubstituted
pyrazolo[3,4-b]pyridine 5a in 53% yield. The formation of an
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N 2 MOEt OEt 1,4-dioxane, 80 °C, 8 h
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Scheme 6: Synthesis of polysubstituted pyrazolo[3,4-b]pyridine derivatives.

imine intermediate V may be involved in the reaction mecha-
nism, and the enamine form of V contained two nucleophilic
sites to react with a molecule of 3a, which generated the inter-
mediate VI. Finally, VI underwent an aromatization to produce
5a. KI may play a key role in the last step, and we suspected
that it can promote the removal of bromide. Although 5a can
theoretically be synthesized through a three-component reac-
tion of 1b, 2a, and an appropriate aldehyde, for example,
acetaldehyde [50,51] owing to the insufficient reactivity of ali-
phatic aldehydes, the reaction in Scheme 6 should be a wise
choice for the synthesis of products similar in type to Sa. This
point deserves further investigation.

Conclusion

In summary, an efficient and practical one-pot multicomponent
reaction of (hetero)arylamines with a-bromoacetaldehyde acetal
(2a) and 1,3-dicarbonyl compounds was developed by using
AIClj as a catalyst. The developed chemistry is also successful
for the synthesis of functionalized pyrazolo[3,4-b]pyridine de-
rivatives. This study offered a complementary method to
construct pyrrole scaffolds through [1 + 2 + 2] annulation,
and thus enriching the product diversity of the pyrrole deriva-

tives.
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Abstract

This work describes an efficient, simple, and ecofriendly sonochemical procedure for the preparation of new a-(arylamino)aceto-
nitrile derivatives C-substituted with phenothiazine or ferrocene units. The synthetic protocol is based on the Strecker reaction of a
(hetero)aryl aldimine substrate with trimethylsilyl cyanide (TMSCN) in poly(ethylene glycol) (PEG) solution. The advantages of
the sonochemical versus the conventional a-(arylamino)acetonitrile synthesis are the significantly shorter reaction time (30 min
instead of 72 hours), the higher purity and the easier separation of the product that precipitated from the reaction mixture in crys-
talline form as depicted by scanning electron microscopy (SEM) analysis. The single crystal X-ray diffraction analysis disclosed the
arrangement of the a-(arylamino)acetonitrile molecules in the aggregated crystalline state as a racemic mixture. The mutagenic/
antimutagenic potential for three representative derivatives containing phenothiazinyl, ferrocenyl, and phenyl units, respectively,
was evaluated by the Ames Salmonella/microsome test using S. typhimurium TA98 and TA100 strains with and without metabolic
activation. The preliminary screening results pointed out that the C-(hetero)aryl-a-(arylamino)acetonitrile derivatives can be consid-
ered genotoxically safe and possibly antimutagenic.

Introduction

Sonochemistry can be considered as a major contributor to  cal procedures which may be eventually scaled up for industrial
green chemistry mainly due to the ability of minimizing the applications [1]. For the synthesis of organic heterocyclic com-
energy consumption required by chemical transformations and  pounds, the use of ultrasound irradiation became a powerful

allowing the development of environmentally friendly chemi- tool by proving to be superior in terms of reaction rates, yields,
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and the purity of the products as compared to traditional
convective heating methods [2]. Sonochemical syntheses can be
successfully performed in homogeneous media using “green”
solvents, for example, low vapor pressure solvents such as ionic
liquids [3], low volatile solvents such as glycerol, ethylene
glycol and its oligomers, or nontoxic water solvent, as well as in
heterogeneous media under solvent-free conditions [4]. Other
advantages induced by sonication are related to the possibility
of controlling the crystal structure properties of the final prod-
uct in nanomaterials syntheses [5]. For this reason, theoretical
scientific research is currently directed towards the under-
standing of the physical phenomena involved in sonocrystalliza-
tion mechanisms [6]. A major benefit of sonocrystallization
appeared to be the induction of nucleation and therefore, crys-
tallization improvements were operated for several organic
compounds of low to medium molecular weight with the possi-
bility of scaling up of this technology for industrial use [7]. Low
ultrasonic frequencies between 20 and 100 kHz were reported
in the literature as optimal to enhance the nucleation and frag-
mentation rates, but the exact optimal frequency is probably

reactor and system specific [8].

The exciting properties of the heterocyclic phenothiazine core
displaying tunable chemical, redox, optical, and biological
properties upon a careful selection of the substitution pattern
[9], continually encouraged the scientific community to search
for new powerful representatives and to elaborate advantageous
synthetic protocols. Under chemical, biochemical, or electro-
chemical conditions the ferrocene unit displays a remarkably re-
versible one-electron oxidation behavior offering interesting
fields of applications for its derivatives as redox mediators in
sensor applications [10]. Medicinal applications of ferrocene
derivatives grafted on different pharmacophoric units greatly
benefit from the lipophilic character of the metallocene [11].
However, only a limited number of reports described the appli-
cation of ultrasonic irradiation for the synthesis of phenothia-
zine derivatives, and included the N-alkylation of 10H-pheno-
thiazine [12], condensation of phenothiazine carbaldehyde with
hydrazino-benzoxazole [13] or different other acetohydrazines
[14], complexation of phenothiazinyl-chalcone using diiron
nonacarbonyl [15], and regioselective oxidation [16].

o-Aminonitriles are versatile synthetic intermediates that are
readily obtainable by a Strecker reaction involving the addition
of a cyanide nucleophile to an imine C-N bond. Among the
various cyanide transferring agents, which were largely docu-
mented in the search for advantageous synthetic procedures of
these synthetic intermediates [17], trimethylsilyl cyanide
(TMSCN) gave the possibility of accomplishing Strecker reac-
tions using a wide variety of aldimine and ketoimine substrates

under mild conditions [18]. Early studies reported a positive

Beilstein J. Org. Chem. 2020, 16, 2929-2936.

effect of sonication on the classical aminocyanation procedures.
The reaction rate of the classical Strecker reaction using cyanide
salts, amines and aromatic carbonyl derivatives [19] or piperi-
done [20] appeared improved under ultrasound-assisted condi-
tions, which also enhanced the yields of the final a-aminonitrile
derivatives. The Strecker reaction of cyclopropanone acetal sub-
strates with sodium cyanide and several amines was also facili-
tated by sonication conditions which afforded cleaner N-alky-
lated a-(amino)cyanocyclopropane derivatives not contaminat-
ed by intermediates or ring-opening byproducts [21], whereas
the asymmetric Strecker synthesis induced by chiral amines was
successfully conducted by sonication in the presence of silica
gel [22].

Pursuing our interest in developing environmentally friendly
procedures for the synthesis of new phenothiazine and ferro-
cene derivatives [23-27] and perceiving the importance of
a-aminoacetonitrile derivatives as pharmaceutical and agro-
chemical intermediates with a great number of a-aminonitrile
derivatives which were proved to have remarkable biological
properties exhibiting enzymatic activity as potent and selective
protease inhibitors, fungicidal and herbicidal activity [17], we
designed an efficient, simple, and ecofriendly synthetic proce-
dure for the preparation of new synthetic compounds contain-
ing joint phenothiazine/ferrocene and a-amino-nitrile pharma-
cophoric units. In this work we report the experimental
procedure for the ultrasound-assisted addition of the TMSCN
nucleophile to heterocyclic aldimines. The substrates tested
were mostly represented by a series of phenothiazinyl
aldimines, but the scope of the new synthetic procedure was
broadened by the preparation of new a-(arylamino)acetonitrile
derivatives containing ferrocenyl and phenyl units. In order to
evaluate the carcinogenic potential hazard of the newly pre-
pared a-(arylamino)acetonitrile derivatives, the mutagenic
potential of C-substituted derivatives containing phenothiazine,
ferrocene or benzene units was screened by the Salmonella
mutagenicity assay (Ames test) [28] using S. typhimurium
TA98 and TA100 strains.

Results and Discussions
Ultrasound-assisted synthesis

The Strecker reaction between (hetero)aromatic aldimines and
TMSCN in poly(ethylene glycol) (PEG)-water medium [18]
was customized for phenothiazinyl aldimine substrates
(Scheme 1), but an extremely long reaction time was required
(72 hours) for the reaction to complete. In order to enhance the
reaction rate, alternative energy sources were taken into consid-
eration and ultrasonic irradiation was selected as a green chem-
istry protocol capable of inducing a more efficient energy input.
Indeed, the reaction rate was significantly increased by applying

the new protocol modified by means of an indirect ultrasound
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R = p-CHgs; p-OCHg; p-COOCHj3; p-COOH;
p-Cl; p-NO5; m-NO,

Scheme 1: Synthesis of a-amino-acetonitrile derivatives. Reaction
conditions: Aldimine (1 equiv), TMSCN (1 equiv), reaction medium

PEG-H,0 a) ultrasound-assisted reaction conditions: ultrasound fre-

quency 37 kHz, power 95 W, temperature 25 °C, sonication time
30 min, b) classical reaction conditions: rt, 72 hours.

Beilstein J. Org. Chem. 2020, 16, 2929-2936.

irradiation technique and high yields of the a-(arylamino)aceto-
nitrile products were obtained after 30 minutes of sonication in
a commercially available ultrasonic bath. The ferrocene and
phenothiazine derivatives behaved in a similar manner and
excellent yields of the corresponding a-(arylamino)acetonitrile
derivatives were obtained in each case (Table 1), indicative of a
good tolerance for the presence of (hetero)aromatic units and
either electron-donating (methyl, methoxy) or electron-with-
drawing groups (carboxy, nitro, etc.) pending on the imine sub-

strate.

The molecular structures of all synthesized a-(arylamino)aceto-
nitriles 2a—j were fully characterized by spectroscopic methods.
The MS spectra confirmed the molecular weight of the new
compounds, while high-resolution 'H and '3C NMR spectros-
copy afforded the complete characterization of the molecular

Table 1: Synthesis and characterization of 2-arylamino-2-(hetero)arylacetonitrile derivatives.

entry o-(arylamino)acetonitrile
|
N
X y
S N | A
CN Z R
2a R =p-CHs
2b R = p-O-CHs
2c R = p-COOCH3
2d R = p-COOH
2e R =p-Cl
2f R =p-NO,
29 R =m-NO»
H
N
Fe
<7 R
2h R =-O-CHj
2i R = -COOCH3;
2] R =p-C|
2k R = p-COOH
H
“CL
CN R
2| R =-COOCH3;

yield (%) mp (°C) FTIR vcon (cm™T)
classical ultrasound
95 98 90 2245
95 97 145 2247
91 95 85 2230
97 97 206 2260
93 93 86 2260
96 96 101 2234
98 98 128 2231
90 92 85 2247
94 94 78 2250
92 92 108 2239
94 94 178 2239
94 95 129 2251
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skeleton. In the 'H NMR spectra of compounds 2c, 2e-1 a
vicinal coupling constant between the protons in the >~CH-NH-
unit (3J ~ 7.5-8.7 Hz) was recorded suggesting the reduced
mobility for the proton in the amino group. The presence of the
cyano functional group was confirmed by the FTIR spectra
displaying an absorption band typical for the stretching vibra-
tion of the C=N bond situated in the 2230-2260 cm™! region,
its position appearing slightly influenced by the electronic
effects induced by the substituents of the aniline unit (Table 1).
Detailed information about characterization data for com-
pounds 2a-l is given in Supporting Information File 1.

X-ray crystallographic data

In order to bring evidence of the geometry and arrangement of
the molecules of the synthesized a-(arylamino)acetonitrile de-
rivatives in the aggregated crystalline state, single crystals suit-
able for X-ray analysis were obtained by crystallization from
isopropanol. The crystallographic data for the structure 2a re-
ported in this paper have been deposited at the Cambridge Crys-
tallographic Data Centre as supplementary publication (CCDC
2018198) (deposit@ccdc.cam.ac.uk). The molecular structure

for the representative compound 2a is depicted in Figure 1.

As revealed from the crystal packing structure shown in
Figure 1, compound 2a forms a single crystalline phase contain-
ing both enantiomers of the chiral molecular structure in an
ordered 1:1 ratio in the elementary cell. The phenothiazine unit
shows a quasi-equatorial orientation of the methyl group at-
tached to the heterocyclic nitrogen atom and a folding angle of
143.3°, a value close to the typical folding angle for unsubsti-
tuted 10-methylphenothiazine which was reported to be 143.7°
[29], thus revealing a negligible electron-withdrawing effect of
the substituent. The aromatic plane situated on the edge of the
phenothiazine and the plane of the aromatic unit attached to the

Beilstein J. Org. Chem. 2020, 16, 2929-2936.

Figure 1: Crystal structure of 2-phenothiazinyl-2-(p-tolylamino)aceto-
nitrile 2a. a) ORTEP plot and b) crystallographic cell unit.

amino substituent appear twisted with a dihedral angle of 64.5°.
The intermolecular distances are situated in the range 2.3-2.6 A
disclosing the lack of intermolecular interactions in the crystal
structure.

Scanning electron microscopy (SEM)
analysis

Besides process intensification leading to a shorter reaction
time, another advantage of the ultrasound-assisted reaction
conditions was the formation of the product in crystalline form
which was further investigated by SEM analysis. For compari-
son, the SEM micrographs recorded for the a-(arylamino)aceto-
nitriles 2b (Figure 2) and 2¢ (Figure 3) obtained by ultrasound-

Figure 2: SEM images recorded at 200x for the raw reaction product 2b obtained through a) ultrasound-assisted reaction conditions and b) classical

reaction conditions.
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Figure 3: SEM image recorded at 200x for the raw reaction product 2¢ obtained through a) ultrasound-assisted reaction conditions and b) classical

reaction conditions.

assisted versus classical conditions are presented. In Figure 2a
the magnification at 200x clearly shows higher crystallite sizes
of the reaction product 2b isolated by direct filtration of the
reaction mixture obtained after the ultrasound-assisted protocol
as compared to the same product obtained under classical
conditions (Figure 2b).

In Figure 3a, the magnification at 200X indicates sharp rod-like
natured crystals of the amino-acetonitrile 2¢ obtained by the
ultrasound-assisted reaction conditions in comparison with the
crystallite aggregates obtained by the classical procedure
(Figure 3b).

Biological assay

We chose the well-recognized Ames test to screen the
mutagenic potential for three selected C-substituted a-amino-
acetonitriles comprising different hetero(aromatic) units:
phenothiazinyl (2¢), ferrocenyl (2i), and phenyl (2I), respective-
ly. The similarity of the tested aminoacetonitrile series was
set aside by the N-functionalization of the methyl
4-((cyano-methyl)amino)benzoate skeleton, while dissimilarity
was introduced by the C-functionalization with distinctive
phenothiazinyl (2¢), ferrocenyl (2i), and phenyl (21) units,
respectively, each of the constituent structural units being
susceptible of imparting biological activity. The viability
of Salmonella typhimurium TA98 and TA 100, respectively,
was assessed by exposing the histidine dependent bacteria
to compound 2¢, 2i, and 2l, respectively, directly on
minimal glucose agar plates in the presence or absence
of the metabolic activation system S9. The number of
histidine independent revertant colonies was scored on
the test plates after 72 hours of incubation at 37 °C. The
mutagenicity test results confirmed spontaneous colony

numbers within the regular range (comparable to the number

scored on the (negative) solvent control plates), thus indicating
that no toxicity effects are predictable for the new compounds
2¢, 2i, and 21l at concentrations ranging at their solubility

maxima.

The possible antimutagenic effect of the selected C-substituted
a-aminoacetonitriles 2¢, 2i, and 2l, respectively, in the presence
of 2-aminoantracene, daunomycin (mutagens for TA 98), or so-
dium azide (known mutagen for TA 100), was also examined
using the plate incorporation procedure and the results are sum-
marized in Table 2 and Table 3. This assay proved a strong
antimutagenic activity of all tested a-(arylamino)acetonitrile de-
rivatives, with a better inhibition exhibited in the case of the
TA98 strain (44-95%), but nevertheless considerable for
TA100 strain (46-79%).

The results of the antimutagenicity assay indicate a lower inhi-
bition exhibited in the presence of liver homogenate (S9),
pointing out that metabolizing enzymes could interfere with the
activation of the synthetic compounds.

Conclusion

An efficient reaction protocol for the ultrasound-assisted syn-
thesis of new 2-(arylamino)-2-(hetero)arylacetonitrile deriva-
tives containing phenothiazine units was developed. It was
proved that the protocol can be more generally applied,
affording excellent yields of the substituted a-(arylamino)aceto-
nitrile derivatives with a high tolerance to the variation of
(hetero)aromatic units and electron-donating/withdrawing sub-
stituents present in the structure of the aldimine substrate. The
comparison between the classical and the ultrasound-assisted
reaction protocols recommends the ultrasound irradiation
technique as a greener chemical protocol affording significant-

ly enhanced reaction rates and higher crystallite size of the
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Table 2: The antimutagenicity assay results of the newly synthesized C-substituted a-aminoacetonitriles for S. typhimurium TA98 and TA100 strain

with the metabolic activation system S9.

test item TA98 TA100

number of revertants inhibition (%) number of revertants inhibition (%)
negative control 25 170
2c 14 44 42 75.3
2i 10 60 35 79.4
21 16 36 43 747
2-aminoanthracene? 28 - 114 -

a2-Aminoanthracene was used as the positive control for the S. typhimurium TA98 and TA100 strains.

Table 3: The antimutagenicity assay results of the newly synthesized C-substituted a-aminoacetonitriles for S. typhimurium TA98 and TA100 strain

without the metabolic activation system S9.

test item TA98 TA100

number of revertants inhibition (%) number of revertants inhibition (%)
negative control 58 184
2c 3 94.8 98 46.7
2i 14 75.8 38 79.3
2l 12 79.3 85 53.8
NaNz? - - 147 -
daunomycin? 95 - - -

2NaN3 and daunomycin were used as the positive controls for the S. typhimurium TA98 and TA100 strains.

products, thus increasing the energy efficiency of the Strecker
synthesis.

An initial screening of the mutagenic potential of the newly
synthetized a-amino-C-substituted-acetonitriles pointed out that
the compounds 2¢, 2i, and 2l can be considered as genotoxi-
cally safe at concentrations in the range of their solubility limit
in DMSO/water media. The tested compounds also exhibited
antimutagenic activity by interfering with the effect of known
mutagenic compounds such as 2-aminoantracene and sodium

azide.

Experimental

General procedures for the preparation of
2-(arylamino)-2-(hetero)arylacetonitrile
derivatives

Ultrasound-assisted reaction conditions (a)
Ultrasound-assisted reactions were carried out by indirect soni-
cation using a commercially available ultrasonic bath (Elma-
sonic S 15 (H), Germany) of rectangular geometry (tank

internal dimensions 151 x 137 x 100 mm) with sandwich trans-

ducer systems, an ultrasonic frequency of 37 kHz, power 95 W,
and temperature-controlled ultrasonic operation. For the reac-
tions, a stopper-sealed pear-shaped glass flask (25 mL) contain-
ing the reaction mixture was placed in the central position of the
ultrasonic bath tank filled with a 5% Na,COj3 aqueous solution
and subjected to sonication by setting the bath operation period
to 30 min and the temperature to 25 °C. The reaction mixture
was prepared by adding TMSCN (1 equiv) to a solution con-
taining the aldimine (1 equiv) dissolved in PEG (5 mL) and
water (1 mL). After completion of the reaction, the product was
collected by filtration directly from the reaction mixture, or
after being poured into water. The crystalline product was dried
and if necessary, further purified by recrystallization from a
suitable solvent.

Classical conditions (b)

The reaction mixture, prepared as described to general proce-
dure (a), was stirred at room temperature for 3 days. After
completion of the reaction, the mixture was poured into water
and the product was extracted in diethyl ether. After evapora-
tion of the organic solvent the solid product was collected and

purified by recrystallization from a suitable solvent.
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A metal-free route for the synthesis of biarenes has been developed. The approach is based on the photoextrusion of a phosphate

moiety occurring upon irradiation of biaryl- and triaryl phosphates. The reaction involves an exciplex as the intermediate and it is

especially suitable for the preparation of electron-rich biarenes.

Introduction

It is difficult to overestimate the importance of aromatics in
drug development. Indeed, introducing an aromatic or a
heteroaromatic ring, most often a (substituted) phenyl ring, into
a biologically active compound is a common practice in medici-
nal chemistry [1-3]. In particular, the biaryl moiety is a privi-
leged scaffold largely present in the skeleton of natural
substances [4-7] and in useful chiral ligands [8-10]. The synthe-
sis of biaryl derivatives remains, however, a considerable chal-
lenge [11-13]. Common methods, such as the Ullmann and
Gomberg synthesis [14-16] have been nowadays supplanted by
the much more versatile metal-catalyzed cross-coupling reac-
tions [17-23]. This excellent approach still encounters some
limitation in the scope and in the practical application, due to

the use of labile and expensive reagents. Moreover, the elimina-

tion of metal trace residues and wastes is of some concern par-
ticularly for products destined to pharmaceutical applications as
it is imperative operating under ‘green’ conditions. As for the
last issue, there is nowadays a growing interest in the forging of
Ar—Ar bonds under transition-metal-free conditions [24,25].
Apart the most common pathways, e.g., the Friedel-Crafts func-
tionalization [26] or nucleophilic aromatic substitution [27], al-
ternative approaches have emerged that make use of photogen-
erated intermediates (triplet aryl cations [28,29] or aryl radicals
[30,31]). As for the former case, the intermolecular formation of
a biaryl arose from the photoheterolysis of an Ar—N bond (in
arene diazonium salts or their derivatives [32,33]), of an Ar—Cl
bond [34,35], of an Ar-O bond (in aryl phosphates [36], aryl
sulfonates [36], and in aryl trifluoroethyl sulfate [37],
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Scheme 1a) followed by the reaction of the thus formed aryl
cation with an aromatic substrate. In an alternative approach,
aryl radicals may be generated under photoredox catalysis
conditions (mostly from arene diazonium salts or aryl iodides)
[30,31] or by the direct photolysis of arylazo sulfones [38-40]
and employed for the desired arylations. These reactions have
the advantage of being applied to non-functionalized arenes but
have the drawback to require a large excess of the nucleophilic
reagent (the arene Ar-H) in up to 10-20-fold amount. Further-
more, the aryl radical/cation addition onto the aromatic reactant

a)
5 Q-G
(PO N - "
X Ar 3Art

X = No*, halogen, OSO,R, OP(0)(OEt),, 0SO,0CH,CF3,
stOZMe

X = NMe, O, CH,

c)
Y. )
©/ \© Rh or Ni catalyst
o

Y = CO, SO,

I, W = OEt
IVW = OPh

Scheme 1: Synthesis of biarenes via a) photogenerated triplet aryl
cations and aryl radicals (PC = photocatalyst), b) intramolecular free
radical ipso substitution, ¢) thermally catalyzed extrusion of CO and
SOy, d) photoinduced photoextrusion from benzene sulfonamides |
and phosphonates Il, and e) photoextrusion from diaryl- (lll) and
triaryl (IV) phosphates.
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may lead to a mixture of regioisomers when using non-symmet-
rical Ar—H. A possible solution is having recourse to an intra-
molecular free radical ipso substitution reaction where an XSO,
tether is placed between two aromatic rings to direct the selec-
tive Ar—Ar bond formation (Scheme 1b) [41-43]). In this case,
N-methyl sulfonamides were the elective substrates albeit a part
of the tether is maintained in the final structure. This is common
even for other related metal-free biaryl syntheses exploiting the
Truce—Smiles rearrangement in aryl sulfonamides and aryl
phenylsulfonates [44-46] or the [3,3]-sigmatropic rearrange-
ment of sulfonium salts arising from the reaction of aryl sulfox-
ides and phenols [47]. To overcome this problem, the use of a
metal catalyst (mainly Ni) was mandatory as reported for the
real extrusion of CO in diaryl ketones [48,49] or of SO, in
diaryl sulfones (Scheme 1c) [50]. Nevertheless, a recent publi-
cation demonstrated that a metal-free photoextrusion was
feasible when starting from benzene sulfonamides I
(Scheme 1d, path a) [51]. Following the same approach, sparse
reports described that in some cases biaryls may be obtained in
variable yields starting from biaryl phosphates [52], biaryl
phosphonates IT [53-56], and triaryl phosphates [57-61]
(Scheme 1d, path b). In search for alternative ways for the
preparation of biaryls under photoinduced metal-free eco-
sustainable conditions we reinvestigated the photochemistry of
di- and triaryl phosphates III and IV (Scheme le), compounds
that can be easily achieved from the corresponding phenols
[62,63].

