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Abstract: The catalytic properties of packed bed
reactors filled with Y(OTf); immobilised onto
functionalised silica have been tested in the Michael
addition of indoles to benzylidene malonates under
flow conditions, providing improved productivity
over the batch conditions, a greater ease of recovery
of the final products and a prolonged life of the
catalyst. Noteworthy, the same catalytic reactor,
after being used for five days, was employed to
perform a different reaction, a stereoselective Diels
Alder cycloaddition in flow, with a 24 times higher
productivity compared to the in-batch reaction.

Keywords: packed bed reactor; silica supported
catalyst; yttrium triflate; Michael addition; continuous
flow reactions

Catalytic continuous flow reactions are one of the ideal
methods for the preparation of active compounds in
terms of efficiency, safety and environmental compat-
ibility. One of the strategies to perform efficient in-
flow transformations relies on the use of packed bed
reactors, filled with solid-supported catalysts.!"
Heterogeneous catalysts have many advantages
over homogeneous ones, such as easy catalyst separa-
tion, recovery, regeneration and reuse, even though the
latter typically have higher selectivity and active sites
accessibility ™ The immobilisation of the homogeneous
catalyst on insoluble supports, such as porous silica
(Si0,), can further ease its separation from the final
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product.” ™ The methods of immobilisation are multi-
ple: covalent binding, which is the most used, electro-
static interaction, used for ionic catalysts, and
adsorption.”) A negative feature of covalent binding
methods is that they require a chemical modification of
the catalyst (or of the ligand coordinated to the metal),
which generally leads to a lower mass transfer
efficiency resulting in inferior activity and selectivity.
Adsorption, on the other hand, is reported to be the
less preferred because of the weak binding of the
catalyst to the support, with leaching problems and
catalysts instability.

Electrostatic interactions may represent a valuable
alternative. In this paper we focused our attention on
the catalytic properties of Y(OTf); immobilised onto
silica by electrostatic interaction. Yttrium triflate (III)
is a rare earth metal salt, that may act as Lewis acid in
promoting a variety of reactions including Michael
addition,”  aldol reaction® and Diels-Alder
cycloaddition.”” While most Lewis acids are decom-
posed or deactivated in the presence of water, Y(OTT),
has shown to be water compatible.!"”) Moreover, many
nitrogen compounds are successfully activated by a
catalytic amount of Y(OTY)s, that has similar properties
to other lanthanide triflates.!'!

We have decided to study the catalytic behaviour of
solid-supported yttrium salts in organic synthesis. As
model reactions, the Michael addition between a donor
(indole) and an acceptor (benzylidenemalonate) to
produce a Michael adduct'” and the Diels-Alder cyclo-
addition between cyclopentadiene and (4S)-3-acryloyl-
4-tert-butyloxazolidin-2-one, were selected to be per-
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formed under continuous flow conditions.!">' A
Syrris ASIA Premium System was used to feed the
reactants into a packet bed reactor filled with the
supported catalyst.

For the immobilisation of Y(OTf); onto silica we
were inspired by the work by Kobayashi and co-
workers on the immobilisation of a chiral Sc(IIl)
catalyst by an acid-base interaction.!’ Therefore, at
first, heterogeneous Y(III) catalysts were prepared
using a procedure reported very recently, in 2023.1"!
All the synthesized catalysts, different for the stoichi-
ometry of APTES (aminopropyl triethoxysilane) or
APTMS (aminopropyl trimethoxysilane), and loading
of Y(OTY), are described in Table 1.

From the results of the ICP-AES analysis, immobi-
lisation appears to have been successful, an efficiency
ranging from 60 to 99% being obtained.!""

Table 1. Catalyst loading and calculated immobilisation effi-
ciency using ICP-AES.

APTES APTMS Y(OTf); Efficiency
(mmol/g) (mmol/g) (mmol/g) (%)

Entry Catalyst

1% HetCat-1 1.0 / 0.05 99
201 HetCat-2 1.0 / 0.1 85
38 HetCat-3 / 4.1 0.1 91
4P HetCat-4 / 4.1 0.2 72
5@ HetCat-5 / 6.0 0.1 60
6™  HetCat-6 / 6.0 0.2 67

10.1 mmol/g of dry PTA.
0.2 mmol/g of dry PTA.

H
o N
H / O
N Catalyst
/@/) + Ny OEt atays Ri OEt
R MeCN, 24 h
1 Ry 07 OEt OEt
(0]
1a-1c 2a-2¢ Ry 3a3e
1.2eq.

Scheme 1. In batch model Michael addition of 2-benzylidene-
propandionates to indoles.

Table 2. In batch reactions of different indoles and benzylidene
malonates (reaction time 24 h).

