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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.
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Figure 8: Mesyl shikimate azidation conversion in a continuous-flow
system using DPPA.
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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-
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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
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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-
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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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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.
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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-componen