Results and Discussion

At the onset of our investigation, we tested a triaryl phosphate
such as 4-chlorophenyl diphenyl phosphate (1a), as the model
compound in different solvents by irradiation in a multilamp
reactor (wavelength centered at 310 nm, see Supporting Infor-
mation File 1 for details). The obtained results are depicted in
Table 1. Compound 1a (0.02 M) was quite photostable in
dichloromethane, acetonitrile, and acetone (Table 1, entries
1-3), whereas 4-chlorobiphenyl (2a) was observed in traces as
the only product in neat methanol (30% of 1a consumption,
Table 1, entry 4). Interestingly, the addition of water (a metha-
nol/water 2:1 mixture) increased the overall yield of the prod-
uct 2a (up to 16%) along with negligible amounts of biphenyl
(2b). Decreasing the concentration of 1a (to 1072 M) in the ex-
amined conditions was found noxious for the reaction course
(Table 1, entry 6), but shifting the wavelength to 254 nm led to
significant amounts of the desired biaryl (Table 1, entry 7). The
yields started to be satisfactory, however, when performing the
reaction at 310 nm using 2,2,2-trifluoroethanol (TFE) as the sol-
vent (45% yield, entry 8 in Table 1). We thus decided to replace
part of the rather expensive and toxic solvent TFE with acetone
(Table 1, entries 9-12) and the best results were obtained when

using a TFE/acetone 4:1 mixture (Table 1, entry 10) with an
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Table 1: Optimization of the reaction conditions.

Beilstein J. Org. Chem. 2020, 16, 3008-3014.

Cl Cl
hv (310 nm)
+ Ph-Ph
conditions 2b

OP(O)(OPh), Ph

1a 2a
entry reaction conditions Airr (Nnm) products, yield (%)
1 1a (0.02 M), CHxCl» 310 -a
2 1a (0.02 M), CH3CN 310 -a
3 1a (0.02 M), acetone 310 -a
4 1a (0.02 M), CH3OH 310 2a, 3°
5 1a (0.02 M), CH30H/H20 2:1 310 2a, 16; 2b, 1
6 1a (0.01 M), CH30OH/H»0 2:1 310 2a,6
7 1a (0.01 M), CH30OH/H»0 2:1 254 2a, 44
8 1a (0.02 M), CF3CH,0OH 310 2a, 45; 2b, 2
9 1a (0.02 M), CF3CH,OH/acetone 9:1 310 2a, 38; 2b, 2
10 1a (0.02 M), CF3CH,OH/acetone 4:1 310 2a, 67;2b, 4
11 1a (0.02 M), CF3CH>OH/acetone 7:3 310 2a, 48;2b, 3
12 1a (0.02 M), CF3CH,OH/acetone 1:1 310 2a, 14;2b, 2
13 1a (0.04 M), CF3CH»>OH/acetone 4:1 310 2a,57;2b, 2
14 1a (0.06 M), CF3CH»>OH/acetone 4:1 310 2a,67;2b, 12
15 1a (0.02 M), CF3CH,OH/acetone 4:1° -a

@No consumption of 1a observed; b30% consumption of 1a measured; °the reaction mixture was stored in the dark for 24 h.

isolated yield of 2a of 67% along with 2b (4% yield) as the by-
product. A further increase in the concentration of the substrate
(Table 1, entries 13 and 14) resulted in a lowering of the selec-
tivity (the undesired product 2b was detected in up to 12%
yield). Finally, no reaction took place when the solution was
covered by an aluminum foil and stored in the photochemical

apparatus for 24 h (Table 1, entry 15).

Encouraged by the results collected in Table 1, in particular
with the fact that the byproduct 2b was formed in such small
amounts, we used the conditions described in entry 10 (Table 1)
to explore the scope of the process by investigating other
n-substituted phenyl diphenyl phosphates (1a-l, see Scheme 2).
Thus, the irradiation of triphenyl phosphate (1b) gave the corre-
sponding biphenyl (2b) in 67% yield. Similar results were ob-
tained with 4-alkylphenyl diphenyl phosphates, that afforded
the 4-substituted biaryls 2c—e in up to 83% yield. However,
when examining substrates bearing a strong electron-donating
substituent (G = 4-OMe, 4-OPh, 3-OMe), the efficiency of the
process decreased (see the yields of 2f, g, and 2i in Scheme 2).
On the other hand, the presence of an electron-withdrawing
group (e.g., 4-CN, compound 1h) completely inhibited the reac-
tion and 1h was recovered unaltered after the irradiation. Better

results have been, however, obtained with polysubstituted de-

rivatives 1j-1. In these cases, the expected phenylated arenes
2j-1 were isolated in the 50-64% range.

We were then intrigued to extend the scope of the reaction by
focusing on a few ethyl diaryl phosphates 3a—e. Gratifyingly,
the formation of the symmetric biaryls 4 took place efficiently
with the substrates bearing strong electron-donating substitu-
ents, especially when present in the para-position (see the case
of 4a—c). Unfortunately, the unsymmetric biaryl 4e was
detected in a very poor amount.

To investigate the reaction mechanism, some photophysical pa-
rameters of compounds 1 and 3 were determined. All the phos-
phates examined were barely fluorescent in methanol, with an
emission quantum yield (®.y,) in the 0.005-0.06 range (see
Table 2 and Supporting Information File 1 for further details).

We thus focused on compounds 1e, 1h, 3a and 3c as the model
substrates. In the case of compounds 1e and 1h, we observed
that the fluorescence is significantly red shifted (about 30 nm)
with respect to that of the corresponding diethyl aryl phos-
phates (see Figure 1 and Figure 2). On the other hand, when
focusing on compound 3a, we noticed the presence of two

emission bands located at 307 and 360 nm, respectively (see
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| 4 hv (310 nm)
= CF3CH20H/acetone
OP(0)(OPh),
1a-1, (0.02 M) Za—

m@a%

2a, 67% 2b, 67% 2¢c 67% 2d, 55%

f OCHj, OPh CN
Ph Ph Ph

2e, 83% 2f, 28% 29,47% 2h, 0%

Cl
OCH3 \@i < i _
Ph Ph

Ph Ph
2i, 43% 2j, 50% 2k, 64% 21, 62%
G — G
4 (310 nm) N P4
< - > PUOIOB oot ortcers o)\
CF3CH,0OH/acetone
3a—e (0.02 M) 41 4a-e
4a, 78% 4b, 68%
4c, 68% MeO 4d, 49%

Scheme 2: Metal-free photochemical synthesis of biaryls 2 and 4.

4e, <5%

Figure 3) and their relative intensity was solvent dependent.
Indeed, the band at 360 nm is favored and slightly blue shifted
when increasing the proticity of the medium (see the compari-
son of the fluorescence spectra obtained in methanol and in a
methanol/TFE 4:1 mixture, Figure 3). A similar behavior was
observed with compound 3¢, where a single emission band lo-
cated at ca. 290 nm is observable in neat methanol, whereas the
presence of TFE causes a lowering of that emission, in favor of
a second band in the 330-350 nm region (Figure 4). These two

Beilstein J. Org. Chem. 2020, 16, 3008-3014.

Table 2: Emission data of selected diaryl- and triaryl phosphates 1 and
3.

compound Aem (NM) ®em?
1a 300 0.005
1b 315 0.017
1e 319 0.025
1f 312 0.059
1h 335 0.023
3a 307, 360 0.030
3c 294 0.062

aMeasured by comparison with 4-chloroanisole (®g = 0.019 in MeOH)
[64].

t-Bu
500
400
O..-O0
N t-Bu
— EtO OEt
S 300
8
200 +
100
0 T T T M T T T T T 1
275 300 325 350 375 400
nm

Figure 1: Emission spectrum of compound 1e (red) and of diethyl
p-tert-butylphenyl phosphate (black) in methanol.

CN
600
500
0. .0
/P\/
400 EtO OEt
3 CN
S 300
200
1th O.,-O
100 X
PhO OPh
0 T T T 1 1
300 350 400 450 500
nm

Figure 2: Emission spectrum of compound 1h (red) and of diethyl
p-cyanophenyl phosphate (black) in methanol.
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500

400

300

I(a.u.)

200

100

T T T T T T T T 1
300 350 400 450 500
nm

Figure 3: Emission spectrum of compound 3a in methanol (black) and
in a methanol/TFE 4:1 mixture (red).

1000 ~
800

600

I (a.u.)

400 -

200

T T T T 1
300 350 400 450 500
nm

Figure 4: Emission spectrum of 3¢ in MeOH (dotted line) and in the
presence of increasing amounts of TFE (up to 20% v/v, continuous
line).

emissions have been assigned, on the basis of our results and of
the reported literature [58,61], to the singlet monomeric excited

state and to the exciplex, respectively.

Beilstein J. Org. Chem. 2020, 16, 3008-3014.

While aryl phosphates have been only sparsely used as sub-
strates in thermal cross-coupling reactions [65-67], their photo-
chemical behavior has been the subject of various investiga-
tions in the last decades [28,29,64,68]. Simple (electron-rich)
monoaryl phosphates are known to undergo the photohetero-
lysis of the Ar—O bond to form aryl cations [28,36]. The pres-
ence of an electron-withdrawing group (e.g., NO;) may, howev-
er, divert the reactivity since a photoinduced solvolysis
occurred as demonstrated by Havinga more than 70 years ago
[69]. In alternative, the irradiation of monoaryl phosphates in
the presence of a strong nucleophile (e.g., a tin anion) led to an
ipso substitution reaction via an ArSgn1 process [70].

The situation dramatically changes when a further aryl group is
present in the phosphates since none of the above-mentioned
processes took place. In fact, our investigations, in according
with early works [52,71], suggested that both diaryl and triaryl
phosphates are prone to generate an intramolecular exciplex 5%
under irradiation (Scheme 3, path (a)), on the route to the extru-
sion of the phosphate moiety. This is demonstrated by the for-
mation of a new emission band when more than one aryl group
is present in the aryl phosphate (see Figure 1). In our investiga-
tion, we likewise stated that the formation of 5* (from 1 and 3)
is highly favored in highly protic solvents such as TFE, as well
evidenced, among the others, in the cases of 1e and 4c, and as
already reported in the formation of other intramolecular aro-

matic exciplexes [72].

The so generated exciplex apparently plays a key role in the
formation of the biaryls 2 and 4 probably via the formation of
the biradical intermediate 6 [55] preceding the loss of
ROP(O)(OH), (paths (b), (c), Scheme 3). The long irradiation
time required to achieve a complete consumption of the sub-
strates 1 and 3 is in accordance with the low quantum yield
values reported for this process [58,61]. Furthermore, a depen-
dence on the nature of the aromatic substituents G was
apparent, since arylation took place (in variable yields) with

electron-rich aromatic substituents, while it was completely in-

< R (a)
%0 hv b —
N O/P\O | G@_-O\P//O ( ) G S \P’/
solvent & A e AN
_ 5 -R
) y G@o 0-R A
R = Et, Ph | 6
1,3 XX 5
’ G (c) | - ROP(O)(OH),
G=CN

Scheme 3: Photoreactivity of aryl phosphates 1 and 3 in protic media.

G\_ — /G

N\ 7 N\ 7
2,4
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hibited in the presence of electron-withdrawing groups (path
(b’), in Scheme 3). In the case of the triaryl phosphates,
biphenyl (1b) is formed as the byproduct in <5% yield.

Conclusion

We demonstrated that biaryls can be smoothly prepared via the
photoextrusion of diaryl- and triaryl phosphates in protic media,
with the concomitant release of a molecule of phosphoric acid
monoester. The reaction takes place in moderate yields but
under very mild conditions with no need of any (photo)catalyst
or additive, despite the scope of the process is in part limited
since the presence of at least one electron-withdrawing group
on an aromatic ring completely suppressed the reaction.

Supporting Information

Supporting Information File 1

Experimental section, fluorescence, and IH and 13C NMR
spectra.

[https://www.beilstein-journals.org/bjoc/content/
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Abstract

A convenient practical approach for the synthesis of 2-(pyridin-2-yl)ethanols by direct benzylic addition of azaarenes and alde-
hydes under catalyst- and solvent-free conditions is reported. This reaction is metal-free, green, and was carried out in a facile oper-
ative environment without using any hazardous transition metal catalysts or any other coupling reagents. Different aromatic alde-
hydes and azaarenes were monitored, and the yields of the resulting products were moderate to excellent. We accomplished several
azaarene derivatives under neat conditions through a highly atom-economical pathway. To evaluate the preparative potential of this
process, gram-scale reactions were performed up to a 10 g scale.

Introduction

Azaarenes are a distinct class of heterocyclic compounds Among various nitrogen-containing heterocyclic compounds,
possessing wide compatibility in the field of synthetic organic  pyridine and quinolines are readily found in bioactive com-
chemistry. The recent advancements in nitrogen-containing car-  pounds [5]. The functionalization of alkylpyridines and quino-
bon compounds have marked them as an unusual moiety due to  lines is significant and plays a remarkable role in the efficient

their attractive applications in biology and as materials [1-4].  drug design [6-8]. Due to their conformational diversity, these
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compounds constitute a motif in various natural alkaloid prod-
ucts, such as chimanine and those derived from lobelia, sedum,
etc. These compounds act as anti-HIV and anti-asthma drugs
[9-11]. Mainly, 2-substituted quinolines and their analogues ex-
hibits magnificent bioactivity [12,13]. The synthesis of higher
cores of nitrogen-containing heterocyclic compounds through
C(sp®)-H functionalization of simple compounds like methyl
azaarenes allows direct transformation without any critical reac-
tion conditions. Thus, in this regard the further development of

this approach is still in need to be developed [14].

The formation of new C—C bonds through direct C—H bond
functionalization in organic chemistry is attractive [15]. Such
methodologies are omnipresent and facilitate sustainable
organic transformations for the synthesis of complex natural
products and pharmaceuticals. In the past years, C—H bond
functionalization catalyzed by transition metals received a
strong emphasis, and other different catalytic systems have also
been encouraged [16-20]. Huang and co-workers first realized
the addition of alkylazaarenes directly to unsaturated bonds via
C(sp>)-H functionalization [21,22]. The synthesis of pyridine
and related azaarene derivatives involve the C(sp3)—H activa-
tion of 2-methylpyridines using different transition-metal com-
pounds, Lewis acids, and Brgnsted acids [23-28]. Recently,
C(sp*)-H functionalizations of methylazaarenes with isatins and
malononitrile under catalyst-free conditions have been reported
[29]. Wang et al. reported the functionalization of benzylic C—H
bonds of 2-methylazaarenes by nucleophilic addition to aromat-
ic aldehydes catalyzed by acetic acid using harmful chlorinated
solvent, and this reaction suffers from longer reaction times
[30]. Rao et al. performed similar reactions without catalyst
under microwave irradiation in the presence of water as a sol-
vent [31], but when considering an industrial scale, there are nu-

merous factors that serves as obstacles for the usage of micro-

Beilstein J. Org. Chem. 2020, 16, 3093-3103.

wave reactors, such as escalated heat loss, variations in the
absorption, an inadequate penetrating ability of the radiation
into the reaction medium, and further reflection of the micro-
waves. Nevertheless, the solvent was water, which required
long extraction processes compared to solvent-free conditions.
Castro and co-workers have also reported the synthesis of
1-phenyl-2-(2-pyridyl)ethanol and 1-phenyl-2-(2-pyridyl)ethene
under catalyst- and solvent-free conditions. Despite the low
yield of the product of around 4%, this work described crystal-
lographic data and the influence of reaction conditions such as
the temperature and the reaction time on the stability of 1-phe-
nyl-2-(2-pyridyl)ethanol [32]. Different catalysts such as ionic
liquids [33], CuFe;04 [34], and Ca(OTf), [35] were also
utilized. Due to the abundant importance of these products,
several different approaches were reported (Scheme 1 and
Scheme 2). These higher azaarene products were also achieved
from other starting materials, such as 2-methyl-6-
(phenylethynyl)pyridine [36], 2,6-dimethylpyridine (1a) and
(E)-N-benzylidene-4-methylbenzenesulfonamide [22],
2-bromo-6-methylpyridine and (E)-styrylboronic acid [37], as
well as 2-methylpyridine and phenylmethanamine [38]. Most
recently, Yaragorla et al. published a review on C(sp>)-H bond
functionalization of 2-methylazaarenes [39]. These strategies
are proficient, but due to the involvement of drastic reaction
conditions, the use of expensive reagents, toxic metals, harmful
solvents, and tedious workup procedures, they need to be
reevaluated. Therefore, alternatives with environmentally

benign reagents are much in focus.

Correspondingly, considering the exemplar shift from conven-
tional synthetic methodologies towards green chemistry, there
have been some alternatives or replacements of toxic catalysts
and hazardous solvents in chemical reactions [40]. These

conversions play a vital role for the syntheses of active pharma-

(CH3C00),0 TN
R
acetic acid Nt
[30]
RN Lewis acid, toluene N
R—!/j\ + RICHO Rt\ Mo RE )
Z ° i
\N 120 °C, Ar or air N R N R
[27]
R = alkyl, aryl
R'= aryl
Ca(on)z, BUNPF6 RS X
130 °C W g
[35]

Scheme 1: Benzylic addition of aldehydes to azaarenes using different catalysts.
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NaZS 9H20
DMF, 140 °C

U/Q

(36]
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NS
=

\\’/
|N\ + NS _Fe(OAch, TFA | TN
_— toluene, 120 °C =
[22]
|N\ Br HO. /\/@ Pd(OAc),, ligand N
o gH K,COs, EtOH, H,0 |
[37]
g
N Z 120 °C
[38]

Scheme 2: Synthesis of azaarene derivatives from different precursors.

ceutical ingredients as these approaches reduce the contamina-
tion in an industrial setting. In addition, the replacement of toxic
reagents by environmentally benign reagents can decrease
pollution to some extent [41,42].

However, to develop advantageous eco-friendly, atom-econom-
ical, simple, and efficient synthetic-organic processes under sol-
vent- and catalyst-free conditions in order to synthesize highly
demanding pharmaceuticals or natural products can be quite
backbreaking [43-45]. From this perspective, we herein disclose
environmentally benign, atom-economical, catalyst-free nucleo-
philic additions of benzylic-like azaarene C—H groups to

various benzaldehydes under neat conditions (Scheme 3).

Results and Discussion
With the purpose to develop an environmentally benign
process, we first examined p-nitrobenzaldehyde (2a) and 2,6-

dimethylpyridine (1a) as model substrates. Our investigation
started with the reaction of p-nitrobenzaldehyde (2a) and 2,6-
dimethylpyridine (1a) in the presence of Hp zeolite as a cata-
lyst at 120 °C in toluene for 24 h in a sealed vial (Table 1, entry
1). However, the desired compound 3a was observed in traces.
We thought that the catalyst pore size may be an obstruction to
a higher yield and used a mesoporous material, MCM-41, as a
catalyst, which slightly improved the yield (Table 1, entry 2).
At the same time, increasing the temperature to 130 °C en-
hanced the yield of the product 3a (Table 1, entry 3). In order to
address the economic cost and ecological impact, we tried this
reaction without using a solvent (Table 1, entry 4). Further, this
reaction was screened using various zeolites, such as Hf,
H-mordenite, H-ZSM, HY, NaY, and MCM-41 under solvent-
free conditions (Table 1, entries 5-9). In addition, to justify the
role of the catalyst, this reaction was carried out in the absence
of a catalyst. Thankfully, the yield of the product enhanced to

| X catayst-free | A OH | X
+ R!'CHO +
RN solvent-free R™ON R? R™ONT Rt
R = H, alkyl, aryl
R'=aryl

Scheme 3: Our work: catalyst- and solvent-free benzylic addition of aldehydes to azaarenes.
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Table 1: Optimization of the reaction conditions.?

CHO
A
| + -
—
N
NO,
1a 2a
entry catalyst solvent
1 HB toluene
2 MCM-41 toluene
3 MCM-41 toluene
4 MCM-41 —
5 HB —
6 H-mordenite —
7 H-ZSM —
8 HY —
9 NaY —
10 — —
11 — -
12 — —
13 — —
14 — —
15 — —
16 — —
17 — —
18 — —
19 — —
20 — —

Beilstein J. Org. Chem. 2020, 16, 3093-3103.

A OH
| ~
N
NO,
3a

temperature (°C) yield (%)P
120 4
120 10
130 23
130 62
130 76
130 38
130 72
130 30
130 6
130 79
135 84
140 82
120 36
135 36°
135 80d
135 58¢
135 63f
135 859
135 85h
135 92

a1 mmol 1a, 1 mmol 2a, 24 h. ®Based on 2a. ©18 h. 930 h. ©Open atmosphere. f0.8 mmol 1a. 91.5 mmol 1a. "1.75 mmol 1a. i2 mmol 1a.

79% (Table 1, entry 10). We managed to increase the yield of
the desired product 3a by further screening of the reaction
conditions under catalyst- as well as solvent-free conditions. As
we increased the temperature to 135 °C, the yield of the prod-
uct increased to 84% (Table 1, entry 11). An additional increase
of the temperature to 140 °C did not exhibit any promising
change, but decreasing the temperature to 120 °C reduced the
yield of the product 3a (Table 1, entries 12 and 13). Hence, we
carried out further reactions at 135 °C. Generally, the tempera-
ture of the reaction plays a crucial role, in formation of a
uniform reaction mixture of the reactants under solvent-free
conditions. Increasing the reaction time did not produce a
remarkable change, but when decreasing the reaction time, a
drastic effect on the yield of the product 3a was observed
(Table 1, entries 14 and 15). Surprisingly, when the reaction
was carried out in an open atmosphere, the yield of the required

product 3a was drastically reduced (Table 1, entry 16). Differ-

ent reactant stoichiometries were analyzed to maximize the
yield of the desired product 3a (Table 1, entries 17-20). After
these tests, we concluded the best yield of 3a to be 92%
(Table 1, entry 20), which was achieved from a reaction mix-
ture of 2 mmol 2,6-dimethylpyridine (1a) and 1 mmol
p-nitrobenzaldehyde (2a) at 135 °C for 24 h in a sealed vial
without any catalysts or additive under solvent-free conditions.

Thereupon, these optimized conditions were utilized to validate
the substrate scope of this direct C—C coupling reaction. A
variety of aldehydes, 2a-r, was reacted with 2,6-dimethylpyri-
dine (1a) to obtain the corresponding products 3a-r with a
moderate to excellent yield (Table 2). The substrates 2a—d with
nitro substituents were well reacted to achieve the desired prod-
ucts 3a—d in 68-95% yield (Table 2, entries 1-4). Distinctly,
2-nitrobenzaldehyde (2¢) gave the expected product 3¢ along
with the dehydrated product 4¢ (Table 2, entry 3). Substrates
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Table 2: Variation of the aldehyde component 2.2
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Table 2: Variation of the aldehyde component 2.2 (continued)
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Table 2: Variation of the aldehyde component 2.2 (continued)

CHO

18 XS

2r

a2 mmol 1a, 1 mmol 2, 24 h. PBased on 2. ¢48 h.

containing a halogen, such as fluorine, chlorine, and bromine,
were efficiently reacted to afford the products 3e-h in succes-
sively moderate yields (Table 2, entries 5-8). Notably, 3-fluoro-
benzaldehyde (2e) also reacted well and provided the alcohol 3e
in 55% yield along with the alkene product 4e in 19% yield
(Table 2, entry 5). Exceptionally, substrates with groups such as
cyano, trifluoromethyl, and formyl were reacted and provided
the respective dehydrated alkenylpyridine compounds 4i-k in
77%, 71%, and 92% yield, respectively (Table 2, entries 9-11).
4-Acetamidobenzaldehyde (21) also reacted but provided a low
product yield of 22% 31 (Table 2, entry 12). Starting materials
with a para- and ortho-hydroxy group provided the correspond-
ing alkenylpyridine products 4m and 4n in 58% and 34% yield,
respectively (Table 2, entries 13 and 14). 4-Methylbenzalde-
hyde (20) gave the respective dehydrated product 40 in 46%
yield upon reaction for 48 h (Table 2, entry 15). Simple
benzaldehyde (2p) was also tolerated well and furnished the
corresponding product 3p in 45% yield (Table 2, entry 16). The
heteroaromatic aldehyde 2-pyridinecarbaldehyde (2q) gave the
respective dehydrated product 4q in 96% yield, whereas 2-thio-
phene (2r) resulted in the desired product 3r but in a low yield
(Table 2, entries 17 and 18).