Entry  Catalyst R Product  Yield™
(%0)

1 HetCat2 R,=HR,=H 3a 95

2 R,=BrR,=H 3b 59

3 R,=0OMeR,=H 3¢ 78

4 HetCat-3 R,=HR,=H 3a 73

5 R,=HR,=OMe 3d 10

6 R,=HR,=Me 3e 27

@ Isolated yield after chromatographic purification.
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Moreover, TEM analysis was performed on Het-
Cat-2, to clarify the morphology of the catalyst (see
the SI). The catalysts prepared with an efficiency
higher than 85% were selected for the catalytic studies.

All the catalysts have been preliminarily tested
under batch conditions, in the addition between indoles
la—c and 2-benzylidenepropandionates  2a—c
(Scheme 1). From the screening, HetCat-2 and Het-
Cat-3 were selected as the catalytic materials of
choice. In Table 2 the results obtained in batch with a
24 hours reaction time are reported for sake of
comparison with the in-flow reaction.!"”

Then, detailed studies were undertaken for in-flow
reactions and the Michael addition of indoles 1a—c to
benzylidene malonates 2a—c¢ was studied under con-
tinuous flow conditions (Scheme 2).!"*)

A Syrris ASTIA Premium System was used to pump
the reactants into a packed bed reactor filled with the
supported catalyst (typically 0,5 g of silica, loading
Y (IIT) =0.043-0.045 mmol/g). The solution was pre-
pared by dissolving diethyl benzylidene malonate
derivatives (2 mmol, 1 equiv.), indole derivatives
(2.4 mmol, 1.2 equiv.) and 1,3,5-trimethoxybenzene
(0.66 mmol, 0.33 equiv.) as the internal standard in a
50 mL volumetric flask in dry MeCN (20 ml), stored
under N, atmosphere and directly pumped from the
volumetric flask using a Syrris ASIA continuous-flow
pump (#2200292) at a flow rate of 25 ulL/min
(residence time =30 minutes) or 50 uL/min (residence
time =15 minutes) into the packed bed reactor. A
Syrris ASIA heater (#2200527) allowed to control
heating of reactor to the desired temperature (30°C).
After reaching a steady state, the output was collected
every 750 pL and analysed by 'H-NMR. In Figure 1
the different modules are shown. The packed bed
reactor is an Omnifit column with a variable volume.

==

] 0 (L) q

o rre o
/

Ry R; 0 "OEt 0.025-0.05 mLimin, rt, O g7 OEt

tac 2a-2¢ Y(lil) = 0.043-0.046 mmolg &~ saz0

Scheme 2. Michael reaction under continuous flow conditions.

Figure 1. Syrris ASIA Premium System.
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The Michael addition of indole and diethyl 2-
benzylidenepropandionate derivatives has been per-
formed collecting the products in vials, and analysing
them by benchtop '"H-NMR, to evaluate the yield, that
was confirmed as isolated yield after chromatographic
purification.

As a starting point, the void volume (V,) has been
calculated to be 750 puL wusing the picnometry
method.""” Two flow rates have been tested:

— 0.05 mLmin ' with a resulted R, of 15 min.
— 0.025 mLmin ' with a resulted R, of 30 min.

HetCat-2 and HetCat-3 were tested in the in-flow
experiments (Table 3).

Performing the reaction with a residence time (R,)
of 15 or 30 minutes, products 3a—e were isolated in
moderate to good yields (32—86%). It should be noted
that in entries 6 and 7 an increase of the yield from the
batch to the flow was observed for products 3d and
3e, with a R, of 30 min.

Table 3. In flow Michael reaction of different indoles and
benzylidene malonate derivatives.

Product R, Yield®™
(min) (%)

Entry Catalyst R

1 HetCat-2 R,=HR,=H  3a 15 86
2 R,=BrR,=H 3b 15 43
3 R,=BrR,=H 3b 30 57
4 R,=OMeR,=H 3¢ 30 55
5 HetCat-3 R,=HR,=H  3a 30 85
6 R,=HR,=OMe 3d 30 32
7 R,=HR,=Me 3e 30 64

4 Isolated yield after chromatographic purification.

The higher efficiency of the in-flow reaction can be
appreciated by evaluating the productivity and the
space time yield (STY), reported in Table 4.

Productivities (mmol/h) of in-flow reactions were
typically 1047 times higher than in batch transforma-
tions, while space time yields (mmol/ml*h) for the
continuous flow process were significantly higher
(typically 35-86 times higher, but in entries 6 and 7
they were improved even further, up to 118 and
159 times).

TONs (Turn Over Numbers) and TOFs (Turn Over
Frequencies) for the reaction in batch and in flow are
reported in Table 5. The two parameters were calcu-
lated referring to the same, fixed mmols of limiting
reagent, that is 2-benzylidenepropandionate. The TON
is very similar in batch and under flow conditions,
because the same amount of catalyst, used in both
processes, gave comparable yields. In some cases, like
in entry 6, the TON in flow is higher than in batch,
because the reaction in batch worked only in traces. It
must be added that, since the catalyst has not lost its
activity after all tests, the total TON for the in-flow
process was not determined. But it should be noted
that the TOF of the in-flow reactions increases from 10
to 100 times compared to the batch process (as
expected, being related to the productivity parameter).