Table 3: Variation of the azaarene component 1.2

CHO N
| N 135°C, 24 h J\/

_ + —> R N
R™ 'N
1a-j NO2
2a
entry substrate product 5

X  OH
X |
1 | N
N
1b NO;
5b
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29° 0

4r

Subsequently, several azaarenes in combination with
4-nitrobenzaldehyde (2a) were also evaluated under optimized
conditions to extend the substrate scope. Firstly 2,4,6-collidine
(1b) was successfully reacted for 48 h to obtain the successive
product 5b in 87% yield (Table 3, entry 1). Next, 2-ethylpyri-
dine (1c¢) was made to react under standard reaction conditions.
To our surprise, 1-(4-nitrophenyl)-2-(pyridin-2-yl)propan-1-ol
(5¢) was formed in 53% yield, and the formation of this prod-
uct displays the reactivity of the benzylic C—H group attached in
the ortho position of the pyridine ring (Table 3, entry 2). The
reaction of 2-methylpyridine (1d) with 2a for 48 h gave the
desired alcohol 5d in 42% yield along with the corresponding
dehydrated alkenylpyridine compound 6d in 16% yield
(Table 3, entry 3). Different from the 2,6-substitution pattern,
3,5-dimethylpyridine (1e) was also tested under standard reac-
tion conditions upon increasing the reaction time to 48 h, which
did not furnish the corresponding products (Table 3, entry 4).
Later, to screen the compatibility of the azaarenes, various
quinolines were screened (Table 3, entries 5-8). Among these,
only 2-methylquinoline (1f) and 6-fluoro-2-methylquinoline
(1g) gave the dehydrated alkenylazaarenes 6f and 6g as
the products in 48% and 45% yield, respectively (Table 3,

OH I X
+ RN
NO, NO,
5a-j 6a-j
product 6 yield (%)P
5 6
| X
NT NF 87¢ 0
NO,
6b
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Table 3: Variation of the azaarene component 1.2 (continued)
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entries 5 and 6). We also tried this reaction with 6-chloro-2-
methylquinoline (1h) and 6-bromo-2-methylquinoline (1g),
but unfortunately the reactions did not proceed well, and the
desired products 6h and 6i were not formed (Table 3, entries 7
and 8).

However, some dehydrated alkenyl products were obtained,
which may possess wide biological activities of great demand.
This reaction was also carried out on a gram scale, and the
results display the potential for large-scale applications as the

yields were not drastically changed when shifting from a mmol

scale to a gram scale (1 g, 5 g, and 10 g). These results are
shown in Scheme 4.

Based on the experimental investigations and literature reports
[46], conclusions were drawn, and a plausible mechanism was
suggested. Under standard reaction conditions, 2 mmol of 2,6-
dimethylpyridine participates in inter reaction (1 mmol of 1a
will inter react to another 1 mmol of 1a) and this inter reaction
influences the nitrogen atom present in the compound to act as a
Brgnsted base. This resulting Brgnsted base accepts benzylic

C-H protons to furnish the respective enamine A, which facili-

3100



CHO

135°C

Beilstein J. Org. Chem. 2020, 16, 3093-3103.

N OH

\

NO,
1a 2a
(1.071 g; 10 mmol) (0.756 g; 5 mmol)

24 h

N X

Z>No,

3a
(1.135 g; yield: 88%)

135°C

1a + 2a

24 h

(5.355 g; 50 mmol) (3.780 g; 25 mmol)

3a

(5.745 g; yield: 89%)

135°C

1a + 2a

24 h

(10.715 g; 100 mmol)  (7.560 g; 50 mmol)

3a

(11.338 g; yield: 88%)

Scheme 4: Large-scale experiments for the synthesis of 2-(6-methylpyridin-2-yl)-1-(4-nitrophenyl)ethan-1-ol (3a) from 2,6-dimethylpyridine (1a) and

4-nitrobenzaldehyde (2a).

tates the further nucleophilic addition to 4-nitrobenzaldehyde
(2a). The product of this is the intermediate B, which favors the
formation of the corresponding desired product 3a, as shown in

Scheme 5.

| ) H | =
O 1 _H
e N
1a . H
H A
Hagx 7N
g Z
H |
=

| A OH
H ~
& g
NO, 3a

Scheme 5: Plausible mechanism for the formation of 2-(6-
methylpyridin-2-yl)-1-(4-nitrophenyl)ethan-1-ol (3a) under standard
reaction conditions from 2,6-dimethylpyridine (1a) and 4-nitrobenzalde-
hyde (2a).

NO,

Conclusion
In summary, this work provides a green and simple synthetic
methodology for the synthesis of higher azaarenes from

pyridines and quinolines with aromatic aldehydes, avoiding the

use of solvents and a catalyst. Despite of previous reports under
catalyst- and solvent-free conditions, this approach features spe-
cific traits, such as good yields and simple reaction conditions.
This method requires no reagent purification and is a new and
clean process. A variety of aromatic aldehydes, including elec-
tron-donating, electron-withdrawing, as well as halogen groups
was screened, affording the products in moderate to excellent
yields. Azaarenes such as pyridines with various substitution
patterns and a few quinolines were also reacted with moderate
to excellent yields. This draws the conclusion that the benzylic
C-H unit of 2-alkylpyridine/quinolines actively participates in
this addition reaction. However, in some cases, 2-alkenyl com-
pounds were formed. Nevertheless, these are of equivalent
significance. Moreover, this method has a high atom economy
and reduces large amounts of waste generated by the unneces-
sary utilization of catalysts and solvents. Notably, this reaction
is compatible with a gram scale, and further research is yet to be
developed towards more sustainability.
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The reported flow-batch approach enables the easy preparation of 2H-azirines and their stereoselective transformation into highly

functionalized NH-aziridines, starting from vinyl azides and organolithium compounds. The protocol has been developed using

cyclopentyl methyl ether (CPME) as an environmentally benign solvent, resulting into a sustainable, safe and potentially automat-

able method for the synthesis of interesting strained compounds.

Introduction

Since their conception in the early 1990s, Green Chemistry
Principles (GCP) have been applied with increasing effort
towards the design of efficient production processes [1-3].
As a result, a number of sustainable synthetic strategies
has been recently developed, lowering the environmental
impact and reducing the chemical hazards associated with
the preparation of highly valuable compounds [4]. Among
the elements that affect the sustainability of a synthetic
method, the choice of the solvent is crucial [5]. In fact,
chemical solvents represent most of the total amount
of chemical species used in manufacturing processes, and
therefore, strongly affect waste disposal requirements and

process related risks [6]. Recently, a variety of sustainable sol-

vents has been therefore identified, and their use have been
combined with those of enabling technologies. In this scenario,
the development of continuous flow synthetic methodologies
has found its fortune in the past two decades [7-9]. Several
chemical hazards can be effectively controlled through the
use of microfluidic systems, because of the utilization of a
reduced confined space and the exquisite control over heating
and mass transfer [10]. In fact, the utilization of the micro-
fluidic technology results in smaller temperature gradients due
to the large surface—volume ratio of microreactors, and may
prevent the formation of undesirable byproducts that are not
avoidable under the traditional batch conditions. As a conse-

quence, efforts have been devoted to the development of syn-
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thetic processes combining GCP and enabling technologies
[11].

Within the synthetic chemistry context, the preparation of
aziridines still generates interest, mostly because of their impor-
tance as source for drug prototypes and drug discovery leads
[12]. Interestingly, important advances have been recently
addressed in the synthesis of NH-aziridines directly from olefins
[13,14]. Aziridines are otherwise accessible from a variety of
acyclic precursors [15-17], even stereoselectively [18-20], and
through derivatization of 2H-azirines. The reactions using
2H-azirines as electrophiles proceed with several nitrogen,
oxygen and sulfur nucleophiles, enabling to access aziridines
with great structural variability [21]. The reaction of azirines
with Grignard and organolithium reagents has been poorly in-
vestigated, and only without using green and renewable sol-
vents [22,23]. In turn, 2H-azirines can be smoothly obtained

a) Kirschning, 2013 [27]
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through intramolecular cyclization of vinyl azides, or by other

strategies involving oximes, imines and oxazoles [24].

One appealing strategy for the preparation of 2H-azirines
involves the use of readily available vinyl azides [25-30]. How-
ever, the batch cyclization of vinyl azides into the correspond-
ing 2H-azirines could generate some risks, due to the explosive
nature of organic azides, and possible overpressure issues
caused by nitrogen generation at high temperatures. Conse-
quently, scalability and control of this processes represents a
real challenge. The exploitation of microfluidic technologies
has therefore resulted in safer procedures for the preparation of
2H-azirines, offering valuable alternatives for production
purposes. In 2013, Kirschning harnessed the photoinduced elec-
trocyclization of vinyl azides in a microfluidic photoreactor
yielding 2H-azirines as precursors of 1,3-dipolarophiles
(Scheme 1a) [27]. Similarly, Maurya developed a microfluidic

%hv
N 3 ®
3 R N R RI-=N—0
1 + ' N hv
R R2 R via: 1A — t
0.05M R? R @§ ~®
b) Maurya, 2016 [30] &
_ foone OYQ\Ar
+ — hv
PhoC” X N N/%&coph
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¢) Kappe, 2018 [28] s N3
Na BPR 0/\2
~_R > N
5 bar
R
0.5M J\
in acetone 0] N
N N
A Br\)J\Br /K
Ph R
this work integrated system N 1) RO-Li
4
1130°C  25°C | [ AN 2)H0 H
1 3 N
Nji\/R2 ! 1| R? R2| BPR R.@‘C
R’ ' : 8 bar R' 'R
025M T TTTTTTTTT -
in CPME
_78°C

Scheme 1: Flow generation and transformation of 2H-azirines.
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photoreactor for the synthesis of a fused f-carboline from an
a-ketovinyl azide and a 1,2,3,4-tetrahydro-p-carboline
(Scheme 1b) [30]. More recently, Kappe reported the genera-
tion of 2H-azirines under continuous flow conditions, and their
transformation into functionalized oxazoles using acetone as the
solvent (Scheme 1c) [28]. Inspired by these recent reports, we
became interested in the development of an eco-friendly
strategy for the safe preparation of highly functionalized
NH-aziridines from acyclic precursors. Herein, we report a sus-
tainable mixed flow-batch approach that enables the direct prep-
aration of functionalized NH-aziridines from vinyl azides.

Results and Discussion

At the earliest stage of our research, we focused on the choice
of the most suitable solvent for azide cyclization and organo-
lithium addition reactions. Most of the previously reported flow
procedures involved acetonitrile, dichloromethane and acetone
as solvents, however, incompatible with the utilization of reac-
tive alkali organometals. An exception is made for toluene, used
by Kirschning for the photoinduced azirine formation [27].
Therefore, we investigated the thermally induced cyclisation of
1-(1-azidovinyl)-4-methylbenzene (1a) in refluxing 2-MeTHF
and cyclopentyl methyl ether (CPME) as green solvent candi-
dates, and compared the results with the reaction conducted in
toluene (Table 1).

The reaction proceeded rapidly in CPME, while the use of
2-MeTHF resulted in longer reaction times if compared with
toluene. We therefore selected CPME as the most suitable sol-
vent for our purposes. Interestingly, besides being character-
ized by low toxicity, CPME has a very low affinity to water,

Table 2: Flow cyclization of 1-(1-azidovinyl)-4-methylbenzene (1a).
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Table 1: Thermally induced cyclization of 1-(1-azidovinyl)-4-methyl-
benzene (1a) under batch conditions.

N3
A N
solvent
time
1a 2a
Solvent Temperature Time?
toluene 110 °C 1.5h
2-MeTHF 80 °C 4.0h
CPME 106 °C 45 min

aTime needed for complete consumption of 1a.

making it suitable for moisture sensitive reactions, without
previous distillation [31-33]. Subsequently, the process was ex-
amined under continuous flow conditions employing a special
integrated coil reactor with two different operating tempera-
tures (see Supporting Information File 1). A solution of 1-(1-
azidovinyl)-4-methylbenzene (1a, 0.25 M in CPME) was intro-
duced, via a high pressure syringe pump, into the coil reactor
maintained at the temperature of 130 °C, and the residence time
varied by adjusting the flow rate (Table 2). The reaction yield
was calculated by 'H NMR analysis of the crude. In details,
conversion of 1a in 2a increased from 33% to >99% by
adjusting the residence time from 4 min to 16 min, respectively.
The complete transformation of vinyl azide 1a was therefore
achieved above the boiling point of CPME (106 °C), as enabled
by the utilization of a microfluidic reactor. From a technical
point of view, the pressure generated during the course of the

_ _integrated system _ _
| R !
' (T=130°c][ T=25"°C|1
|
I
I
I
N3 P ) )\ N
| ! :
! | BPR
Ot LG
| _ 1
1a N Vie=534mL__ 1 ghar 2a
0.25M
CPME
Entry Flow rate (F)) Residence time (tR) Yield of 2a
1.00 mL/min 4 min 33%
2 0.50 mL/min 8 min 65%
3 0.25 mL/min 16 min >99%
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reaction, due to nitrogen evolution, could be managed by using
a high pressure pump, a stainless-steel reactor and a back-pres-

sure regulator at 8§ bar.

Under the optimized conditions, the scope of the reaction was
explored on vinyl azides 1a-l that were transformed into the
corresponding 2H-azirines 2a—1 (Scheme 2). The methodology
was found to be efficient with vinyl azides carrying aryls substi-
tuted with chlorine (2b), fluorine (2¢), and bromide (2e-g). In
details, ortho-, meta-, and para-bromophenyl derivatives were
quantitatively transformed into the corresponding 2H-azirines
2e—g without substantial differences. Similarly, 3-(o-tolyl)-2H-
azirine (2d) and 2,3-diphenyl-2H-azirine (21) were also ob-
tained in excellent yields. When 1-(1-azidovinyl)-2,3,4,5,6-
pentafluorobenzene (1k) was reacted under optimal flow condi-
tions, a mixture of 1k and 2H-azirine 2k (20:80 ratio) was
recovered. Unfortunately, it was not possible to isolate

Beilstein J. Org. Chem. 2021, 17, 203-209.

3-(perfluorophenyl)-2H-azirine (2k) due to its rapid polymeri-

zation in the crude mixture.

Interestingly, aliphatic vinyl azides 1h—j were found less reac-
tive, and the corresponding azirines 2h—j were obtained in just
74-77% yield, in mixtures with unreacted starting materials.
However, when the reaction crudes were re-introduced into the
flow reactor under the same conditions, azirines 2h—j were ob-
tained quantitatively (2h, 98%; 2i, 97%; 2j, 97%).

Pursuing in our aim to develop a green approach to prepare
substituted NH-aziridines from vinyl azides in a single proce-
dure, the solution of 2a from the microfluidic system was
collected in a round bottom flask cooled at =78 °C, and reacted
with 1.2 equivalents of phenyllithium (PhLi) [34,35]. The mix-
ture was stirred at the same temperature for 5 minutes, before
quenching with water. To our delight, product 3a was isolated

_ _Integrated system _ _
. 16min !
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Scheme 2: Flow synthesis of 2H-azirines from vinyl azides. @The solution of vinyl azide was re-introduced twice into the flow system to achieve full

conversion.
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in 49% yield. Next, the reactions of several commercially avail-
able organolithium compounds were examined. As shown in
Scheme 3, the reaction of 2a, generated in flow from 1la,
proceeded smoothly also with hexyllithium (HexLi), n-butyl-
lithium (n-BuLi) and isobutyllithium (iBuLi) affording the cor-
responding NH-aziridines 3b—d in good yields. Subsequently,
other vinyl azides were tested for this flow-batch two-step pro-

cedure (Scheme 3).

Starting from vinyl azide 1d, the corresponding 3-(o-tolyl)-2H-
azirine (2d) was generated under flow conditions, and reacted
with PhLi, HexLi and BuLi, furnishing NH-azirdines 3e—g. Ali-
phatic vinyl azides 1i and 1j were also subjected to this mixed

integrated system

[P g A

Beilstein J. Org. Chem. 2021, 17, 203-209.

flow-batch protocol, generating NH-aziridines 3h,i in good
yields (Scheme 3). The reaction was found to be efficient when
PhLi was added to the collected solution of 2,3-diphenyl-2H-
azirine (2m), affording 2,2,3-triphenylaziridine (3j) in 62%
yield. Moreover, the reaction was found fully diastereoselective
when HexLi or iBuLi were added to 2m. In fact, only products
deriving from the attack of the organolithium on the less
hindered face (i.e., anti with respect to the phenyl substituent at
C3), leading to 3k (52%), and 31 (45%), were observed. The
relative stereochemistry was assigned by NOESY experiments
(see Supporting Information File 1). Unfortunately, when the
protocol was applied to 1-(1-azidovinyl)-2,3,4,5,6-pentafluo-
robenzene (1k), only a complex mixture was recovered likely

| 16min !
| [T=130°C)(T=25°C]
[}
! D
: ! N 1) R%-Li, 5 min
I 7
N3 ! : R1/L\R2 2)H,0
ISR | lame | OPR RN,
R O 250 pL/min | Vio=534mL | > N R, R2
0.25 M K ____V =534mL__ 1 gpgr 2 321
CPME
v v
3a, 49% 3b, 50% 3c, 46% 3d, 47% 3e, 52%
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NH NH
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3f, 62% 3g, 51% 3h, 45% 3i, 48% 3}, 62%

g

3k, 52%
ds: 100%
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ds: 100%

Scheme 3: Mixed flow-batch approach for the preparation of functionalized NH-aziridines from vinyl azides.
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because of the instability of the corresponding 2H-azirine 2k

(vide infra).

Conclusion

In summary, we have developed a sustainable mixed flow-batch
approach for the synthesis of functionalized NH-aziridines
starting from vinyl azides using a single green solvent for two
reaction steps. Several vinyl azides have been quantitatively
transformed into the corresponding 2H-azirines in a micro-
fluidic reactor, overcoming the hazards associated with this
transformation under batch conditions. A small library of func-
tionalized aryl and alkyl-substituted NH-aziridines has been
created under operationally simple conditions. Notably, the ad-
dition reaction was found to proceed stereoselectively when
organolithium compounds were added to 2,3-diphenyl-2H-
azirine. This is a fast, safe, green and convenient method to
access this interesting structural motif without requiring protec-
tion/deprotection steps or long synthetic pathways.

Supporting Information

Supporting Information File 1

Description of general methods, general procedures,
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A metal- and additive-free, highly efficient, step-economical deoxygenative C2-heteroarylation of quinolines and isoquinolines was

achieved from readily available N-oxides and N-sulfonyl-1,2,3-triazoles. A variety of a-triazolylquinoline derivatives were synthe-

sized with good regioselectivity and in excellent yields under mild reaction conditions. Further, a gram-scale and one-pot synthesis

illustrated the efficacy and simplicity of the developed protocol. The current transformation was also found to be compatible for the

late-stage modification of natural products.

Introduction

Quinoline is a key heterocyclic moiety found in many natural
products [1-4], agrochemicals and pharmaceuticals having po-
tent biological activities, such as antimalarial, antibacterial and
anticancer activities [5-11]. Due to their wide range of applica-
tions, selective functionalization of quinolines at various posi-
tions has gained significant interest in the last few years [12,13].
In particular, the C2-functionalization of quinolines has been
well studied, and various methodologies were established for
C-C [14-23], C-O [24,25] and C-S [26,27] bond formation.
Recently C2-selective C—N bond formation has also attracted
considerable attention due to the importance of the 2-amino-
quinoline motif in medicinal chemistry and pharmaceuticals

[28-45]. Some of the representative examples of biologically

relevant derivatives containing a 2-aminoquinoline motif are
shown in Figure 1 [46,47].

As aresult, a variety of transition metal-catalyzed C2-selective
aminations of azine N-oxides were explored extensively [28-
34]. Additionally, various transition metal-free C2-aminations
of these scaffolds were also investigated [35-45]. For example,
Yin and co-workers developed a protocol for the deoxygena-
tive C2-amination of pyridine/quinoline N-oxides using
t-BuNH, and Ts,O/TFA in 2007 (Scheme la) [48].

Later, Londregan and co-workers were successful in achieving

C2-amination employing secondary amines as the nucleophiles
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Scheme 1: C2-selective C—N bond formation of N-oxides.

[49]. In their protocol, the regioselectivity is controlled by
PyBroP catalyst, which acts as the N-oxide activator. Manley
and Bilodeau reported the amidation of heterocyclic N-oxides at
the C2-position using oxalyl chloride for activating the
N-oxides [50]. In addition to amination and amidation, there are
few reports on metal-free C2-heteroarylation of pyridine
N-oxides. In 1984, Rogers demonstrated the synthesis of 2-tria-

zolylpyridines from 2-azidopyridines and phenylacetylene [51].
Along the same lines, Keith reported methodologies for the
C2-imidazolylation and triazolylation of various heterocyclic
N-oxides using sulfuryldiimidazole and 1,2,4-triazole, respec-
tively. However, their protocol affords a mixture of C2- and
C4-heteroarylated products [52,53]. More recently, Muthusub-

ramanian and co-workers further expanded the scope of Keith’s
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protocol to a variety of pyridine N-oxides [54]. Despite the
versatility of these methods, the above reports involve the use
of external additives for activating the N-oxides and suffer from
other disadvantages, including prolonged reaction time, high
temperature and limited substrate scope. At the same time, with
the advent of Cu-catalyzed “Click” chemistry, N-sulfonyl-1,2,3-
triazoles have become useful precursors for accessing a variety

of heterocyclic moieties [55,56].

In spite of the above methods for the C2-amination, the estab-
lishment of a simple, efficient and atom-economical method for
the synthesis of 2-triazolylquinoline derivatives is highly
desired. The continuous interest and efforts of our group for the
derivatization of quinoline moieties [57] and use of N-sulfonyl-
1,2,3-triazoles as heterocyclic precursors encouraged us to
develop a new strategy for the regioselective C2-triazolylation
of quinoline N-oxide under mild reaction conditions
(Scheme 1b) [58-62].

Results and Discussion

We initiated our trials employing easily accessible quinoline
N-oxide (1a) and 1-tosyl-4-phenyl-1,2,3-triazole (2a) as model
substrates. Subjecting the reaction mixture to 100 °C in the
presence of DIPEA in 1,2-dichloroetane (DCE), we were
pleased to observe the formation of C2-triazolylquinoline 3a
selectively in 15% NMR yield (Table 1, entry 1). Replacing
DIPEA with DABCO or K;COj3 did not further increase the
yield of 3a (Table 1, entries 2 and 3). Interestingly, while doing

Table 1: Optimization of the reaction conditions.?

©\/j . /N(TN . conditions (\ =
+ ~/ 'S PN
N™ Ph N N/N\\N

: ~

1a 2a 3a Ph
entry solvent base T (°C) yield (%)P
1 DCE DIPEA 100 15
2 DCE DABCO 100 8
3 DCE KoCO3 100 <5
4 DCE - 100 40
5 DCE - 80 45
6 DCE - 60 52
7 DCE - rt 95 (92)°
8 DCM - rt 78
9 chloroform — rt 65
10 toluene - rt 58

2Reaction conditions: 0.1 mmol of 1a and 0.12 mmol of 2a in 1 mL sol-
vent. PNMR yield was taken by using 0.1 mmol of 1,3,5-trimethoxyben-
zene as an internal standard. ©Yield of the isolated product in paren-
theses for 0.2 mmol 1a.
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the control studies to understand the role of the base, we found
that the reaction indeed proceeds in the absence of the base to
afford 3a in a better yield (40%, Table 1, entry 4). We further
optimized the reaction conditions by lowering the temperature
to 80 °C and then to 60 °C, which afforded 3a with a moderate
yield increment up to 52% (Table 1, entries 5 and 6). However,
when the reaction was performed at room temperature, surpris-
ingly, the yield of 3a increased to 95% within 15 minutes
(Table 1, entry 7). To examine the influence of solvent on the
reaction, we screened other solvents, such as DCM, CHCI3; and
toluene, which provided 3a only in inferior yields (Table 1,
entries 8—10).

Using the optimized reaction conditions, we explored the sub-
strate scope of our developed strategy using quinoline N-oxide
(1a) with triazoles 2 having variable functional groups
(Scheme 2). We examined the impact of electronic and steric
effects of the substituents and observed that triazoles bearing
electron-donating groups on the aromatic ring, such as alkyl or
methoxy moieties, were well tolerated, furnishing the corre-
sponding products 3b-h in 83-95% yield. For electron-poor
substituents (CF3 and F) on the aryl ring of the triazole, the cor-
responding products 3i and 3j were isolated in slightly lower
yield (81% and 84%, respectively). Triazoles bearing halide
substituents (Cl and Br) at the meta- or para-positions were also
found to be viable substrates to afford the products 3k and 31
with 85-90% yield. Additionally, the reaction protocol is com-
patible with the heteroaromatic substrates and afforded 3m in
82% yield.

Gratifyingly, alkenylated and aliphatic triazoles also showed
similar reactivity and furnished desired products 3n—p in mod-
erate yield (73-77%). Motivated by the above results, we
further extended the scope of triazoles by using different hetero-
atom-tethered triazoles. The -O-, -S- and -N-linked triazoles
smoothly reacted under standard reaction conditions to provide
the corresponding functionalized C2-triazolylquinolines 3q—x in
67-83% yield. Cyclohexadienone-tethered triazole afforded the
corresponding product 3y in 66% yield. It is worth mentioning
that when pyridine N-oxide was employed instead of 1a, only
traces of the corresponding product were observed even after
prolonged reaction time.

Subsequently, the substrate scope was evaluated by analyzing
electronic and steric effects of substituents present on the quino-
line N-oxides 1 (Scheme 3). Electronically rich Me and OMe
groups at the 4- or 6-positions of N-oxides were tolerated and
delivered the corresponding C2-triazolylquinolines 3z, 3aa and
3ab in 85-90% yield. Further, the structure was unambiguous-
ly confirmed by the single-crystal X-ray diffraction analysis of
3z [63]. Halogenated substrates also furnished the 2-heteroary-
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Scheme 2: Substrate scope of N-sulfonyl-1,2,3-triazoles. Reaction conditions: 1a (0.2 mmol), 2 (0.24 mmol) and DCE (2 mL) at rt for 15-20 min.
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lated products 3ac and 3ad in 81% and 77% yield, respectively. In addition, the compatibility of this transformation for
For 3-substituted quinoline N-oxides, a slight decrease in the late-stage modification of complex natural products was
yield to 70% was observed for 3ae. The 8-allylated quinoline  explored, and as shown in Scheme 4, the protocol was tested
N-oxide cleanly provided 3af in 84% yield. with various natural-product-derived triazoles. Novel C2-tria-

+ N-Ts
' RAS/ t, 60 min NSNS
N

Me Me
«Me
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Scheme 4: Late-stage modification of natural products.
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zolyl products 4a—c were synthesized in good yield of 61-70%

from triazoles derived from thymol, cholesterol and vitamin E,

respectively.

To our delight, this protocol could also be extended for selec-

tive Cl-functionalization of isoquinoline N-oxide (S5,

Scheme 5). Treating 5 with triazole 2a under standard reaction
conditions, the C1-heteroarylated isoquinoline product 6a was
obtained in 85% yield. Both the aromatic and aliphatic triazoles

were suitable substrates for the reaction and afforded 6b—d in

good to excellent yield of 71-89%.
X
N
DCE

N— _ >
)\/ o \N\,,N
N

o

5 2 Re
= _N 4 _N N 4 N

N\N N\N N\N N\N

1 I 1 1

;—\ N ;—\ N ;—\ N j‘N
Me MeO

6b, 83%

rt, 15-20 min

6a, 80% 6¢c, 89% 6d, 71%

Scheme 5: Substrate scope for the reaction of substituted triazoles
with isoquinoline N-oxide.

In order to investigate the synthetic utility of the current meth-
odology, a gram-scale reaction was carried out (Scheme 6a).

Upon treating quinoline N-oxide (1a, 6.9 mmol, 1.0 g) with

(a) gram-scale synthesis

TsN3 (0.24 mmol)

Beilstein J. Org. Chem. 2021, 17, 485—493.

4-phenyl-1-tosyl-1H-1,2,3-triazole (2a, 8.3 mmol, 1.2 equiv) at
room temperature for 1 h, the reaction worked equally well and
produced the desired product 3a in 87% yield (1.6 g). In addi-
tion, to enlarge the simplicity of the developed protocol for
selective C2-triazolylation of quinoline derivatives, we per-
formed a sequential one-pot synthesis by combining a Cu(l)-
catalyzed “Click” reaction of phenylacetylene (7) with TsN3
and a metal-free C2-heteroarylation of quinoline N-oxide (1a,
Scheme 6b). Remarkably, the yield of the desired product 3a in
the one-pot synthesis (80%) was comparable to the stepwise
pathway.

The plausible mechanism for the C2-triazolylation of quinoline
N-oxides is presented in Scheme 7 [64]. The reaction initiates
by the nucleophilic attack of quinoline N-oxide, e.g., 1a, on the
sulfonyl group of N-sulfonyl-1,2,3-triazole 2, leading to the for-
mation of intermediate A. This on elimination of a free tria-
zolyl anion generates intermediate B. In next step, the triazolyl
anion attacks the electrophilic C2-position of the quinoline
N-oxide, providing the intermediate C, which, upon rearomati-
zation, affords the desired 2-triazolylquinoline product 3, along
with the transfer of the oxygen atom from quinoline to the sul-
fonyl group of the triazole to form p-toluenesulfonic acid as the
byproduct.

Conclusion

In summary, we have developed an operationally simple and
metal-free protocol for the synthesis of a-triazolylquinolines
utilizing N-sulfonyl-1,2,3-triazoles as the aminating source. The
reaction proceeds at room temperature in a short reaction time
with excellent regioselectivity. The methodology was also
found to be compatible with isoquinoline N-oxides and
diversely functionalized N-sulfonyl-1,2,3-triazoles to establish a

broad substrate scope for a variety of scaffolds. The late-stage

~ N
rt, 1h N [\\j\\<N
3a Ph

1649, 87%

- 3
N—-Ts
+ =
AN Ph)\/
| -
o
1a 2a
10g
(b) one-pot synthesis
%
= N/
1a 7
0.2 mmol 0.24 mmol

Scheme 6: Gram-scale and one-pot synthesis.

CuTc, DCE, rt, 2 h
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Scheme 7: Proposed mechanism.

modification of natural products is the salient feature of this

current transformation.

Experimental
General procedure for the C2-selective

synthesis of a-triazolylquinolines 3

To an oven-dried reaction tube equipped with a magnetic stir-
ring bar were added quinoline N-oxide (1a, 29 mg, 0.2 mmol,
1.0 equiv) and 4-phenyl-1-tosyl-1H-1,2,3-triazole (2a, 72 mg,
0.24 mmol, 1.2 equiv), followed by DCE (2 mL) via syringe.
The reaction mixture was allowed to stir at rt for 15-20 min.
After completion of the reaction, the solvent was evaporated
under reduced pressure, and the residue was purified by column
chromatography (ethyl acetate/petroleum ether 1:9) to get the
desired product 3a in 92% yield (50 mg, 0.18 mmol).

Supporting Information

Supporting Information File 1
Experimental details.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-17-42-S1.pdf]
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A method for the synthesis of 9,11-secosteroids starting from the natural corticosteroid cortisol is described. There are two key

steps in this approach, combining chemistry and synthetic biology. Stereo- and regioselective hydroxylation at C9 (steroid

numbering) is carried out using whole-cell biocatalysis, followed by the chemical cleavage of the C—C bond of the vicinal diol. The

two-step method features mild reaction conditions and completely excludes the use of toxic oxidants.

Introduction

Developments in the chemistry of steroids have stimulated ex-
tensive research interest in the exploration of new synthetic
methods since the 1960s. Advances in synthetic biology and the
increasing importance of methods of sustainable chemistry have
brought chemoenzymatic approaches for obtaining natural prod-
ucts, or derivatives thereof, with complex structure into focus
[1]. Various enzymatic or semisynthetic methods have also
been exploited in the synthesis of steroids [2-4]. A more chal-
lenging synthesis of secosteroids with unique broken tetra-

cyclic carbon skeletons and abeo-steroids with migrated bonds

has received attention only recently [5,6]. As the bond cleavage
may occur at the 5,6-, 9,11-, 9,10-, 8,9-, 8,14- or 13,17-posi-
tions (Figure 1A), the selection of synthetic methods for seco-
steroids is wide. However, usually these are multistep se-

quences exploiting toxic oxidants.

Marine invertebrates are a rich source of oxidated and highly
functionalized steroidal metabolites, including secosteroids.
Since the first isolation of 9,11-secosterol from Pseudoptero-

gorgia americana in 1972 (Figure 1B) [7], several others from
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the family have been reported [8-14]. The 9,11-secosterols ex-
hibit diverse biological activities, including antihistaminic, anti-
proliferative, anti-inflammatory, cytotoxic and protein kinase C
(PKC) inhibition activities [8-10,15]. Biochemical characteriza-
tion of 9,11-secosterols has so far mainly relied on the identifi-
cation and purification of natural products from marine inverte-
brates. The intriguing profile of biological properties has
prompted synthetic studies of this class of secosterols. The
majority of synthetic schemes starts with natural steroids, taking
advantage of the appropriate stereochemistry of existing stereo-
genic centres [16-20]. However, the synthesis of target com-
pounds is a multistep procedure, often including several protec-
tions and deprotections of functional groups.

Our approach to 9,11-secosterols is depicted in the retrosyn-
thetic analysis in Scheme 1. There are two key steps in obtain-
ing the skeleton of the secosterol. The first is (di)hydroxylation
at C9 (C11), and the second is C9—C11-bond cleavage, which
can be carried out by a well-developed chemical oxidation of
1,2-diols. Starting with a compound already possessing a
hydroxy group at the position C11, only hydroxylation at C9 is
needed. Commercially available corticosteroid cortisol already
possesses a hydroxy group at the position C11, and therefore
only hydroxylation at C9 is needed, making cortisol (1) an ideal
starting compound for this synthesis.

Chemical oxidation methods for the synthesis of steroids often
require stoichiometric amounts of toxic reagents, and the selec-
tivity of the oxidation is still an unsolved problem [21].

chemical oxidative
cleavage

9,11-secosterol

Scheme 1: Retrosynthetic analysis of 9,11-secosterols.

HO 1
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Typically, toxic oxidants, such as OsOy, SeO; and Pb(OAc),
are used in this total synthesis sequence. Inspired by several
enzymatic oxidations [22-25], we envisioned to carry out oxida-
tion at C9 in an environmentally benign way using an oxidation

by a whole-cell biocatalysis method.

The first, and so far the only chemoenzymatic synthesis of 9,11-
secosterols using cellular lysate of the marine gorgonian
Pseudopterogorgia americana was published by Keliman et al.
in 1996 [26]. They carried out quite effective transformations of
a variety of sterols to 9,11-secosteroid derivatives in high
yields. However, it is unclear which enzymes were responsible
for each oxidation step through the whole secosteroid synthesis
pathway. Also, the use of cellular lysate from a nonlaboratory

organism prevents any widespread adoption of this method.

Herein, we present a new combined route towards 9,11-seco-
sterols via stereo- and regiospecific enzymatic hydroxylation at
C9, followed by the chemical oxidative cleavage of the 9,11-
C—C bond. For the hydroxylation, we used a biocatalyst derived
from an Escherichia coli laboratory strain BL21 (DE3) overex-
pressing the kshA5 and kshB genes from Rhodococcus.
rhodochrous. Cortisol (1) was chosen as a model steroidal

structure.

Results and Discussion
Synthesis of starting compounds for

enzymatic hydroxylation

In order to estimate the possible diversity of the substrates as
starting materials for the biocatalytic transformation, cortisol (1)
was converted to a hydroxylated steroid derivative 2 by reduc-
tion of the C20 carbonyl group with NaBH, and subsequent ox-
idative cleavage of the intermediate 17,20,21-trihydroxy side
chain with NalOy4 in 99% total yield (Scheme 2) [27].

The C11 hydroxy group was protected with acetic anhydride in
the presence of a base, resulting in C11-protected product 3 in
93% yield. Performing the same reaction under microwave irra-
diation, a mixture of monoacylated and diacylated products 3
and 4 in 52% and 33% yield, respectively, was isolated [28].

enzymatic
hydroxylation

—
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Scheme 2: Synthesis of starting materials. Reagents and conditions: i) NaBH4, EtOH/CHCl» 1:1, 2 h, rt, then acetone, H20O, NalOy, overnight, rt,
99%; i) Ac20, p-TsOH (1 mol %), MW (800 W), 6 min, 52% for 3 and 33% for 4; iii) AcoO, DMAP, EtzN, CHCly, overnight, rt, 93%.

Enzymatic hydroxylation

3-Ketosteroid 9a-hydroxylase (KSH) from R. rhodochrous has
been shown to oxidize C9 in several steroids [29]. This enzyme
consists of two polypeptides: KshA (terminal oxygenase) and
KshB (ferredoxin reductase). When expressed together in
E. coli, active KSH is formed, and several steroids can be oxi-
dized in the C9 position [29,30]. Out of five KshA homologues
found in R. rhodochrous, only KshAS is able to utilize C11-
hydroxylated cortisone, 11p-hydrocortisone, as a substrate [30].

For the construction of the biocatalyst, kshA5 and kshB genes
from R. rhodochrous were codon-optimized for enhanced
expression in E. coli and cloned into a pET21a protein expres-
sion plasmid. To obtain an active biocatalyst, the plasmid was
transformed into an E. coli BL21 (DE3) strain, and protein
expression was induced by the addition of IPTG. Substrates of
biocatalysis were added together with the IPTG inducer. The
whole-cell biocatalysis was performed overnight at 30 °C in a
rich medium with continuous shaking. Cell pellet and culture
supernatant were collected the next morning for further analy-
sis. A typical reaction contained approximately 40 mg of sub-
strate in 200 mL culture medium, depending on the solubility
and availability of substrates. This reaction can be scaled up by
increasing the culture volume; the substrate concentration
cannot be increased due to the low solubility of corticosteroids
in aqueous solution. The expression of KshAS and KshB was
verified from the cell lysate by polyacrylamide gel electropho-
resis and western blotting (see Supporting Information File 1,
Figure S1). The product distribution between the cellular pellet
and supernatant was approximately 1:10 (estimated by HRMS
analysis). The steroid compounds were extracted from the
supernatant and purified by column chromatography on silica
gel as the stationary phase. The outcome of the enzymatic
hydroxylation in position C9 using KSH-based biocatalysis is

given in Table 1.

With substrates 1 and 2, enzymatic hydroxylation proceeded
efficiently and selectively at C9, affording trans-9,11-di-
hydroxysteroids 5 and 6 , respectively. For compound 5, 67% of
the starting compound was isolated. In Table 1, entry 2, several
unidentified products were also formed. With 11-acetoxy
steroid 3, the C9-hydroxylated product 7 was isolated together
with unreacted starting steroid 2. Conjugated enol ester 4 did
not react, and only the starting compound was detected in the
reaction mixture. This indicates that the C3 carbonyl group in
substrates is essential for enzymatic hydroxylation, as has been
shown before [29]. A positive control experiment with the same
batch of KSH-expressing E. coli cells using cortisol (1) as a
substrate yielded C9-hydroxylated product 5. From the results,
we can also conclude that a protected C11 hydroxy group
decreases the effectiveness of enzymatic transformation. Also,
the substituent at C17 does not affect the KSH performance:
steroids with C17 keto functionality (i.e., 2 and 3) or choles-
terol-like side chains at C20 (i.e., 1) were all transformed effi-
ciently to the corresponding 9,11-dihydroxylated products. 'H
and 13C 1D and 2D (COSY, HSQ and HMBC) NMR spectra
from samples 5 and 6 were analyzed, as were the spectra of the
starting compounds 1 and 2. The assignment of all 'H and '3C
signals confirmed the preservation of the configuration of the
ring system and substituents in these whole-cell transformat-
ions, as well as the OH group connections to C9.

Chemical oxidation of 9,11-dihydroxysteroids

In the final step, the obtained trans-diols 5 and 6 were subject-
ed to the chemical oxidation of the 9,11 carbon bond. Lead
tetraacetate is a classic oxidant for the cleavage of vicinal diols.
However, there are serious drawbacks when using Pb(OAc)4. In
addition to its toxicity, the oxidation rate affording trans-diols
was very slow in comparison to that for cis-diols. Using an even
longer reaction time and stoichiometric amount of the reagent,

diol 5 was not oxidized to the corresponding dicarbonyl com-
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Table 1: Enzymatic hydroxylation.

entry substrate
1
1
2
3b
3
4C

AcO

Beilstein J. Org. Chem. 2021, 17, 581-588.

product yield (%)2
29

5
27
9

alsolated yield after column chromatography. °23% of starting material was recovered. °No products were formed, only starting substrate was

detected.

pound 8. However, using NaOCI-5H,0 as an oxidant [31], diols
5 and 6 were effectively converted to the corresponding 9,11-

secosterols 8 and 9 within one hour at 0 °C (Scheme 3).

NaOCI-5H,0

Scheme 3: Oxidation of diols 5 and 6 with NaOCI-5H»0.

Compound 8 was isolated as 2:1 mixture together with starting
diol 5 and purified further by preparative TLC. Compound 9
was isolated as a single product in 87% yield.

Conclusion

We have presented the results of the synthesis of the 9,11-
secosteroid carbon skeleton by using the designed whole-cell
biotransformation of natural steroids with a genetically engi-
neered biocatalyst. The enzymatic oxidation of cortisol deriva-
tives is completely stereo- and regioselective, affording only
9a-hydroxylated diol. The following oxidative cleavage of the
C—C bond with a mild oxidant leads to the steroid with an
appropriately broken steroid skeleton. The method provides the
target compound in only two steps, without any manipulations
involving protecting groups. The present method features mild
reaction conditions, and the protocol tolerates several func-
tional groups. It is an environmentally benign approach, totally
excluding the use of highly toxic oxidants. Our synthetic
scheme provides a direct entry to structurally diverse 9,11-seco-

sterols, enabling also studies of their biological properties.

584



Further research to broaden the scope of the presented synthetic

scheme is ongoing.

Experimental

General data

Full assignment of 'H and '3C chemical shifts were based on
the 1D and 2D FT NMR spectra, measured with a Bruker
Avance III 400 MHz or a Bruker Avance III 800 MHz instru-
ment. Residual solvent signals were used (CDCls: & = 7.26 for
IH NMR, & = 77.2 for 13C NMR or CD;0D: & = 3.31 for
TH NMR, & = 49.0 for 13C NMR) as internal standards. Optical
rotations were obtained by using an Anton Paar GWB
Polarimeter MCP500. High-resolution mass spectra were re-
corded with an Agilent Technologies 6540 UHD Accurate-
Mass QTOF LC/MS spectrometer by using AJ-ESI as an

ionization method.

Construction of biocatalyst
Plasmid cloning and amplification were performed in E. coli
DHS5 strain. E. coli strain BL21 (DE3) was used for biocatal-
ysis experiments. Lysogeny broth (LB) medium was used for all
cell-growth incubations. For the selection of plasmids,
100 pg/mL ampicillin was used.

Plasmid pAJ30 for heterologous expression of kshA5 and kshB
was constructed using the CPEC method [32]. kshA5 and kshB
gene sequences from R. rhodochrous were codon-optimized for
high-level expression in E. coli using the IDT codon optimiza-
tion tool (to eliminate rare codons). Synthetic DNA was ordered
from Twist Bioscience and inserted into pET21a backbone as
one operon (see Supporting Information File 2) under the
control of an IPTG-inducible tac promoter. The obtained
plasmid was verified by DNA sequencing. To obtain the biocat-
alyst strain, the plasmid pAJ30 was transformed into chemical-
ly competent E. coli BL21 (DE3) cells.

Enzymatic hydroxylation

3 mL precultures of BL21(DE3) transformed with pAJ30
plasmid (biocatalyst) or without plasmid (negative control)
were grown overnight at 37 °C. The next morning, 200 mL of
LB medium in a 2 L baffled flask was inoculated with 1 mL of
a preculture. The cultures were grown until ODggg = 0.1 at
37 °C with continuous shaking at 220 rpm, and then the expres-
sion was induced by adding 1 mM IPTG and a substrate (com-
pound 1-4, respectively) at a final concentration of 225 ug/mL,
175 pg/mL, 190 pg/mL or 122 ug/mL, respectively. The
biocatalysis was carried out for 20 hours at 30 °C with continu-
ous shaking at 220 rpm. The next morning, the cells were
harvested by centrifugation at 4,000g, and cell pellet and cul-
ture supernatant were stored at a temperature of —20 °C until

further analysis.

Beilstein J. Org. Chem. 2021, 17, 581-588.

Synthesis of substrates
11B-Hydroxyandrost-4-ene-3,17-dione (2)

To a stirred solution of cortisol (1, 1.2 g, 3.36 mmol) in a
1:1 mixture of EtOH and CH;,Cl; (23 mL), NaBH, (51.2 mg,
1.35 mmol) was added in one portion at room temperature.
After 2 h, acetone (5.8 mL) was added, followed by water
(5.8 mL) and NalOy4 (1.8 g, 8.41 mmol). The solution was
stirred overnight at room temperature. Water (115 mL) was
added, and the reaction mixture was extracted with CHCl3
(3 x 50 mL). The combined organic layers were dried over sodi-
um sulfate and filtered. After evaporation of the solvent,
ketone 2 (1.01 g, 99%) was isolated as white amorphous solid.
[a]p2® +177.4 (c 0.46, CHCl3); '"H NMR (CDCl3, 400 MHz)
05.69 (d,J = 1.3 Hz, 1H), 4.45 (q, J = 3.0 Hz, 1H), 2.58-1.97
(m, 10H), 1.95 (dd, J = 14.4, 2.7 Hz, 1H), 1.85 (td, J = 13.5,
4.6 Hz, 1H), 1.73-1.58 (m, 1H), 1.52-1.47 (m, 1H), 1.46 (s,
3H), 1.34-1.18 (m, 2H), 1.16 (s, 3H), 1.14-1.06 (m, 1H), 1.00
(dd, J = 11.1, 3.3 Hz, 1H); !3C NMR (CDCls, 101 MHz)
0 219.19, 199.48, 171.63, 122.70, 68.07, 56.80, 52.49, 46.84,
41.13, 39.43, 35.41, 35.15, 33.93, 31.95, 31.62, 31.09, 21.80,
21.20, 15.99; HRMS (m/z): [M + H]* calcd, 303.1955; found,
303.1961.

11B-Acetoxyandrost-4-ene-3,17-dione (3)

Starting steroid 2 (202 mg, 0.67 mmol, 1 equiv) was dissolved
in dry dichloromethane (9.8 mL), and after that 4-(dimethyl-
amino)pyridine (8.2 mg, 0.067 mmol, 0.1 equiv), triethylamine
(373 pL, 2.67 mmol, 4 equiv) and acetic anhydride (316 uL,
3.34 mmol, 5 equiv) were added. The mixture was stirred under
argon atmosphere overnight at room temperature. Saturated
aqueous NH4Cl (4.11 mL) was added, and the reaction mixture
was extracted with CH,Cl, (4 X 6 mL). The combined organic
layers were dried over sodium sulfate, filtered and then concen-
trated in vacuo. The residue was chromatographed
on silica gel with gradient 10% to 40% acetone in petroleum
ether to give acetate 3 (213.2 mg, 93%) as pale yellow
oil. [a]p2® +180.0 (¢ 0.58, CHCI3); 'H NMR (CDCl3,
400 MHz) 5 5.68 (d, J = 1.4 Hz, 1H), 5.47 (q, J = 3.1 Hz, 1H),
2.57-2.21 (m, 6H), 2.20-2.05 (m, 4H), 2.04 (s, 3H), 1.99
(m, 1H), 1.85-1.74 (m, 1H), 1.69-1.60 (m, 1H), 1.42 (dd,
J =14.9, 3.3 Hz, 1H), 1.28 (s, 3H), 1.21-1.10 (m, 3H), 1.03
(s, 3H); 13C NMR (CDCl3, 101 MHz) & 217.94, 198.85,
170.13, 169.58, 123.08, 69.41, 55.60, 52.11, 46.48, 38.76,
36.99, 35.48, 35.27, 33.71, 31.82, 31.65, 31.34, 21.90, 21.71,
20.87, 15.56; HRMS (m/z): [M + H]* calcd, 345.2060; found,
345.2078.

3,11B-Bis(acetyloxy)androsta-3,5-dien-17-one (4)
The general procedure of Marwah et al. [28] was followed with
modifications. A mixture of steroid 2 (254 mg, 0.84 mmol,

1 equiv), acetic anhydride (475 uL, 5.03 mmol, 6 equiv) and

585



p-toluenesulfonic acid monohydrate (2.8 mg, 0,008 mmol,
0,01 equiv) in a beaker was subjected to continuous mode of
microwave irradiation (800 W) at high power setting in a
domestic microwave oven for 6 min. After this, the mixture was
cooled to room temperature, and saturated aqueous NaHCO3
(5 mL) was added, after which this was mixed and extracted
with EtOAc (5 mL). The organic layer was dried over magne-
sium sulfate, filtered and concentrated in vacuo. The residue
was chromatographed on silica gel with gradient 7% to 30%
acetone in petroleum ether to give monoacetate 3 (151 mg,
52%) and diacetate 4 (107 mg, 33%). Diacetate 4: IH NMR
(CDCl3, 400 MHz) 8 5.66 (d, J = 2.1 Hz, 1H), 5.50 (q,
J = 3.2 Hz, 1H), 5.33 (t, J = 3.8 Hz, 1H), 2.67-2.36 (m, 4H),
2.29 (m, 1H), 2.12 (s, 3H), 2.11-2.04 (m, 4H), 2.03 (s, 3H),
2.01-1.96 (m, 1H), 1.95-1.84 (m, 1H), 1.75 (dd, J = 12.7,
4.2 Hz, 1H), 1.70-1.62 (m, 1H), 1.51-1.12 (m, 2H), 1.08 (s,
3H), 1.03 (s, 3H); 13C NMR (CDCl3, 101 MHz) & 218.48,
169.85, 169.41, 147.42, 140.45, 122.24, 116.12, 69.66, 53.31,
50.99, 46.72, 37.01, 35.38, 34.90, 33.49, 30.73, 28.37, 24.60,
21.96, 21.79, 21.54, 21.21, 15.50; HRMS (m/z): [M + H]*
calcd, 387.2166; found, 387.2167.

Isolation of 9-hydroxysteroids

A frozen culture supernatant was melted at room temperature
or in a warm water bath, then poured into the separation
funnel, saturated by the addition of solid sodium chloride
and extracted with EtOAc. The extract was concentrated
in vacuo to give a solid residue that was chromatographed on
silica gel. Elution with acetone/petroleum ether solvent system
(30% to 50% for 5 and 6, 10% to 30% for 7) afforded the prod-

uct.

9-Hydroxysteroids
9a,11B,17a,21-Tetrahydroxypregn-4-ene-
3,20-dione (5)

Compound 5 was further purified by column chromatography
on silica gel with 10% MeOH/CHCl3. [a]p2° +119.2 (¢ 0.66,
MeOH); 'H NMR (MeOD, 400 MHz) 5 5.72 (s, 1H), 4.64 (d,
J =19.2 Hz, 1H), 4.26 (d, J = 19.1 Hz, 1H), 4.05 (t, 1H), 2.73
(ddd, J = 14.2, 11.2, 2.7 Hz, 1H), 2.67-2.54 (m, 1H), 2.53-2.46
(m, 2H), 2.43-2.22 (m, 8H), 2.02-1.94 (m, 1H), 1.70 (dt,
J =10.9, 5.6 Hz, 2H), 1.58 (s, 3H), 1.49 (ddd, J = 14.9, 9.2,
6.4 Hz, 1H), 1.42-1.36 (m, 2H), 0.87 (s, 3H); 13C NMR
(CD30D, 201 MHz)  213.08, 202.81, 176.40, 124.85, 90.50,
78.81, 73.87, 67.69, 48.27, 46.75, 46.25, 36.83, 35.36, 34.86,
34.75, 32.33, 29.11, 26.84, 24.54, 22.49, 17.60; HRMS (m/z):
[M + H]* calcd, 303.1955; found, 303.1961.

9¢,11B-Dihydroxyandrost-4-ene-3,17-dione (6)
'H NMR (CD30D, 800 MHz) & 5.74 (ddd, J = 2.1, 0.8, 0.5 Hz,
1H), 4.03 (dd, J = 3.3, 2.6 Hz, 1H), 2.64 (dddd, J = 15.4, 13.3,
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6.9, 2.1 Hz, 1H), 2.53 (ddd, J = 12.5, 11.2, 4.7 Hz, 1H), 2.52
(ddd, J = 16.1, 14.4, 5.3 Hz, 1H), 2.48 (ddd, 19.2, 8.8, 0.9 Hz,
1H), 2.45 (dddd, J = 14.4, 13.0, 4.3, 0.5 Hz, 1H), 2.34 (dddd,
J =16.1,4.3, 3.1, 0.8 Hz, 1H), 2.30 (dddd, J = 15.4, 5.6, 1.5,
0.5 Hz, 1H), 2.06 (dt, J = 19.2, 8.8, 8.8 Hz, 1H), 1.99 (ddd,
J =13.0, 5.3, 3.2 Hz, 1H), 1.91 (m, 1H), 1.89 (m, 1H), 1.82
(ddddd, J = 13.3,6.9, 4.7, 1.5, 0.5 Hz, 1H), 1.73 (bdd, J = 14.0,
3.3 Hz, 1H), 1.72 (dd, J = 14.0, 2.6 Hz, 1H), 1.68 (m, 1H), 1.66
(dddd, J = 13.3, 13.3, 12.5, 5.6 Hz, 1H), 1.61 (d, J = 0.5 Hz,
3H), 1.16 (s, 3H); !3C NMR (CD30D, 201 MHz) & 222.73,
202.58, 175.91, 124.93, 79.13, 73.30, 48.17, 46.78, 46.50,
37.32, 36.34, 34.80, 34.76, 32.08, 29.01, 25.55, 22.46, 22.35,
15.89; HRMS (m/z): [M + H]" calcd, 319.1904; found,
319.1866.

9a-Hydroxy-11B-acetyloxyandrost-4-ene-

3,17-dione (7)

[alp2Y +157.3 (¢ 0.23, CHCl3); 'H NMR (MeOD, 400 MHz)
05.75(d,J = 1.9 Hz, 1H), 5.10 (t, J = 3.0 Hz, 1H), 2.60-2.41
(m, 4H), 2.38-2.27 (m, 2H), 2.16 (d, J = 9.5 Hz, 4H), 2.07 (s,
3H), 2.05-1.91 (m, 1H), 1.85 (dddd, J = 13.4, 6.8, 4.8, 1.7 Hz,
1H), 1.78 (d, J = 3.0 Hz, 2H), 1.73-1.64 (m, 1H), 1.62-1.52 (m,
1H), 1.49 (s, 3H), 1.05 (s, 3H); '3C NMR (MeOD, 101 MHz)
0 221.00, 201.81, 174.03, 170.77, 125.22, 56.05, 47.45, 46.22,
46.01, 36.17, 35.43, 34.63, 33.93, 32.02, 29.74, 29.53, 25.38,
22.82, 22.25, 21.63, 15.59; HRMS (m/z): [M + Na]* calcd,
383.1829; found, 383.1825.

Chemical oxidation of 9,11-dihydroxysteroids

The general procedure of Kirihara et al. [31] was followed.
Sodium hypochlorite pentahydrate (3 equiv) was added to
a stirred solution of diol (1 equiv) and tetrabutylammonium
hydrogen sulfate (0.1 equiv) in dichloromethane (8 mL/mmol
diol) and water (2.7 mL/mmol diol) at O °C. The resulting mix-
ture was stirred for 1 h and monitored by TLC analysis (10%
MeOH in CHClj3). Water (2.7 mL/mmol diol) was added,
and the reaction mixture was extracted with CH,Cl,
(2 x 32 mL/mmol diol). The combined organic layers were
dried over anhydrous sodium sulfate, filtered and then concen-

trated in vacuo.

17a,21-Dihydroxy-3,9,20-trioxo-9,11-seco-pregn-4-
en-11-al (8)

Compound 8 was obtained as a mixture with 5 in the ratio 2:1.
Compound 8 was further purified by preparative TLC (10%
MeOH in CHCl3); '"H NMR (MeOD, 400 MHz) 5 9.60 (s, 1H,
H-11), 5.81 (d, J = 2.3 Hz, 1H, H-4), 1.50 (s, 3H, 19-Me), 0.83
(s, 3H, 18-Me); '3C NMR (CDCls, 101 MHz) 5 221.31 (C9),
211.52 (C20), 200.50 (C11), 198.19 (C3), 165.72 (CS5), 125.90
(C4); HRMS (m/z): [M + H]* caled, 377.1959; found,
377.1944.
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3,9-Diox0-9,11-secoandrost-4-en-11-al (9)

Compound 9 was obtained as pure compound with a yield of
87%. [alp?? +57.1 (¢ 0.42, CHCl3); '"H NMR (CDCls,
400 MHz) 6 9.69 (d, J = 0.8 Hz, 1H), 5.83 (d, J = 2.0 Hz, 1H),
3.40-3.28 (m, 1H), 3.00-2.73 (m, 5H), 2.66-2.54 (m, 2H),
2.51-2.36 (m, 2H), 2.30-2.16 (m, 1H), 2.10-2.01 (m, 1H), 1.95
(ddd, J = 14.1, 4.8, 3.2 Hz, 1H), 1.74-1.53 (m, 1H), 1.51 (s,
3H), 1.49-1.37 (m, 2H), 0.84 (s, 3H); 13C NMR (CDCl3,
101 MHz) & 221.30, 211.50, 200.48, 198.17, 165.72, 125.87,
51.55, 51.30, 48.56, 47.37, 39.82, 36.20, 33.60, 32.45, 29.62,
28.98, 23.72, 22.99, 18.49; HRMS (m/z): [M + H]" calcd,
317.1747; found, 317.1755.
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Metal-catalysed depolymerisation of plastics to reusable building blocks, including monomers, oligomers or added-value chemicals,

is an attractive tool for the recycling and valorisation of these materials. The present manuscript shortly reviews the most signifi-

cant contributions that appeared in the field within the period January 2010-January 2020 describing selective depolymerisation

methods of plastics. Achievements are broken down according to the plastic material, namely polyolefins, polyesters, polycarbon-

ates and polyamides. The focus is on recent advancements targeting sustainable and environmentally friendly processes. Biocat-

alytic or unselective processes, acid—base treatments as well as the production of fuels are not discussed, nor are the methods for the

further upgrade of the depolymerisation products.

Review

1. Introduction

In a circular-economy perspective, wastes are deemed precious
feedstock usable in the production of fertilisers, fuels, chemi-
cals and a variety of materials for packaging, housing, transport
and clothing [1,2]. A considerable fraction of the waste current-
ly produced by our society is due to plastics, which is a major
problem [3,4]. Plastics are usually synthetic polymers recalci-
trant to decomposition, and hence liable to accumulate in land-
fills or the environment when discarded [5,6]. Not all plastics
can be reused, and thus having limited economic value [7,8].

Plastics may release toxic compounds dangerous to human

health and the habitat [9,10]. Plastic materials are ubiquitous in
our everyday life, which accounts for a global production of
plastics of around 360 million tons in 2018 [11], of which more
than 60% are disposed [12,13]. As a consequence, pollution
from plastics is impressive, resulting in the diffusion of
microplastics into soil [14,15], oceans [16,17], crustaceans [18]
and rain [19].

Valorisation of plastic waste, via chemical conversion into

reusable building blocks, may contribute to solving these prob-
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lems while representing a strategy to reduce the carbon foot-
print of the chemical industry [20,21]. The approach deepens
the concept of plastic recycling [22,23], first of all requiring a
careful design of efficient and controlled depolymerisation pro-
cesses. Despite of this hurdle, the implementation of effective
plastics value chains through recovery, reprocessing and
upgrade would be a tangible mean to turn a challenge into an
opportunity [24,25]. The waste-to-products strategy is already
in place for both animal [26,27] and plant biomass polymeric

waste [28,29], for which mature technologies are operative [30].

When referring to polymers in general, there is often a lack of
univocal definitions, which may lead to confusion between
terminologies used as synonyms, though they are not [31,32].
The IUPAC recommendations provide a useful reference to this
aim [33]. Thus, “degradation” is a broad term describing the
“progressive loss of the performance or of the characteristics of
a substance" due to the action of chemical (acids, air, halogens,
solvents) or physical agents (heat, light). For polymers, the
properties involved are, for instance, tensile strength, colour or
shape, the change of which is usually associated with a modifi-
cation of the chemical composition (e.g., as a consequence of
oxidation, cross-linkage, bond cleavage). The term “biodegra-
dation” indicates a “degradation caused by enzymatic processes
resulting from the action of cells”. Although commonly used,
also for artificial polymers, the term “biodegradable” specifi-
cally refers to biorelated polymers (i.e., proteins, nucleic acids,
polysaccharides), which are "susceptible to degradation by bio-
logical activity by lowering of the molar masses of macromole-
cules". Therefore, in this situation, “chain cleavage” and “deg-
radation” are used interchangeably. To avoid confusion, instead

Beilstein J. Org. Chem. 2021, 17, 589-621.

of “(bio)degradation”, in the present review, we will use the
term “depolymerisation” to identify the “process of converting a
macromolecule into (recoverable) monomers or a mixture of
monomers". Another relevant definition is that of “bioplastic”,
meaning “biobased polymer derived from the biomass or issued
from monomers derived from the biomass”, wherein “biobased”
indicates “composed or derived in whole or in part of biologi-
cal products issued from the biomass”. Also, there is no univer-
sally accepted definition for “compostable”, as it differs be-
tween diverse issuers [34]. The criteria indicated by the
European Commission through the standard EN 13432 “Pack-
aging—Requirements for packaging recoverable through
composting and biodegradation” include disintegration (i.e.,
breakdown of material to particles of a defined size), biodegrad-
ability, absence of negative effects on the composting process
and amount of heavy metals below given maximum values
[35,36].

“Recycling” itself is a general term for which multiple defini-
tions exist, depending on the year and the author [37]. Plastics
manufacturers have also delivered their own guidelines under
the name “Design for Recycling” [38,39]. A generally accepted
definition for plastic recycling is “the process of recovering
scrap or waste plastics and reprocessing the material into useful
products, sometimes completely different in form from their
original state” [40,41]. A possible classification of reported
plastic recycling techniques is schematically shown in Figure 1
[42], wherein breakdown by the recycled polymer, the final
product or the process involved further differentiates between
methods, which may lead to occasional overlaps and inconsis-
tencies [43,44].

zero-order
> reuse
primary
reextrusion
mechanical
) - secondary
plastic waste recycling physical
metal-
thermal catalysed
tertiary -
chemical solvolysis
chemolytic
quaternary hydrogenolysis
energy recovery

Figure 1: Potential classification of plastic recycling processes. The area covered by the present review is highlighted in green.
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“Reuse” is considered a zero-order recycling option, meaning
“any operation by which products or components that are not
waste are used again for the same purpose for which they were
conceived” [45]. A typical example are plastic containers that
are washed and reused as they are [46]. True recycling includes
“any recovery operation by which waste materials are
reprocessed into products, materials or substances whether for
the original or other purposes. It includes the reprocessing of
organic material but does not include energy recovery and the
reprocessing into materials that are to be used as fuels” [45].
Therein, three options can be distinguished. “Reextrusion” (also
known as closed-loop recycling) refers to the recycling of clean,
uncontaminated single-polymer materials to give products with
analogous performance and applications [47]. For example,
polyethylene bottles are recycled into new bottles. Similarly, in
“physical recycling”, the polymeric structure of the original ma-
terial is maintained, although purification steps, the addition of
additives or blending with fresh polymers may be included [48].
For this reason, both reextrusion and physical recycling are also
referred to as “mechanical recycling”, primary and secondary,
respectively [49,50]. However, materials of lower quality and
economic value can be obtained [51,52]. By contrast, the term
“chemical recycling” (or feedstock recycling) refers to those
processes involving an alteration of the polymeric chain due to
breakage of chemical bonds [53,54]. This definition may be
confusing since chain scission may actually occur using either
physical (heat) or chemical agents. Indeed, chemical recycling
processes can be divided into two main categories: thermo-
chemical and chemolytic routes. All of these processes may
result in a variety of valuable products and the mixture thereof,
including C1 molecules (CO, CO,, CHy), H,O and H; due to
complete decomposition of the polymeric chain, monomers or
oligomers, depending on the waste polymer and the process.
The as-obtained compounds can be reused as raw materials for
the process industry (hence the term feedstock) to produce
chemicals, fuels or other polymers. Thermochemical processes
include pyrolysis [55], catalytic cracking [56] and gasification
[57]. These are usually unselective, high-temperature treat-
ments (300-1000 °C) that may efficiently provide light hydro-
carbons or small molecules [58,59]. Chemolytic processes,
wherein a chemical reagent is used to achieve depolymerisation,
mainly involve solvolysis (a solvent is the reagent and solvol-
yses include hydrolysis, glycolysis, alcoholysis and aminolysis)
and hydrogenolysis reactions (H, as reagent). Hydrolysis
(sometimes called hydrocracking) is in between thermochem-
ical and chemolytic processing, basically consisting of depoly-
merisation by the combined action of heat and dihydrogen [60].
Chemolytic processes may or may not be catalytic. They will be
discussed in detail in the following section. A fourth option is
“energy recovery”. Strictly speaking, this cannot be considered

as recycling, consisting in the recovery of the energy contained
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in a material rather than the material itself, and it is usually
achieved by combustion or incineration [61,62]. This method is
generally used for plastics that cannot be economically recy-
cled by other means [63,64]. However, it often entails the emis-
sion of toxic volatile compounds (furans, dioxins) [65]. The tar
obtained may be used for road construction [66].

The present paper shortly reviews the most significant contribu-
tions that appeared in the literature, from January 2010 to
January 2020, in the field of metal-catalysed selective depoly-
merisation of plastics to reusable monomers, oligomers or
added-value chemicals (see Figure 1). Scientific achievements
will be described according to the plastic substrate, irrespective
of the metal catalyst. Uncatalysed depolymerisations, full chain-
cracking or unselective processes, acid—base treatments, as well
as the production of fuels from plastics, will not be covered.
Conversion of plastic waste to fuels [67,68] and biocatalytic
depolymerisation methods [69,70] have been extensively and
recently reviewed elsewhere, hence they will not be considered
herein.

2. Depolymerisation of plastics

As outlined above, depolymerisation of plastic waste to
reusable building blocks is an attractive option for effective
recycling and valorisation. This is most conveniently achieved
through chemolytic processes because of the higher selectivity
and lower energy inputs compared to thermochemical ap-
proaches [71]. This is a “hot” research topic, mainly due to the
few industrial applications developed in the field so far, despite
the urgent need for innovative technologies that overcome the
high costs of recycling, the legal constraints for dumping, the
accumulation of plastic scraps and the dependence on nonre-
newable (fossil) sources [72,73]. A reason for this underdevel-
opment is that chemolysis of plastics is still challenging due to
multiple critical factors: i) the achievement of selective depoly-
merisation is only possible by carefully controlled reaction
conditions, ii) the related processes must be “green” and eco-
nomically viable and, iii) tailored solutions are required to over-
come the chemical inertness for, and the thermodynamic limita-
tions of the reversal of each polymer. Indeed, the ease (and
outcome) of chain scission does not depend on the origin of the
polymer but on its chemical structure [74,75]. For instance,
plastics derived from biomass are not necessarily biodegrad-
able, particularly if similar to those obtained from petroleum
sources [76,77]. For depolymerisation to be effective at reason-
able operating temperature and selective, the plastic substrate
should in principle originate from low-exergonic polymerisa-
tion reactions [78]. This justifies for the easier depolymerisa-
tion of polyesters and polycarbonates compared to polyolefins
[79,80]. By contrast, poor selectivity and slow kinetics of

depolymerisation can be circumvented using a catalyst.
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2.1 Chemolysis
Several catalytic depolymerisation processes of plastics have
been developed, using a solvent or molecular hydrogen as

cleaving agents [81]. The main solvolytic process include:

* hydrolysis (water)

* alcoholysis (methanol, ethanol, 1-butanol, 2-ethyl-1-
hexanol, phenol)

* glycolysis (ethylene glycol (EG), 1,2-propanediol (PD),
1,3- and 1,4-butanediol (BD)), diethylene glycol (DEG),
dipropylene glycol (DPG))

* aminolysis (2-aminoethanol, 3-amino-1-propanol, ethyl-
enediamine).

Advantages of catalytic processes are obvious and can be
witnessed in the hydrolysis and the glycolysis reactions of
poly(ethylene terephthalate) (PET) [82,83]. Representative data
are reported in graphical format in Figure 2 for the glycolysis
reaction of PET, using titanium(IV) n-butoxide as the catalyst.
Compared to the uncatalysed process, benefits include milder
reaction conditions, higher selectivity and productivity and
reduced generation of waste; in short, improved sustainability
[84,85]. However, solvolytic methods are usually not cost-
competitive and energy-intensive [86], while they may involve
the management of large amounts of noxious solvents and a
variety of (decomposition) byproducts [87,88]. Depolymerisa-
tion products of course depend on the polymer, the solvent and
the reaction conditions. For instance, for polyesters, alcoholysis
may provide mixed monomers formally derived from transes-
terification reactions [89,90], while aminolysis provides amides
and alcohols [91,92].

7 -

6 -
T 5]
2 4 1 —8— 190 °C catalysed
2
5 3 1 —— 220 °C uncatalysed
w2
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0

0 90 180 270
time (min)

Figure 2: EG produced during glycolytic depolymerisation of PET
using DEG + DPG as solvent and titanium(IV) n-butoxide as catalyst.
Data from reference [92].

In the search of “greener” technologies for plastic recycling,
catalytic hydrogenolysis processes have been developed that

benefit from the use of H, as clean reagent and that usually
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result in a limited number of secondary products [93,94]. The
excess of Hy reagent can also be easily removed from the reac-
tion mixture. The approach, referred to as hydrodeoxygenation
[95,96], is already in use for the valorisation of naturally-occur-
ring polymeric waste, i.e., lignocellulosic biomass [97,98], par-
ticularly lignin [99,100] and cellulose [101], to monomers or
added-value platform molecules [102,103]. Here the main
drawbacks concern safety hazards, supply, transport and storage
costs of hydrogen. Catalytic transfer hydrogenation (CTH)
methods from safer reagents have thus been developed and suc-
cessfully applied to lignocellulose polymers [104,105].

2.2 Catalysts

Catalysts of various types, including homogeneous and hetero-
geneous, have been reported for the above-mentioned depoly-
merisation processes of plastics. Heterogeneous systems are
preferred by industry due to the easier separation from the reac-
tion mixture, reuse and integration into existing reactor equip-
ment [106,107]. Metal-based catalysts have been used for both
solvolytic and hydrogenolytic methods, wherein the latter are
usually achieved by supported metal species (Ru, Ir), due to the
ability to activate molecular hydrogen, functioning as redox
centres. The mechanisms of the metal-catalysed solvolytic reac-
tions of plastics are all very similar and typical of conventional
organic processes: a metal ion acts as Lewis acid centre for the
activation of the chain-linking group of the polymer (either an
ester, carbonate, ketone or amide) toward the nucleophilic
attack of the various solvents. Specific examples, broken down
according to the nature of the polymer and the process, will be
reported in the next sections, in which metal catalysts are de-
scribed in detail. Solvolytic depolymerisations can also be
promoted by metal-free soluble acid or base catalysts. However,
concentrated solutions, quasistoichiometric amounts or strong
mineral acids (HNOj3, H,SOy4, H3POy4) or bases (NaOH, KOH,
potassium butoxide) are often required, particularly for hydroly-
sis reactions [108,109], which may result in corrosion problems,
troublesome neutralisation and purification procedures as well
as a considerable generation of waste, which makes these
process economically and environmentally unappealing
[110,111]. These systems are not considered in the present

review.

Biological catalysts for the deconstruction of plastics were ex-
tensively studied in the past years, and several hydrolytic-en-
zymes-containing microorganisms have been shown to be
usable for this purpose [112,113]. However, enzymatic depoly-
merisation is hampered by high molecular weight and crys-
tallinity, reduced chain mobility and hydrophobicity of poly-
mers [114,115], which makes biodegradation often ineffective
and time-consuming, particularly for polyolefins, such as poly-

ethylene, polyvinyl chloride (PVC), polystyrene or PET
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[116,117]. Thus, abiotic pretreatments may be required, includ-
ing UV irradiation [118], oxidation [119] or acidic degradation
[120].

It is worth mentioning that organocatalytic depolymerisation
methods have also been reported [121,122]. Despite these
systems represent promising “‘greener’”’ options, they still are in
an early development stage. Uses are mainly limited to
nitrogen-based catalysts, ionic liquids [123,124] and alcohol-
ysis of oxygen-containing polymers, such as polyesters, poly-
carbonates and polyamides, i.e., glycolysis of PET, wherein
high temperatures and nearly stoichiometric amounts of cata-
lysts are often required to achieve moderate yields of mono-
mers [125,126].

3. Selective depolymerisation of plastics via

metal catalysis

Research in depolymerisation of plastics by artificial metal cata-
lysts is relatively recent as most of the earliest studies are
related to biocatalytic systems. Metal salts are the conventional
catalysts for these processes, wherein acetates, phosphates and
chlorides of heavy metals (Ti, Zn, Mg, Co, Fe) or lead oxide are
commonly used in the alcoholysis and glycolysis of polyesters
[127,128]. Despite that these systems ensure high conversions
and selectivity, shortcomings relate to the harsh reaction condi-
tions, slow kinetics, cost of metals, toxicity, difficulty in cata-
lyst reusing and need of downstream processing. Significant
efforts have thus been made to develop greener and sustainable
catalytic systems featuring high efficiency under mild condi-
tions. The use of sodium carbonate or bicarbonate as
ecofriendly catalyst replacements for zinc acetate in the glycol-
ysis of PET are examples of this direction [129,130]. Recent
studies focused on molecular complexes as homogeneous cata-
lysts, whereas heterogeneous systems based on solid-supported
metal nanoparticles (NPs) have been scarcely investigated.

3.1 Polyolefins

Due to the intrinsic chemical resistance of the hydrocarbon
skeleton devoid of functional groups, polyolefins are neither
prone to chemical recycling nor biodegradable [131,132].
Hence, they are more commonly repurposed via mechanical
recycling, burned or just discarded [133,134]. Depolymerisa-
tion of polyolefins usually requires thermal treatments at high
temperature [54,135].

3.1.1 Polyethylene (PE): PE is the most used thermoplastic
material today, having a variety of uses in several fields. Appli-
cations of PE depend on the mechanical and physical properties
(particularly the tensile strength, hardness and melting point
Tm), which are, in turn, ruled by the molecular weight and

degree of branching [136,137]. Various types of PE exist, which
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are classified according to the density, the most common being
high-density polyethylene (HDPE) and low-density poly-
ethylene (LDPE). HDPE (0.94-0.97 g-cm™3, Ty, 130 °C) is a
highly crystalline material with a low degree of short chain
branching. Owing to the high stiffness, tensile strength, resis-
tance to moisture and gas permeability, it is mainly used in the
manufacture of water pipes, toys, beverage bottles, outdoor
furniture, housewares and electrical cables [138,139]. LDPE
(0.91-0.94 g-cm™3, Ty, 120 °C) is a poorly crystalline material
having a high degree of short chain and long chain branching. It
is featured by a good flexibility, transparency and high impact
strength, which make it suitable for short-term applications,
such as films, food packaging, squeezable bottles, plastic bags
and medical devices [140]. PEs (except cross-linked samples)
are partially soluble in (hot) aromatic hydrocarbons or in chlori-

nated solvents [141].

Depolymerisation of PE by catalytic pyrolysis or cracking into
liquid fuels was recently reviewed [67,142]. Most of these pro-
cesses are promoted by heterogeneous acid catalysts (e.g.,
zeolites, alumina, silica) and are usually unselective, resulting
in a broad distribution of gas (C3 and C4 hydrocarbons), liquids
(cycloparaffins, oligomers, aromatics) and solid products (char,
coke) as a consequence of the random scission of C—C bonds
into radicals, which leads to a complex mixture of olefinic and

cross-linked compounds [143].

In a few cases, good selectivity to a liquid fraction was
achieved. For instance, nanostructured BaTiO3 doped with
Pb provided a mixture of liquid products, which includes
alkanes (73.4%), olefins (22.5%) and naphthalene (4.1%) at
total HDPE conversion at 350 °C [144]. In another example,
hydrocracking of PE was performed over Pt NPs supported on
SrTiOj3 perovskite nanocuboids [145]. Virgin PE (M, =
18000-420000 g-mol~!) or PE from single-use plastic bags
(M, = 115000 g-mol~!) was converted in >97% yield into
liquid hydrocarbon (alkane) products having a narrow distribu-
tion of the molecular weight (960—1130 g-mol™!) under 11.7 bar
Hj; at 300 °C and solvent-free conditions [146]. The pyrolysis
oils produced may be used as lubricants, waxes or further
processed into detergents and cosmetics [147]. The catalyst
could be recycled, however, with reduced performance due to
Pt nanoparticle oxidation.

3.1.2 Polybutadiene (PBD): Partial depolymerisation of 1,4-
PBD (cis, trans, My, 1800-500000 g-mol~!) was achieved by an
unconventional tandem ring-opening—ring-closing metathesis
route mediated by commercially available Ru homogeneous
catalysts [148]. The process afforded C¢ to C44 mixtures of
macrocyclic oligobutadienes with up to 98% selectivity at mod-

erate conversions (59-88%) using first-generation Ru com-
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plexes bearing a tricyclohexylphosphine (PCy3) ligand, mild
reaction temperature (35 °C) but toxic CH,Cl, solvent
(Scheme 1). The reaction using second-generation N-hetero-
cyclic carbene ligands was faster and preferably yielded
cyclododecatriene. Larger cyclic butadienes may be used in the
production of flame retardants, lubricants and specialty poly-
mers [149,150].

L1
Cla, | L'=L2=PCys, R=CHPh
_Ru=R L' =L2=PCys;, R = indole
Cl |2 L' =PCys, L2 = R = iPrOPh
L

Scheme 1: Simplified representation of the conversion of 1,4-PBD to
C16—Ca44 macrocycles using Ru metathesis catalysts.

3.1.3 Polystyrene (PS): PS is a low-cost, hard and brittle
plastic used both as a solid or foam in protective packaging,
containers and trays [151]. It is a nonbiodegradable material ac-
counting for about 10% of municipal solid waste [135]. It is
soluble in benzene, carbon disulfide, chlorinated hydrocarbons,
lower ethers and N-methyl-2-pyrrolidone (NMP) and has a
melting point around 240 °C [152]. Most methods for PS recy-
cling are not economically advantageous [153]. Mechanical
recycling, based on pelletizing and moulding, produces low-
grade plastics with poor mechanical strength and low market
value. Solid PS products, such as coffee cups or take-away
containers, can be recycled into videocassette cases or office
equipment. Incineration at a temperature below 1000 °C and
insufficient air is believed to produce a mixture of volatile com-
pounds, including hazardous polycyclic aromatic hydrocarbons,
alkylbenzenes and benzoperylene [154,155]. As for other poly-
mers, pyrolytic methods end up to be poorly selective.

In some cases, metal-catalysed depolymerisation processes of
PS were described, showing significant selectivity. In an earlier
example, thermal treatment of PS waste over a Fe-K@AI,03
catalyst at 400 °C provided a hydrocarbon oil in 92% yield,
71.4% of which were attributable to styrene monomer [156]. A
decrease of 56 kJ mol~! for the activation energy of PS depoly-
merisation was calculated in the presence of the catalysts. More
recently, high-porosity montmorillonite (Mt) was used to
prepare Mg-, Zn-, Al-, Cu- or Fe-decorated heterogeneous cata-
lysts [157,158]. An oil yield around 89% was obtained at
450 °C over 20% Fe@Mt, composed by 51%, 10% and 6% (wt)
styrene, toluene and ethylbenzene, respectively, and additional

oligomers.
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3.2 Polyesters

3.2.1 PET: PET is one of the most widely used thermoplastic
polyesters, particularly in the textile and food packaging
industry (e.g., soft-drink and water bottles, food container,
films) due to the excellent thermal and mechanical properties,
durability, inertness and transparency. The global production of
PET exceeds 50 million tons pear year, while PET accounts for
around 8% by weight and 12% by volume of the world's solid
waste [159,160]. PET is a copolymer of terephthalic acid (TPA)
and EG [161]. It is best soluble in chlorophenol, tetra-
chloroethane, m-cresol, NMP, nitrobenzene and 1,1,1,3,3,3-
hexafluoro-2-propanol, insoluble in common alcohols and water
and has a melting point of 250 °C and a glass transition temper-
ature Ty of 76 °C [162,163]. It was suggested that under certain
circumstances, PET may leach phthalates [164], which are
known for potentially adverse health effects and subject to
ECHA regulation restrictions [165,166]. Coupled with the fact
that TPA is produced from petrochemical sources, bioderived
2,5-furandicarboxylic acid has been proposed as TPA replace-
ment in the production of plastic bottles, representing one of the
rare examples of industrial manufacture of biobased polymers
[167,168].

From the chemical recycling point of view, PET is one of the
most studied plastics, so as to represent a case study in the field
[169,170]. A variety of added-value, reusable chemicals and
monomers can be recovered from PET via chemolytic depoly-
merisation, including 1,4-benzenedimethanol (BDM), TPA,
dimethylterephthalate (DMT), bis(2-hydroxyethyl)terephthalate
(BHET), terephthalamides (TPM [171]) and EG (Figure 3). Cat-

chemolytic
depolymerisation
—11 hydrogenolysis BDM
—T]  hydrolysis > TPA
PET methanolysis DMT
L glycolysis BHET
_4 aminolysis ‘—%‘ TPM ‘

Figure 3: Main added-value monomers obtainable by catalytic depoly-
merisation of PET via chemolytic methods.
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alytic hydrogenolysis, hydrolysis, methanolysis and glycolysis
reactions of (postconsumer) PET have been reviewed, each
showing their own advantages and disadvantages [172,173]. For
instance, glycolysis usually requires more problematic purifica-
tions than methanolysis, which, on the other hand, is generally
more energy-intensive. Some solvolytic processes of PET are
already in operation at the industrial or pilot scale [174,175].
However, they often rely on the use of considerable amounts of
strong alkali bases and chlorinated solvents [176,177], which
makes them neither economically competitive nor environmen-
tally friendly [178,179]. A survey of patents related to the
chemical recycling of PET up to 2005 can be found in the litera-
ture [180].

Hydrogenolysis. In the recent years, hydrogenolysis reactions of
PET were developed mostly using Ru metal-based catalysts,
due to their higher affinity for C=0 bond (ester) hydrogenation
compared to other metals (Scheme 2) [181,182]. Thus, a 73%
BDM yield was obtained using a soluble Ru(Il)-PNN complex
at 110 °C in THF/anisole solvent, 50 bar of hydrogen and a 20:1
excess of strong base potassium tert-butoxide as cocatalyst
(Table 1, entry 1) [183]. Although the reaction mechanism was
not investigated in detail, it was suggested that cleavage of the
ester linkage may occur in a concerted manner through the re-
ported heterolytic route [184,185]. The role of butoxide was
postulated to be the activation of the heterogeneous splitting of
dihydrogen. BDM is an important building block for the pro-
duction of resins and polyesters other than PET [186,187].
Analogously, a similar Milstein-type ruthenium—PNN complex,
generated in situ by treatment of the chloride catalyst precursor
with potassium butoxide in a 2:1 molar ratio, resulted in a
nearly quantitative yield of BDM and EG at a slightly higher
reaction temperature (160 °C, 54 bar Hj, Table 1, entry 2).
Interestingly, PET flakes from postconsumer bottles could be
used, showing the catalytic system to be resistant to the pres-
ence of contaminants and impurities (e.g., additives, pigments)
[188]. More recently, effective PET depolymerisation was
accomplished by a ruthenium molecular catalysts bearing the
well-known tripodal phosphorous ligand 1,1,1-tri(diphenylphos-
phinomethyl)ethane (triphos) [189,190]. Thus, use of
Ru(triphos)tmm (tmm = trimethylenemethane) and acidic
bis(trifluoromethane)sulfonimide (HNTf,) cocatalyst (1:1) in

(0]
Y@)‘\O/\i/ Hy
(0]
Ru cat., cocat.
o n
PET
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noxious 1,4-dioxane solvent resulted in 41% PET conversion
and 64% BDM selectivity at 140 °C and 100 bar H, due to the
formation of ether byproducts (Table 1, entry 3) [191]. No
hypotheses for the reaction mechanism were formulated. Higher
conversion (64%) and selectivity (99%) were observed using
the bulkier xylyl derivative Ru(triphos-xyl)tmm (Table 1, entry
4), which was attributed to reduced catalyst degradation [192].
The catalyst could be employed for the depolymerisation of
PET flakes from various sources (water bottles, dyed soda
bottles, pillow filling, yoghurt pots). However, the role of
HNTf, was unclear.

In a different approach, hydrogenolysis-like depolymerisation
was achieved through a hydrosilylation strategy, using the
pincer Ir(IIT) complex [Ir(POCOP)H(THF)][B(CgF5)4]
(POCOP = 1,3-(+-BuyP0O),CgHj3) as catalyst and an excess of
Et3SiH as reagent (chlorobenzene solvent, 70 °C) [193]. BDM
could be obtained in an overall 58% yield from PET from fibres
or bottles, after hydrolysis of the intermediate silyl ether using
BuyNF-3H,0 in THF (Scheme 3).

Hydrolysis. Methods for the metal-catalysed hydrolysis of PET
were developed, allowing for the recovery of costly TPA mono-
mer (Scheme 4, top). TPA was obtained in 97.1% yield at full
PET conversion, using 70 wt % aqueous ZnCl, as catalyst at
180 °C and no organic solvent [194]. However, a high ZnCl,/
PET weight ratio of 35 was required. The catalyst could be
reused, showing significant activity decrease starting from the
fourth cycle due to biochar formation. A mechanism was
hypothesised in which Zn2* ions act as a Lewis acid activator
for the carbonyl ester bond. In a previous work, complete
depolymerisation of PET was achieved using zinc acetate as
catalyst in hot compressed water [195]. A TPA yield of 90.5%
was obtained at 240 °C after 30 min reaction time, using a
ZnAc,/PET weight ratio as low as 0.015. For this, a mechanism
was speculated in which proton ions act as activators.

Methanolysis. To the best of our knowledge, only one example
of a depolymerisation reaction of PET through alcoholysis was
recently reported, which is however devoid of any catalysts
[196]. Therein, a 97.3% yield of DMT was obtained at full PET
conversion, by treatment of PET with methanol at 200 °C for

OH
OH
HOM©/\ * HO/\/

BDM EG

Scheme 2: Hydrogenolytic depolymerisation of PET by ruthenium complexes.
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Table 1: Hydrogenolysis of PET by soluble Ru molecular catalysts.

entry catalyst cocatalyst? reaction conditions? conv.©
(%)
T Ho solvent seld
(°C)  (bar) (%)
PPh
1 G20 KtBUO' 110 50 anisole/THFS 73 100

2 Kt-BuO 160 54  anisole/THF9 99 100
PPh,
3 p.....R‘u ", HNTfh 140 100 1,4-dioxane 42 64
Y\
PXyl,
Xyly .
4 Pw-RU. |/ HNTfh 140 100 1,4-dioxane 64 99
P/ S/

Xy|2

BDM

TOF®
(molgpm Molea ~"+h~")

0.76

1.03

1.68

3.96

ref.

[183]

[188]

[191]

[191]

aCatalyst loading 2 mol %, calculated based on repetition units in PET, cocatalyst molar ratio 2:1. PReaction temperature, hydrogen pressure, reac-
tion time 48 h. °PET conversion. 9Selectivity to BDM. €Turnover frequency, calculated based on repetition units in PET and moles of Ru catalyst.

fCocatalyst molar ratio 20:1. 91:1 v/v. "Catalyst loading 1 mol %. Reaction time 16 h.
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— Et,SiO _ .
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O n
PET

BDM-Si EG-Si
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Scheme 3: Depolymerisation of PET via catalytic hydrosilylation by Ir(lll) pincer complex.
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Scheme 4: Catalytic hydrolysis (top) and methanolysis (bottom) reac-
tions of PET.

3.5 h (Scheme 4, bottom). No details of byproducts were provi-
ded. Ethanol and butanol were much less reactive under iden-
tical reaction conditions. The as-prepared DMT could be used
for the production of hydrocarbon jet fuels by catalytic hydro-
genation. Metal-catalysed methanolysis of PET was described

in previous years [109,197].

Glycolysis. Glycolysis is a convenient process for PET chemi-
cal recycling, owing to the low cost, relatively mild reaction
conditions and the potential for the production of useful mono-
mers and oligomers. These compounds can be used in the syn-
thesis of recycled polyesters, polyurethanes, polyisocyanurates
and resins [43]. Among the various glycols, EG is the most
popular, resulting in the formation of BHET, formally through a
(reversible) transesterification reaction (Scheme 5) [198].
Drawbacks of this method are the difficulty of purification of
BHET, the need of an excess of EG and the possible product
contamination by homogeneous catalysts [199]. The conven-
tional catalysts for this reaction are EG-soluble metal acetates,

(0]
Ho/\/OH
o - .
(e} (0]
cat. HO™ >
o , o
PET

Scheme 5: Depolymerisation of PET by glycolysis with ethylene glycol.
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the activity of which showed a decrease in the order Zn%* >
Mn2* > C02+, which was attributed to the diverse interaction
between the metal cation promoter and the carbonyl group of
polyester [200]. Indeed, several studies showed Zn-based cata-
lysts to provide the best performances. A summary of recent
findings and reaction conditions is reported in Table 2. In an
earlier study, a 85.6% BHET yield was obtained at 196 °C,
using an EG/PET ratio of 5:1 (w/w) and 1 wt % Zn(OAc),
loading (Table 2, entry 1) [201]. The system resulted in partial
selectivity to BHET due to the formation of significant amounts
of oligomers, mainly BHET dimers, which increased upon
standing. The kinetic of the zinc acetate-promoted process was
studied over a range of reaction conditions, showing the best
combination to be 196 °C, an EG/PET ratio of 2.45:1 (w/w) and
a catalyst loading of 0.3 wt % (Table 2, entry 2) [129]. Under
these conditions, an equilibrium yield of BHET around 65%
was achieved within short reaction times (1 h), much faster than
in the absence of catalysts or using alkali salt promoters
(NapCO3, NaHCO3, NapSO4 or K»SOy, Figure 4). PET wastes,
including highly coloured and multilayered PET, could be used
as substrate. More recently, it was demonstrated that the addi-
tion of a cosolvent for PET, such as dimethyl sulfoxide
(DMSO), NMP, nitrobenzene or aniline to the conventional
PET-insoluble EG system, greatly enhanced the depolymerisa-
tion kinetics, resulting in improved conversions (the solubility
of PET at T > 130 °C was aniline > NMP > nitrobenzene >
DMSO) [202]. For instance, the use of a DMSO/EG 2:1, w/w
solvent mixture resulted in an increase of PET conversion from
43.0% to 83.9% compared to pure EG (190 °C, 5 wt % catalyst
loading, 5 min reaction time, Table 2, entry 4 vs entry 3). Using
the same reaction conditions and solvent mixture, Mn, Co, Cu
and Ni acetate catalysts were less active than Zn (Table 2,
entries 5 and 6). In a further study, glycolysis of PET was per-
formed under microwave heating in the presence of Zn(OAc),,
yielding BHET with an 80% selectivity at 97% conversion due
to formation of dimers (Table 2, entry 7) [203,204]. Soluble
metal chlorides (zinc, magnesium, iron, zirconium, cobalt,
nickel) were also explored as catalysts in the glycolytic depoly-
merisation of PET [128,205]. The highest BHET yield (74.7%)
was achieved using zinc chloride (0.5% w/w), an EG/PET ratio
of 14:1 and reflux conditions (Table 2, entry 8). The use of

O/\/OH

BHET
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Table 2: Catalytic EG glycolysis of PET by metal acetates or other soluble metal salts.

entry material catalyst EG/PET2 T®

(w/w) (°C)

1 PET bottle Zn(OAc)» 5:1 196
chips

2 PET waste Zn(OAc)2 2.45:1 196

3 PET pellets Zn(OAc)2 6:1 190

4 PET pellets Zn(OAc)2 2:1h 190

5 PET pellets Mn(OAc)z 2:1h 190

6 PET pellets Co(OAc)» 2:1h 190

7 PET bottle Zn(OAc)2 5:1 196/
flakes

8 PET ZnCl» 14:1 196

9 PET pellets Zn POMI 4:1 185

conv.© BHET reference

(%)

sel.d TOF®

(%) (molgHeT"MOlGar = *hT)
n.a.f 85.69 27.0 [201]
65 100 207.1 [129]
43.0 100 118.4 [202]
83.9 100 230.9 [202]
80.8 100 222.0 [202]
78.7 100 216.3 [202]
97.1 80.3 73.7 [203]
n.a.f 74.49 nalf [128]
100 84.1 1292.3 [210]

aEG as solvent. PReaction temperature. °PET conversion. 9Selectivity to BHET. Turnover frequency calculated based on PET repetition units and
moles of metal catalyst. ‘Not available. 9BHET yield (%). "Solvent DMSO/EG 2:1, w/w. IMicrowave irradiation 500 W. iZn polyoxometalate formula

KeSiW1 12”039(H20).

preformed soluble Co(II) complexes bearing bidentate phos-
phorus ligands (e.g., 1,2-bis(dicyclophosphino)ethane) showed
minimal improvements compared to the chloride salt catalyst
[205]. The use of transition metal-substituted polyoxometal-
lates (POMs), of the general formula KgSiW 1 MO39(H,0)
(M = Zn?*, Mn?*, Co?*, Cu?*, Ni?*) [206,207], was also inves-
tigated [208]. The catalytic activity was found to decrease in the
order Zn > Mn > Co > Cu > Ni, consistent with previous reports
[209]. The best catalyst afforded BHET in 84.1% yield
(Table 2, entry 9), which was rather constant over eight catalyst
reuses [210]. A stepwise depolymerisation mechanism was pro-
posed, via intermediate oligomers, in which Zn ions act as
Lewis acid activators for the C=0 ester bonds toward nucleo-
philic attack by EG.

70 1
o 60'
X
~— 50 1
3 404 —*2n(0Ac),
: 30 - —e— no catalyst
w
T 20 1
m
10 1
0“:: ; T 1 T T T 1 ] 1
01 2 3 4 5 6 7 8 9 10

time (h)

Figure 4: Glycolysis of PET: evolution of BHET yield over time, with
and without zinc acetate catalyst (196 °C, EG/PET ratio 2.45 (w/w).
Data from reference [129].

In addition to soluble catalysts, metal-containing insoluble ma-
terials, namely solid acid catalysts, were developed for the
glycolytic depolymerisation of PET by EG. Representative data
are summarised in Table 3, wherein the catalyst productivity is
reported for comparison as molgypT-gcar. \-h™L. Despite that
both catalyst and PET were insoluble in EG at the reaction tem-
perature, most systems displayed substantial activity. Thus,
sulfated titania, zinc oxide and mixed oxides (SO427/TiO,
S04%7/Zn0 and SO427/ZnO-Ti0,) were prepared, showing the
amount of Lewis acid sites and the high surface area of the solid
material to be critical in affecting the catalytic efficiency [211].
Best results were obtained for the binary oxide SO427/
ZnO-TiO; calcined at 200-300 °C (surface area 192 m?-g~!,
density of acidic sites 4.34 mmol-g~!), which provided BHET
in 73% selectivity at full PET conversion at 180 °C reaction
temperature and a moderate excess of EG (5.5:1, w/w, Table 3,
entry 1). The formation of a significant amount of oligomers
was detected. The catalyst could be recovered by centrifugation
and reused over four cycles with no efficiency decay. Similar
effects were reported for Zn-substituted titanate nanotube
(TiNT) catalysts [212,213]. Therein, a positive role of Zn2*
Lewis acid sites was demonstrated by the higher efficiency
compared to the Na* catalyst counterpart (Table 3, entry 2 vs
entry 3), whilst a high surface area around 150 m?-g~! was pro-
posed to increase the number of exposed sites [214]. Zn@TiNT
afforded BHET in 87% yield at 196 °C reaction temperature.
TiNT have received significant general interest in heterogen-
eous catalysis because of the better active-site-accessibility
compared to 2D materials, thanks to a typical 8—16 nm outer di-
ameter tubular morphology [215,216] and the potential for
facile metal doping via ion-exchange of the solid support
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Table 3: Glycolysis of PET using EG and insoluble, solid-supported metal catalysts.

entry material catalyst EG/PET

(w/w)

1 PET pellets S042-/ZnO-TiOs 5.5:1

2 PET bottle grains Zn@TINT 4:1

3 PET bottle grains Na@TiNT 4:1

4 PET y-FeoO3 NPs 3.7:1

5 PET granules GO-Mn304 3.7:1

6 PET bottles ZnMnsOy4 5.5

7 PET pellets (Mg—Zn)—Al LDH 10:1

Beilstein J. Org. Chem. 2021, 17, 589-621.

T2 conv.p BHET reference

(°C) (%)

sel. productivity?

(%) (molgHeT Geat ™0 ")
180 100 73.0 0.42 [211]
196 99 87.0 0.45 [214]
196 99 80.1 0.42 [214]
300 100 90 0.09 [219]
300 100 96.4 0.38 [220]
260 100 92.2 0.48 [222]
196 100 75.0 0.13 [223]

aReaction temperature. PPET conversion. ®Selectivity to BHET. 9Catalyst productivity calculated based on PET repetition units, moles of BHET and

grams of solid catalyst.

[217,218]. Lewis acid-type catalytic activity was also postu-
lated for y-Fe,O3 NPs, which provided BHET in 90% yield at
300 °C (Table 3, entry 4) [219]. Therein, thanks to the super-
paramagnetic properties, easy recovery of the highly dispersed
solid catalyst (11 nm size) was possible by application of a
magnetic field. The catalyst could be reused over ten cycles
without significant activity loss. Other solid-supported nano-
structured metal oxides were tested as catalysts for PET glycol-
ysis. Thus, a graphene oxide (GO)-Mn304 nanocomposite
(Table 3, entry 5) [220] and silica NPs-supported Mn3Oy4 [221]
resulted in a good yield of BHET (>90%), however, at a high
reaction temperature. A zinc manganite spinel ZnMn,Oy4 gave
BHET in 92% yield at 260 °C and 5 atm pressure (Table 3,
entry 6) [222]. On the other hand, amphoteric solid catalysts
have also shown usability in EG depolymerisation of PET. For
instance, a BHET yield of 75% was achieved over
(Mg—Zn)-Al-layered double hydroxides (LDH) catalysts at
196 °C (Table 2, entry 7) [223]. A cooperative mechanism was
proposed in which Lewis acid sites (Mg2*, AI3*, Zn2*) activate
the C=0 ester bond, while the basic sites (OH™) deprotonate
EG, enhancing the nucleophilic cleavage of the ester unit [224].

Notably, the depolymerisation of PET by EG was also reported
using metal-containing catalysts in the form of ionic liquids
(ILs) [209]. Advantages of metallated ILs include low flamma-
bility, high thermal stability and versatility. However, their
“greenness” and toxicity are still debated [225,226]. Thus,
amim[ZnCl3] (amin = 1-allyl-3-methylimidazolium, Table 4,
entry 1) [227] and amim[ZnCl3] (bmim = 1-butyl-3-methylimi-
dazolium, Table 4, entry 2) [228] were recently studied,
showing higher catalytic activity compared to metal-free ionic
liquids (i.e., bmim chloride), the conventional catalysts (i.e.,
ZnCl,, Zn(OAc),) or the analogous Mn, Co and Cu ionic
liquids. Typically, 80-85% BHET yields were observed for

metallated ILs, while under the same experimental conditions,

ZnCl, gave BHET in ~70% yield (Table 4, entry 5). Similar
results were reported for the bmim,[MCly] (M = Cr, Fe, Co, Zn,
Ni, Cu) catalysts, wherein the cobalt derivative resulted in the
best performance (Table 4, entry 3) [229]. Based on infrared
studies, the higher catalytic activities of the metallated ILs was
attributed to their higher Lewis acidity compared to both the
metal-free catalysts and the metal salts. A mechanism was
therefore proposed in which a synergistic effect of the metal-
lated ILs takes place, based on the activation of the C=0 bond
by the IL Lewis acid cation and of the hydroxy group in EG by
the IL anion (Scheme 6). The IL catalysts could be easily sepa-
rated by distillation and reused up to six times with no signifi-
cant efficiency drop. Catalytic glycolysis by heterogenised,
metallated ionic liquids was also investigated [230], however,
showing a lower performance compared to the soluble systems.
Thus, PET pellets were fully converted by a bmim[Fe(OAc)3]
catalyst immobilised onto bentonite, affording BHET in 44%
yield (Table 4, entry 4) [231]. The solid catalyst could be recov-

ered by filtration and reused.

As an alternative to ILs, metal-based deep eutectic solvent
(DES) systems were also explored as catalysts for the glycol-
ysis reaction of PET using EG. DES have similar properties to
metallated ILs, but they are cheaper and less toxic [232,233].
Because of this, they have found application in many fields
[234,235], though they cannot be considered inherently “green”
[236]. In a recent work, the DES combination zinc acetate and
1,3-dimethylurea (1:4) showed the highest catalytic activity
among a series of transition metal acetates (Zn, Mn, Co, Ni,
Cu), affording BHET with 82% yield and noticeable produc-
tivity (TOF = 129 h™!, based on the moles of Zn) at 190°C, EG/
PET 4:1, w/w and 5 wt % catalyst [237]. A mechanism was pro-
posed analogous to that depicted in Scheme 6, but in which
Zn?* acts as Lewis acid and dimethylurea acts as base promoter

for EG hydroxy deprotonation [238]. The remarkable activity
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Table 4: Catalytic EG glycolysis of PET using metallated ionic liquids.

entry catalyst EG/PET
(w/w)
formula loading
(WT Q/o)
T\ ¢
1 NN 10 4:1
ZnCI3’
N y N+
2 AN 1.25 11:1
ZnCly-
[T\ +
3 NN~ 17 12:1
2
COC|427
I\ +
g AN 30° 7:1
Fe(OAc); @BT
5 ZnCl»9 1.25 4:1

Beilstein J. Org. Chem. 2021, 17, 589-621.

IE conv.P BHET reference

(°C) (%)

sel.c TOFd

(%) (molgHETMOlge ~h~1)
175 100 80.1 9.8 [227]
190 100 84.9 55.2 [228]
175 100 81.1 8.5 [229]
190 100  44.0 2.9' [231]
175 94 76.2 4.0 [227]

aReaction temperature. °PET conversion. ®Selectivity to BHET. 9Turnover frequency calculated based on PET repetition units and moles of metal
catalyst. ©Loading of bmim[Fe(OAc)s] immobilised onto bentonite. {Calculated with respect to the moles of iron. IMetal salt.

0 R
' n N
e N @> <—— oligomers
R
5 “=H-- ZnCly"
— BHET
HO

Scheme 6: Potential activated complex for the glycolysis reaction of
PET catalysed by metallated ILs and evolution toward products.

was attributed to the dual effect of base and acid catalysis, in
addition to the solubility of the catalyst in EG.

It is worth mentioning that, in addition to the recovery of chem-
icals via chemolytic processes, repurposing techniques of PET
were developed based on one-pot, two-step glycolysis-repro-
cessing strategies, wherein the depolymerisation products are
directly used in a polymerisation reaction, without intermediate
purifications. In order to avoid the presence of free glycols in
the polymerisation mixture, most of these processes were per-
formed using (sub)stoichiometric amounts of diol cleaving
agents, other than EG (for instance, PD [239], DEG [240,241]).
As a consequence, the depolymerisation step usually results in
complex mixtures of oligomers. Moreover, reacting diols may

be unstable under the reaction conditions adopted. Hence, if

used in excess, a significant formation of decomposition by-
products may be observed (i.e., dioxane and acetaldehyde for
DEG [242]). Because of that, these metal-catalysed depolymeri-
sations cannot be strictly considered as selective, although the
overall processes are interesting from a practical and sustain-
ability point of view. Some recent examples are cited herein.
Postconsumer PET was depolymerised in the melt (at 250 °C)
using DEG and Ca/Zn stearate as catalyst, and the product mix-
ture was used in situ in conjunction with bis(2-ethyl-
hexyl)phthalate and the same metal promoter for the produc-
tion of flexible poly(vinyl chloride) compounds [243]. One-pot
depolymerisation—polycondensation reactions were developed
to produce random copolyesters poly(ethylene terephthalate-co-
adipate) from PET in the presence of EG and adipic acid [244].
The depolymerisation step was carried out using a zinc acetate
catalyst (1 wt %), with no need of excess of chemicals. Poly-
merisation was then achieved by raising the reaction tempera-
ture, without purification of the intermediate oligomers being
required. An interesting one-pot process was developed that
combines the use of bioderived chemicals, isosorbide and
succinic acid, with PET chemical recycling to produce novel
polyesters [245]. In this process, isosorbide was used as depoly-
merising diol to give a mixture of differently composed
oligomers, whereas succinic acid was added in the second step
as polymerising comonomer (Scheme 7). Both steps were effi-
ciently catalysed by monobutyltin oxide, using substoichiomet-

ric amounts of isosorbide and succinic acid and no solvent at
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Scheme 7: One-pot, two-step process for PET repurposing via chemical recycling.
230 °C reaction temperature. Isosorbide is a safe chemical [246]
that is obtainable on the large scale from renewable glucose O

[247,248]. Because of this and due to the inherent rigid struc-
ture, conferring the resulting polymers with excellent mechani-
cal properties (e.g., stiffness, toughness, hardness), isosorbide is
used as monomer in the production of a variety of plastics
[249,250]. By contrast, the rigidity results in a poor reactivity as
depolymerising agent [251].

3.2.2 Polylactic acid (PLA): PLA is a bioderived plastic [252]
that is manufactured on a 190 kton scale directly from lactic
acid by condensation or from lactide by ring-opening polymeri-
sation (Scheme 8) [253,254]. The main renewable raw material
for lactic acid is starch, e.g., from corn, cassava, sugarcane or
beet pulp [255]. Owing to the chirality of lactic acid, three
forms of PLA (1, PLLA; b, PDLA; pr, PDLLA) with slightly
different properties (crystallinity, T 60-65 °C, Ty, 130-180 °C)

HO\‘)k OH
- H,0
lactic acid \
(0]
Ao

°
(o]

/ lactide

~H,0

o
O

PLA

Scheme 8: Synthetic routes to PLA.
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exist [256]. PLA is soluble in benzene, tetrahydrofuran, ethyl
acetate, propylene carbonate and dioxane [257], and it is
biodegradable [258,259]. Because of these features, PLA is
largely employed in several applications: microelectronics,
biomedicine and food packaging [260].

Although chemical recycling of PLA is possible by thermal
methods over metal catalysts [261,262], these often result in a
poor selectivity and in a variety of volatile compounds, with the
notable exception of calcium oxide, which gave L,L-lactide from
PLLA in =98% yield at 250 °C [263].

Alcoholysis. The solvolytic depolymerisation of PLA was
mostly reported using zinc-based catalysts, ethanol or methanol
agents, wherein a higher reactivity of the latter was ascribed to
the better nucleophilicity. Indeed, a methyl lactate (Me-La) and
ethyl lactate yield of 70% and 21% was obtained, respectively,
using soluble zinc acetate at reflux temperature [264]. Interest-
ingly, under the same reaction conditions, PET was unreactive,
thus enabling the selectively recycle of mixed PET/PLA plastic
waste. It was suggested that the different reactivity between
PLA and PET is attributable to the amorphous, less rigid struc-
ture of PLA and to the potential of forming five-membered
chetate ring intermediates between Zn(II) ions and lactate units,
which favour the transesterification process. More recently, the

use of soluble Zn(II) molecular catalysts was investigated. An

Beilstein J. Org. Chem. 2021, 17, 589-621.

in-depth study of the methanolysis reaction of PLA was carried
out via design of experiments technique, using a series of imino
monophenolate—Zn complexes and THF solvent. Different com-
mercial samples of PLA were examined, showing the critical
operational parameters to be temperature and catalyst concen-
tration, whereas the process was not significantly affected by
particle size or stirring speed. Thus, up to 100% Me-La yield
was obtained using the six-coordinated Zn(ligand), complex
sketched in Scheme 9a, either at 90 °C and 16 wt % catalyst or
130 °C and 8 wt % catalyst [265]. Higher efficiency was provi-
ded by the tetrahedral complex ZnA, bearing a similar ligand,
as shown in (Scheme 9b), which resulted in 81% Me-La selec-
tivity at full PLA conversion at under 50 °C and 4 wt % cata-
lyst loading [266]. However, in the absence of THF solvent, the
latter catalysts gave a 98% Me-La yield at 130 °C. The compa-
rable complexes ZnL !5, ZnL?, and ZnL3, shown in Scheme 9¢
resulted in a lower catalytic efficiency (Me-La yield 41-88%,
50 °C, 8 wt % catalyst loading, 18 h), and thus indicating a sig-
nificant steric and electronic effect of the ligand [267]. A reac-
tion mechanism for PLA depolymerisation was proposed,
consisting of two consecutive first-order steps, in which Me-La
production follows the formation of chain-end groups interme-
diates [265]. A zinc—N-heterocyclic carbene complex was used
as catalysts for the methanolysis reaction of PLLA via a two-
step, one-pot procedure using CH,Cl, solvent and an excess of
methanol at room temperature (Scheme 10) [268]. At full sub-

a) tBu b) tBu
NH N
4 \_L 4
- : @
-0 tBu | 0 ‘tBu
_Zn
N t-Bu o™ |
N o A @
" >zn” ‘\_\
N0 N—
N t-Bu H
Zn(ligand), ZnA, ZnL',, R=1tBu
Znl2, R =Cl
ZnL%, R=H

Scheme 9: Structures of the zinc molecular catalysts used for PLA-methanolysis in various works. a) See [265], b) see [266], c) see [267].
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Scheme 10: Depolymerisation of PLLA by Zn—N-heterocyclic carbene complex.
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strate conversion, a Me-La/oligomers ratio around 10:1 was
detected by GPC analysis. Notably, mutatis mutandis, almost all
of the above described zinc complexes could be used as cata-
lysts, both in PLA alcoholysis and in PLA synthesis via lactide
polymerisation.

Metal species other than zinc were reported as effective cata-
lysts for PLA methanolysis. Group 4 metal complexes with
salalen ligands of the formula M(ligand)(OiPr), (M = Ti, Zr,
Hf) were used in the methanolysis reaction of PLA at room
temperature with an excess of methanol and CH,Cl, cosolvent
(Scheme 11) [269,270]. A 75% yield of Me-La and residual
oligomers with My, 500 g-mol~! were obtained by conversion of
M, 200000 g-mol~! PLA using the hafnium derivative. As an
alternative to expensive metal (complex) catalysts, methanoly-
sis of PLA was recently described using alkali metal halides
[271]. In an optimised experiment, PLA from various goods
(cups, fork, spoons, containers, My, 120000-260000 g-mol™!)
was converted into Me-La in up to 97% yield using 2.5 mol %
KF, 180 °C microwave heating and 23.1 equiv CH30H. The
potassium fluoride catalyst could be reused in up to three runs
with no change in performance, while a 50% drop of the yield
was observed afterwards.

t-Bu

t-Bu

Scheme 11: Salalen ligands.

Me-La is a low-toxic chemical used as substitute for hydro-
carbon solvents, with applications in the field of paints, lacquers
and cleaning agents [272,273]. It should be finally mentioned
that during the alcoholysis reaction of PLA using alkoxide cata-
lysts, alkaline earth metal adducts (typically of Ca%*) were iso-
lated, and thus suggesting a potential involvement of the metal
centre in the depolymerisation mechanism [274,275].

Hydrogenolysis. The Ru(triphos)tmm/HNTT, catalytic system
described above for the hydrogenolysis reaction of PET was
also successfully applied in PLA hydrogenative depolymerisa-
tion (Scheme 12) [191]. PLA was directly converted to 1,2-
propanediol in 99% yield using 1 mol % catalyst (with respect
to lactic acid units) and 1,4-dioxane solvent at 140 °C and
100 bar Hy. A TOF of 6.19 molpp-molg, !-h™! can be calcu-
lated based on this. Scale-up using PLA granulates and

beverage cups was also possible using a lower catalyst loading.

Beilstein J. Org. Chem. 2021, 17, 589-621.

In addition, the method allowed for the selective recycle of
equimolar mixtures of PET and PLA using the [Ru(triphos-
xyl)methylallyl[NTT, catalyst congener at 45 °C reaction tem-
perature, wherein insoluble PET was filtered out, while PLA
was fully converted to PD. Similarly to PET, the
ruthenium(II)-PNN complex sketched in Table 1, entry 2 was
also used in PLA hydrogenolysis to give PD in 99% yield at
160 °C, 54 bar H; and in anisole/THF solvent [182,188]. PD is
a safe chemical that is mainly produced from propylene oxide
or catalytically from lactic acid intermediate, and it serves in the
polymer and food industry or as antifreezing agent [276,277].

o H, OH
o HOT)
i Ru cat., cocat.
PLA

PD

Scheme 12: Catalytic hydrogenolysis of PLA.

Under milder reaction conditions, PLA could be converted to
the corresponding silyl ether in 92% yield, propane and silicon
byproducts (8%) using the above mentioned Brookhart pincer
complex [Ir(POCOP)H(THF)][B(C¢Fs)4] shown in Scheme 3,
an excess of Et3SiH and chlorobenzene solvent at 90 °C
(Scheme 13) [193]. The use of 6 equiv of 1,1,3,3-tetramethyldi-
siloxane (TMDS) led to the total conversion to propane and
polydimethylsiloxane (PDMS), a silicon oil with several appli-
cations (lubricants, food-additives, breast implants).

(0] Et3SiH
0 cat.
n
PLA

N0siEt

triethyl(propoxy)silane

+ propane
+ Et;SiOSiEt;
cat. | TMDS
NN
propane  + S SINGy
n
PDMS
X=H, OH

Scheme 13: Catalytic hydrosilylation of PLA.

3.2.3 Other polyesters: The hydrogenolysis reaction of esters
other than PET and PLA was carried out using the above de-
scribed soluble Ru(triphos)tmm/HNTHY, catalytic system [191].
Thus, poly(butylene terephthalate) (PBT) and polycaprolactone
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(PCL) were depolymerised into the corresponding
(co)monomeric diols at 140 °C and 100 bar Hj in 1,4-dioxane
solvent (Scheme 14). A 99% selectivity to 1,6-hexanediol was
observed at full PCL conversion, whereas the selectivity to diols
was only 22% for PBT (due to the formation of ethers byprod-
ucts), which could be raised to 99% by using the bulkier
Ru(triphos-xyl)tmm catalyst derivative.

PCL could be converted to 1,6-hexanediol in 68% yield also
through a two-step procedure involving hydrosilylation by
the above mentioned cationic Ir catalyst complex
[Ir(POCOP)H(THF)][B(CgF5)4] and TMDS reagent (chloroben-
zene solvent, 90 °C), followed by alkaline hydrolysis (10%
NaOH in CH30H/H,0) [193]. PCL is a biodegradable polymer
with a low melting point (=60 °C) and glass transition tempera-
ture (=60 °C). It is commonly used in the manufacture of
polyurethanes, to which it imparts improved solvent resistance,
flexibility and toughness [278].

Beilstein J. Org. Chem. 2021, 17, 589-621.

The glycolysis of poly(1,4-cyclohexylenedimethylene tereph-
thalate) (PCT) was reported using DEG as reagent and zinc
acetate as catalyst (0.12 mol %, Scheme 15) [279]. A 56% yield
of bis(2-hydroxydiethylene terephthalate) (BHDET) was ob-
tained at 196 °C and a DEG/PCT 15:1, w/w ratio, which was
five times lower than that using PET under the same reaction
conditions. This finding was attributed to the steric hindrance of
the 1,4-cyclohexanedimethanol (CHDM)-based chain that
hampers the transesterification process. A 90% BHDET yield
was achieved using Zn(OCHj3), catalysts under the same condi-

tions.

Recently, a quantitatively and selectively depolymerisable novel
polyester was developed based on a trans-fused six-membered
y-butyrolactone ring, 3,4-T6GBL (Scheme 16) [280]. This ma-
terial joins the advantages of the ease of depolymerisation (97%
monomer yield, 180 °C, toluene, 2 mol % ZnCl; catalyst), rigid
structure of the monomer (which provides the polymer with
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HO/\/\/OH

1,4-butandiol

Scheme 14: Hydrogenative depolymerisation of PBT and PCL by molecular Ru catalysts.
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good thermal and mechanical properties) and facile synthesis
(ring-opening polymerisation, solvent-free, room temperature,
La, Y or Zn catalyst), significantly contributing to a closed-loop
concept of plastics recycle. The approach enabled to perform
the polymerisation—depolymerisation cycle over three times and
on a multigram scale, using both linear and cyclic polymers.
These advantages are not provided, for example, by more
conventional poly(y-butyrolactone) plastics, which require high
depolymerisation temperatures (260-300 °C) and undesirable
synthetic conditions (—40 °C) [281].

O

3,4-T6GBL

ZnCl, cat.

Scheme 16: Polymerisation—depolymerisation cycle of 3,4-T6GBL.

Following the same approach to purposely designed, chemical-
ly recyclable polymers, it was reported that poly(2-(2-hydroxy-
ethoxybenzoate) (P2HEB) is reversibly depolymerised to 2,3-
dihydro-5H-1,4-benzodioxepin-5-one (2,3-DHB) in 94% yield
by an aluminium-salen catalyst at room temperature
(Scheme 17) [282]. Thus, a polymerisation—depolymerisation
cycle could be established using the same metal catalyst, simply
by adjusting the initial monomer concentration in a one-pot

process.

3.3 Polycarbonates

3.3.1 Poly(bisphenol A carbonate) (PBPAC): Bisphenol A
(BPA) is a monomer for a variety of polymers widespread in
our everyday life, namely polycarbonates, polyesters, poly-
ethers, polysulphones and epoxy resins [249,283]. Particularly,
PBPAC is used in the manufacture of plastics for food and
beverage containers, safety helmets, optical lenses, electronic
and medical equipment, phones, automotive components and
toys [284,285]. This justifies for BPA to be one of the highest-
volume chemicals produced worldwide, with a global market of

around 6 million tons in 2017, 68% of which account for the
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2,3-DHB
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t-Bu

Scheme 17: Polymerisation—depolymerisation cycle of 2,3-HDB.

manufacture of polycarbonates [286,287]. However, BPA is
considered a hazardous substance [288,289] and an endocrine
disrupting agent [290,291]. BPA can leach from the correspond-
ing polymers, including water- and temperature-sensitive poly-
carbonates [292,293]. BPA is industrially obtained by the con-
densation reaction of phenol with acetone, using an excess of
phenol [294]. All byproducts of the process, including unre-
acted phenol, are toxic [295,296], whereas a purity greater than
98% is required for most BPA applications [297,298]. PBPAC
is then produced by the condensation of BPA and a carbonyl
source, usually phosgene or diphenyl carbonate [299,300].
Commercial PBPAC is a tough material with an average M, of
50000 g-mol~! and T, around 150 °C. It is soluble in THF,
hazardous NMP and chlorinated solvents and insoluble in alco-
hols and water [301]. A number of chemolytic processes have
been developed in the recent years for the selective depolymeri-
sation of PBPAC, including hydrogenolysis, hydrolysis, alco-
holysis and aminolysis, some of which are metal-catalysed
[302,303].

Hydrogenolysis. The hydrogenative depolymerisation of
PBPAC was accomplished through the Ru—triphos molecular
catalyst described above for PET, PLA, PBT and PCL poly-
esters [191]. Thus, use of the soluble Ru(triphos)tmm complex,
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in conjunction with acid HNTf, cocatalyst (1:1) in 1,4-dioxane,
resulted in complete conversion and selectivity to BPA and
methanol under the moderate conditions of using 100 bar H, at
140 °C (Scheme 18 and Table 5, entry 1). The protocol could be
successfully extended to the depolymerisation of consumer
goods, such as compact discs and beverage cups. Notably, pure
BPA could be recovered in >70% yield after simple CH,Cl, ex-
traction. A similar approach was recently reported using com-
mercially available Ru(II) catalysts, namely the Milstein [304]
and the Ru-MACHO-BH [305] complexes bearing tridentate
PN ligands, as shown in Table 5, entries 2 and 3, which
are known as efficient hydrogenation catalysts of organic
carbonates [306,307]. High BPA yields were obtained in
those experiments as well, though with lower hydrogen pres-
sure and catalyst productivity in terms of turnover frequency
(molgpa-molry ¢ar.”'-h~!). Potassium rert-butoxide was
used as cocatalyst, the role of which was speculated to activate
the carbonate group of the polymer [308]. The depolymerisa-

L8 -
O O Ru cat., cocat.
n
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tion of a digital versatile disc (DVD) using the latter catalyst
afforded BPA in an estimated 97% yield after THF pretreat-
ment.

Hydrolysis. The hydrolytic depolymerisation of PBPAC in hot
compressed water was achieved via manganese acetate catalyst
(Scheme 19, top) [309]. Under optimal conditions (280 °C,
catalyst loading 2 wt %), the reaction resulted in 55% selec-
tivity to BPA and 19% to phenol at full polymer conversion. A
higher selectivity to BPA was obtained by simple Lewis acid
treatment using rare earth metal triflate catalysts [310]. The
process occurred in the homogeneous phase using a THF/H,O
solvent mixture and a HyO/PBPAC weight ratio of <1. The
highest BPA yield (97% at 160 °C) was observed for
La(CF3S03)3 due to the reduced decomposition of BPA to
phenol, 4-isopropenylphenol and 4-isopropylphenol. A compar-
ison with triflic acid catalyst ruled out the possibility of a
proton-catalysed depolymerisation process.

PBPAC BPA
Scheme 18: Hydrogenative depolymerisation of PBPAC by molecular Ru catalysts.
Table 5: Hydrogenolysis of PBPAC by soluble Ru molecular catalysts.
entry catalyst cocatalyst? reaction conditions? conv.© BPA reference
(%)
T Ho solvent seld TOF®
(°C)  (bar) (%) (molgpa'molcat ~"h~")
1 HNTH, 140 100 1,4-dioxane 99 99 6.129 [191]
~ 1.
2 N‘R|U—CO Kt-BuO 140 45 THF 99 99 1.10 [304]
NEt,
PPh,
{ ‘ ~HBH3
3 H—N—/Ru—CO Kt-BuO 140 45 THF 99 99 0.06 [305]
H|
PPh,

aCatalyst loading 5 mol %, calculated based on PBPAC repetition units, cocatalyst molar ratio = 1:1. PReaction temperature, hydrogen pressure, 24 h
reaction time. °PBPAC conversion. 9Selectivity to BPA. €Turnover frequency, calculated based on PBPAC repetition units and moles of Ru catalyst.

fCatalyst loading 1 mol %. 9Reaction time 16 h.
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Scheme 19: Catalytic hydrolysis (top), alcoholysis (middle) and aminolysis (bottom) reactions of PBPAC.

Alcoholysis. A variety of metal-based catalytic systems was
recently described for the alcoholysis reaction of PBPAC using
diverse alcohols (Scheme 19, middle). Thus, a Lewis acid cata-
lyst consisting of a soluble FeCl3—ionic liquid adduct, namely
BmimCl-2FeCls, was reported for the methanolysis of PBPAC,
providing BPA in 97% yield at 120 °C [311]. Higher alcohols
resulted in lower BPA yields. A mechanism was hypothesised
in which the iron centre activates the carbonyl group of the
polymer toward nucleophilic attack of methanol. The catalyst
could be efficiently recovered and reused over six runs, after
ethyl acetate/water extraction. On the other hand, CeO,—CaO
particles onto hollow ZrO; nanospheres were used as hetero-
geneous catalyst for the methanolysis of PBPAC, yielding
around 95% BPA at 100 °C in a THF/methanol mixture [312].
The basic sites, due to lattice 0% of CeO,, were attributed to be
responsible for the deprotonation of methanol, and thus initi-
ating the solvolytic process in that reaction. Depolymerisation
of PBPAC was reported using various alcohols (methanol,
phenol, benzyl alcohol, 1-naphthol, PD, glycerol), a mechani-
cal mixture of zinc oxide NPs and tetrabutylammonium chlo-
ride as catalyst as well as THF cosolvent to give BPA and the
corresponding carbonates in >98% yield at 100 °C reaction tem-
perature (Scheme 19) [313]. The insoluble Lewis acid ZnO
catalyst could be removed from the reaction mixture by
centrifugation and reused five times with a minor loss of activi-
ty. However, BuyNCI was only partially recovered and had to
be integrated with fresh cocatalyst after each run. Remarkably,
the reaction with glycerol enabled the recycling of two indus-
trial wastes (PBPAC and glycerol) into the valuable chemicals

BPA and glycerol carbonate in one process only, with the latter

compound being industrially used as synthetic intermediate, sol-
vent and in the formulation of cosmetics [314].

Aminolysis. The ZnO-BuyNCl Lewis acid catalytic mixture
was also successfully used in the aminolytic depolymerisation
of PBPAC by different amines (cyclohexylamine, aniline,
imidazole, 1,2-diaminopropane, 1,3-diaminopropane) to give
the corresponding substituted (cyclic) ureas in >97% yield
(Scheme 19, bottom) [313]. The reaction with 2-amino-1-
propanol gave 4-methyloxazolidin-2-one. Despite the complica-
tions due to separation from BPA, the process provides ureas
of industrial relevance as anticancer or antiviral agents
[315,316].

3.3.2 Poly(propylene carbonate) (PPC) and poly(ethylene
carbonate) (PEC): PPC is a thermoplastic material obtained by
the copolymerisation of CO, with propylene oxide or propy-
lenediol, which is mainly used as a packing material and in
binder applications [317]. It has a low thermal stability, with a
decomposition temperature around 200 °C and a Ty around
40 °C, depending on the molecular weight. PPC may be readily
dissolved in many solvents (e.g., chlorinated hydrocarbons,
THF, benzene, ethyl acetate and lower ketones), but it is insol-

uble in longer-chain alkanes, alcohols and water [318].

Hydrogenative depolymerisation of PPC and PEC to methanol
and the respective glycols (PD and EG, respectively) was
achieved using the soluble Milstein ruthenium catalysts de-
scribed above for the hydrogenolysis of PET (Scheme 20)
[188]. Thus, more than 91% glycol yield was obtained using a
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Scheme 20: Hydrogenative depolymerisation of PPC (top) and PEC

(bottom) by molecular Ru catalysts.
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Table 6: Hydrogenolysis of PPC by molecular metal catalysts.

entry catalyst cocatalyst?

1 Kt-BuO
2 Kt-BuO
3 H-N-RG—CO Kt-BuO?
4
Nl
PPh,
Pth_‘+ Br
£o
H-N-Mn—CO
4 Kt-BuOh
PiPr,
‘ ~‘\\Br
5 H-N-Fe—CO Kt-BuOl
4
H' |
PiPr,
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1:2 Ru catalyst/butoxide molar ratio, 160 °C reaction tempera-
ture, 55 bar H, pressure and an anisole/THF 1:1 solvent mix-
ture (Table 6, entries 1 and 2). The same approach was adopted
using a Ru(II)-PNP pincer complex, showing higher catalytic
activity (TOF 41.3 h™!) under similar reaction conditions
(Table 6, entry 3) [319]. The role of butoxide was proposed to
be the conversion of the staring molecular complex in the cata-
lytically active species by elimination of HCI. Similarly, a
nonprecious PNN-manganese carbonyl complex was reported
to afford PD from PPC in 91% yield (Table 6, entry 4) [320].
By contrast, use of a comparable Mn complex and KH as acti-
vator resulted in a much lower selectivity to PD (68%) at full
PPC conversion (110 °C, 50 bar Hj, in toluene), resulting in the

formation of a propylene carbonate byproduct [321].

reaction conditionsP conv.® PD reference
(%)
T Ho solvent seld TOF®
(°C)  (bar) (%) (molpp'Moleg;,~"+hT)

160

160

140

140

140

55

55

50

50

anisole/THFf 99 100 4.12 [188]
anisole/THFf 99 100 412 [188]

THF 99 99 41.25 [319]
1,4-dioxane 91 100 2.84 [320]
iPrOH/THFK 65 100 0.43 [322]

aCatalyst loading 1 mol %, calculated based on PPC repetition units, cocatalyst molar ratio = 2:1. PReaction temperature, hydrogen pressure, 24 h
reaction time. °PPC conversion. 9Selectivity to PD. €Turnover frequency, calculated based on PPC repetition units and moles of Ru catalyst. f1:1, viv.
9Catalyst loading 0.1 mol %, cocatalyst molar ratio = 1:1. "Catalyst loading 0.2 mol %, cocatalyst molar ratio = 2:1. iReaction time 16 h. iCatalytic
hydrogen transfer. Catalyst loading 5 mol %, cocatalyst molar ratio = 1:1, reaction time 30 h. k4:1, viv.



In the search of safer and “greener” alternatives, a slightly dif-
ferent approach to controlled PPC depolymerisation was
recently proposed, based on catalytic hydrogen transfer rather
than hydrogenation reaction, and thus to avoid involvement of
high H, pressures [322]. Thus, hydrogen transfer from
isopropanol to PPC using a soluble iron pincer-type catalyst
resulted in a 65% PD yield at 140 °C (Table 6, entry 5). Howev-
er, a relatively high amount of catalyst was required. Potassium
butoxide and THF were used as precatalyst activator and cosol-

vent, respectively.

3.3.3 Other carbonates: A polycarbonate suitable for smooth
chemical recycle was engineered based on 1-benzyloxy-
carbonyl-3,4-epoxypyrrolidine (BEP) units [323]. In fact, a one-
pot copolymerisation—depolymerisation cycle was enabled
using a dinuclear salen—chromium complex in the presence of a
bis(triphenylphosphine)iminium cocatalyst (Scheme 21).
Therein, the BEP monomer was fully converted to the polycar-
bonate at 60 °C reaction temperature, while complete and selec-
tive depolymerisation back to BEP was achieved at 100 °C. The

ZO§
N

O)\O

Ph)
co, CO,

BEP
cat., 100 °C cat., 60 °C
cat. = t-Bu

Scheme 21: Polymerisation-depolymerisation cycle of BEP.
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process could be repeated several times with no changes in
either the monomer or the copolymer structure. After removing
the catalyst, the polymer was stable at 200 °C for 10 h.

3.4 Polyamides (PA)

Polyamides may be natural (e.g., silk, wool) or synthetic poly-
mers (e.g., nylons, aramids, polyaspartates) that are largely used
in the manufacture of fibres and automotive components as well
as in biomedicine, due to their excellent mechanical and ther-
mal properties [324,325]. The widespread use of polyamides
and the high price of the starting monomers, such as e-capro-
lactam, have led to the development of several methods for their
chemical recycling. Most of these are based on mineral acid
[326], organic base (e.g., 4-dimethylaminopyridine, triethyl-
enetetramine) [327,328] or organic acid (e.g., glycolic, lactic,
benzoic acid) [329] catalysis, using supercritical methanol or
ionic liquids as solvent [330]. Few literature reports exist on the
depolymerisation of polyamides using metal catalysts. In an
earlier paper, the hydrolysis of nylon-6 was achieved by a com-
bination of zinc chloride (40 wt %) and phosphoric acid
(20 wt %) under microwave irradiation, however, resulting in a
mixture of linear and cyclic oligomers at 89% polymer conver-
sion [121,331]. While drafting the present review, the first ex-
ample of catalytic hydrogenative depolymerisation of
polyamides and polyurethanes was described, using soluble
Milstein-type Ru—pincer complexes (2 mol %), DMSO solvent
and K#-BuO cocatalyst at 150 °C and 70 bar H; [332]. Typical-
ly, a selectivity to the corresponding diols/diamines/amino alco-
hols in the range of 20-80% was observed at 60-99% conver-
sion, depending on the polymeric substrate. For instance,
6-amino-hexan-1-ol and BDM were obtained in 24% and 80%
yield, respectively, from nylon-6 and the polyamide shown in
Scheme 22.

3.5 Other plastics

3.5.1 Epoxy resins (EP): EP are thermosetting polymers
featuring high thermal and chemical resistance. They are widely
used in the manufacture of paints, metal coatings, electronic
components and adhesives [333]. EP are usually reinforced with
fibres to give composite materials for the aeronautical, automo-
tive and sport industries. Actually, recycling efforts of EP were
mainly focused on the recovery of valuable (expensive) carbon
fibres rather than the polymers themselves. Recently, a metal-
catalysed route was reported for the degradation of the epoxy
resin of bisphenol A diglycidyl ether (BADGE)—carbon fibres
composites [334]. Therein, low-coordinated aquo ions of zinc
enabled the selective cleavage of the RoCH-N bond while
keeping intact RCH,-N, C—C and C-O bonds (Scheme 23). The
method was previously adopted for the conversion of cellulose
to hydroxymethylfurfural and required the use of highly soluble

zinc chloride to obtain a concentrated aqueous solution of metal
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Scheme 23: Catalytic depolymerisation of epoxy resin/carbon fibres composite.

(60 wt % ZnCly) [335]. On this basis, the small, incompletely
coordinated Zn%" ions were proposed to activate the selective
cleavage of C-N bonds, acting as Lewis acid centres. The
process carried out at 220 °C led to carbon fibres, a dimer of
DGEBA reused for the synthesis of new EP, and 4,4'-methyl-
enebis(2-methylcyclohexanol). The concentrated ZnCl, solu-
tion showed good reusability, and thus adding some advantages

to common highly energy-consuming methods.

3.5.2 Polyethers: Polyethers are polymers with a solubility that
depends heavily on the solvent used, including water, and they
find applications in the cosmetic, pharmacy or paint industries

[336]. Thermal decomposition or disposal into landfills are

consolidated management systems of “end-of-life” polyethers
[337,338], whereas very few studies cope with the catalytic
depolymerisation through selective C—O bond cleavage into
specific low-molecular-weight chemicals.

The group of Enthaler reported a number of research with a
common strategy for polyethers depolymerisation [339-341]:
Basically, the solvent-free reaction of a polyether with an acyl
chloride in the presence of a catalytic amount (5 mol %) of zinc
or iron salts as Lewis acid catalysts results in monomeric
chloroesters, which are valuable chemicals reprocessable into
other polymers (Scheme 24). A deep study was carried out in-

vestigating the effect of key reaction parameters: metal salt,
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Scheme 24: Depolymerisation of polyethers with metal salt catalysts and acyl chlorides.

catalyst loading, temperature, depolymerisation agent and the
applicability to a variety of polyethers. Successful examples
include depolymerisation of polyethylene glycol (PEG) and
polytetrahydrofuran (polyTHF) to chloroesters in 70-78% and
92% yield, respectively, using ZnCl, at 130 °C or Zn(OTf),
catalyst when acetic anhydride was used as depolymerising
agent [339,340]. Chloroester yields in the range 89-95% were
obtained for PEG depolymerisation at 100 °C using FeCl, as
catalyst [341]. A mechanism was postulated in which the ether
bond is cleaved via formation of an iron alkoxide intermediate
(Scheme 25). Sustainability issues relate to the hazardous prop-
erties of low-molecular-weight acyl chlorides, which could be
partially circumvented by the use of bioderived fatty acid chlo-
rides [340].
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Scheme 25: Proposed mechanism for the iron-catalysed depolymeri-
sation reaction of polyethers. Adapted with permission from [341],
Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
Used with permission from Stephan Enthaler and Maik Weidauer,
“Low-Temperature Iron-Catalysed Depolymerization of Polyethers”,
ChemSusChem, John Wiley and Sons.

In a different approach, selective ring-closing depolymerisation
of polyTHF to THF was achieved in 92% and 95% yield, re-
spectively, using Lewis acid catalysis by FeCl3 (5 mol %,
180 °C) [342] or phosphotungstic acid (10 wt %, 130 °C) [343].

Conclusion

The implementation of a value chain for plastics, in which
design is coupled with production, use, depolymerisation and
reprocessing, may substantially contribute to the development
of a truly circular economy model for plastic materials, wherein
scraps are converted into useful chemicals and reusable build-
ing blocks [344]. This model addresses three grand challenges
of our century: pollution of the habitat, carbon dioxide emis-
sions and dependence on fossil sources. However, performing
plastics recycling via chemical processing is not enough. This
must be achieved at competitive economic and environmental
costs [345]. A perusal of the recent literature indicates that,
despite their urgency and significance, strategies for sustain-
able chemical recycling are surprisingly still rather underdevel-
oped. Most methods for controlled and selective depolymerisa-
tion rely on harsh reaction conditions, use of an excess of
reagents, toxic solvents and troublesome downstream treat-
ments often generating a considerable amount of waste. Metal
catalysis may represent a useful tool to overcome these issues,
provided that significant improvements are achieved in relation
to key challenges.

Catalysts

Most processes, particularly if based on solvolysis reactions, are
carried out using traditional metal salt-based catalysts (e.g., zinc
chloride, zinc acetate), the role of which is merely to act as
Lewis acid centres, and they are often needed in a large amount
with respect to the plastic to be depolymerised (i.e., >2 and up
to 60 wt %). In some cases, toxic metals (e.g., Co, Ni) result in
the highest catalytic efficiency. A significant improvement is
represented by the use of molecular complex catalysts, particu-
larly based on ruthenium for use in hydrogenolysis. These
systems, typically used in up to 2 wt %, are quite efficient under
relatively mild reaction conditions, although a strong acid or
basic cocatalyst is usually required. On the other hand, soluble
catalysts were mainly investigated so far, with clear limitations

in terms of catalyst separation and reuse, purification, scale-up
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and cost. The use of meal-based ionic liquids and deep eutectic
solvents has also been explored; however, their viability for
practical application at large is uncertain [346]. Thus, inventive
catalysts shall be developed with particular attention to hetero-
geneous systems, for instance, solid-supported metal species
based on low-cost metals and solid materials featured by en-
hanced mass transfer and thermal resistance properties. Bifunc-
tional solid catalysts bearing arrays of metal and acid single-
sites may be useful in the same instances and processes
[347,348].

Polymers

Easily and selectively depolymerisable plastics are relatively
uncommon, owing to the poor mechanical and physical proper-
ties and to the low temperature required to achieve their
polymerisation [280]. Specifically designed, chemically
recyclable polymers have been developed in some cases, which
may offer an affordable solution to this regard (see, e.g., Section
3.2.3). These materials are indeed usable in closed polymerisa-
tion—depolymerisation loops, and hence appropriate to extend
the life cycle of plastics. Excellent reviews describe the recent

developments in the field [71].

Processes

Large-scale chemical recycling of plastics is thus far hampered
by the higher costs compared to mechanical recycling. A reason
for this lays in the scarce development of effective catalysts. On
the other hand, most processes for chemical recycling are still
based on conventional organic reactions, requiring an excess of
(unstable) decomposing agents or high temperature (e.g., for
transesterifications). Moreover, performing the reactions in the
homogeneous phase improves their kinetics, which, however, is
limited by the usual poor solubility of polymers, and thus often
ending up in the use of toxic solvents (e.g., chlorinated ones).
Hence, besides the need for more efficient catalysts, the use of
renewable and safer reagents and solvents is certainly desirable
[349,350]. More importantly, novel processes and depolymeri-

sation strategies have to be designed. Whereas glycolysis and
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methanolysis methods have reached commercial maturity (e.g.,
for PET), at high energy costs, however, in other instances (e.g.,
for polyolefins), no efficient processes for selective depolymeri-
sation are in place yet. Hydrogenative depolymerisation repre-
sents a promising contribution to this end, owing to the use of
the clean reducing agent Hj, no need for organic reactants,
reduced amount of metal catalyst, milder reaction conditions
and limited formation of byproducts. Issues related to hydrogen
supply may be circumvented, e.g., by in situ-generated hydro-
gen. Novel processes have thus to be developed, with special
emphasis on those based on reaction sequences in one-pot or
depolymerisation—polymerisation cycles as they clearly benefit
from reduced energy inputs, reactor volumes and units, no need
for intermediate purification/separation steps and better automa-
tion. Notably, methods for the direct reprocessing of plastics
into valuable chemicals or polymers take advantage of metal
catalysts (see Sections 3.2.3 and 3.3.3). Finally, coupling one-
pot techniques with the use of lytic agents other than the
conventional ones may remarkably enlarge the scenario of
depolymerisation products beyond that of the simple plastic
components. Table 7 summarises the most common monomers
obtainable in the metal-catalysed depolymerisation of plastics
described in the present review. It is predictable that a greater
variety of added-value products, such as monomers, oligomers
and the chemically derived, functionalised compounds thereof,
may be obtained by developing alternative depolymerisation

pathways and reprocessing strategies.

In conclusion, as it was previously outlined, circular chemistry
is a precondition for a truly circular economy, particularly
in the field of production of goods and materials [351].
Chemical recycling via metal catalysts may effectively contrib-
ute to a circular recycling vision for postconsumer plastics, pro-
vided that the strategy is further developed and improved,
aiming to reduce costs and environmental impact of selective
depolymerisation processes. The design of novel versatile
catalysts and more sustainable processes are key in this direc-
tion.

Table 7: Common monomeric products of metal-catalysed chemolytic depolymerisation reactions of plastics.?

polymer type
hydrogenolysis hydrolysis
polyolefins hydrocarbons® —
polyesters diols acids (+ diols)
polycarbonates diols + CH30OH diols + CO»
polyamides amines, alcohols amines, acids

chemolytic method

alcoholysis glycolysis aminolysis
esters (+ diols) esters amides + diols
diols + carbonates® diols + cyclic diols + ureas?
carbonates®

aThe monomeric products indicated (e.g., diols) are those corresponding to the repeating units in the polymer. PUsually liquid mixtures. €Organic

carbonates. IN-substituted ureas.
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