Two other important factors should be considered,
the working time of the same catalytic column, there-
fore of the same catalyst, and the considerable
reduction of the time necessary to produce the same
amount of material produced in batch in 24 h. Indeed,
from the data of BT (Batch time) and FT (Flow time)
of Table 6, it is evident how working in continuo sped
up the process exponentially.

Table 4. Productivity and STY (space time yield) of the in flow process compared to the in batch reaction.

Entry Catalyst R Productivity™ RF™ STY™ RFAY
(mmol/h) (mmol/mL*h)

1 HetCat-2 R,=H 2.5-107" 25 3.4-107" 86
R,=H

2 R,=Br 1.3-107" 22 1.8-107" 72
R,—H

3 R,=Br 8.8-1072 14 1.2-107! 48
R,=H

4 R,=0OMe R,=H 8.6-1072 10 1.1-107! 35

5 HetCat-3 R,=H 1.3-107" 14 1.8-107" 46
R,=H

6 R,=H R,=0Me 49.1072 47 6.6-1072 159

7 R,=HR,=Me 9.9.1072 35 1.3-107! 118

[ Productivity: moles of product (calculated from isolated yield) divided by the collection time required to collect the product
obtained by the reaction of 250 umol of 2-benzylidenepropandionate (same amount of the starting material of the reaction in

batch)
"] Relative factor of productivity in flow vs in batch.

(I STY: moles of product in reactor, divided by residence time and reactor volume.

[ Relative Factor of STY in flow vs in batch.
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Table 5. TON (Turn Over Number) and TOF (Turn Over Frequency) in batch conditions and under flow process.

Entry Catalyst R TONI TON TOF® TOF!™
(batch) (flow) (batch) (flow)
1 HetCat-2 R,=H 5 5 6.5-107° 1.67-107°
R,=H
2 R,=Br 4 2 4.04-10°° 8.42.10°*
R,=H
3 R,=Br 4 3 4.04-10° 557-10°*
R,=H
4 R,=OMeR,=H 5 3 5.33-10°° 5.44-107*
5 HetCat-3 R,=H 5 5 5.79-10°° 7.70-107*
R,=H
6 R,=HR,=0Me 0.5 2 6.29-107° 2.88-107*
7 R,=HR,=Me 1 3 1.69-107¢ 5.78-107*

] TON: mmol substrate converted for mmol of catalyst.
1 TOF batch: TON for reaction time.

) TOF flow: TON in-flow for time necessary to feed in the column the same amount of substrate used in the reaction in batch.

Table 6. Working time, batch time and flow time.

Entry Catalyst R wTk BTl FTM
(h) (h) (h)

1 HetCat-2 R,=H 32 24 1.1
R,=H

2 R,=Br 24 13
R,=H

3 R,=Br 24 1.7
R,=H

4 R, =OMe 24 23
R,=H

5 HetCat-3 R,=H 9.5 24 1.7
R,=H

6 R,=H 24 0.5
R,=0Me

7 R,=H 24 0.7
R,=Me

[l Working Time (WT) has been considered as the total time
spent using the same catalytic column.

) Batch Time (BT) is the reaction time conducted in batch
conditions.

[ Flow Time (FT) is the time that takes the in-flow reaction to
obtain the same mmol of product obtained in batch.

For the working hours of the catalytic reactor, as
shown in Table 6, the HetCat-2 was used to promote
different reactions for 32 hours (entries 1-4), while
HetCat-3 was continuously tested for 9.5 h (entries 5—
7). At the end of each experiment, before starting a
new reaction, the two catalytic columns have been
cleaned up with a flow rate of 0.1 mL-min"' for 1h
using MeCN as solvent.

Noteworthy, a new column packed using HetCat-2
was tested continuously for five days, in the Michael
addition between indole and benzylidene malonate; the
yields at different times are reported in Graphic 1.

Adv. Synth. Catal. 2024, 366, 1001—-1006
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15.7g of product 3a were isolated by column
chromatography after five days of operation. Also in
this case TON and TOF of the process were calculated.
The total TON evaluated on five days of column work
was 1003, while the medium TOF was 2.32-10° s,

It is worth mentioning that these data describe the
performance of the packed bed reactor in the five days
reaction, but the catalyst did not lose its activity and
could be further used (Graphic 1).

100
90
5 "’\__‘__/—O—G-—_s__——o—’—"h—‘-—-—*
70 ¢
60
50 &
40
30
20
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0 e
0 20 40 60 80 100 120

Yield (%)

time (h)

Graphic 1 Kinetics determinated by 'H-NMR of
Michael addition of 1a and 2a conducted for 5 days.

Furthermore, the same column used for 5 days was
tested in another reaction, the Diels-Alder cycloaddi-
tion, between cyclopentadiene and 4-(S)-3 acryloyl 4-
tert-butyl 2-oxazolidinone 5 (Scheme 3).”*”! The col-
umn was cleaned up using a flow rate of 0.1 mL/min
for 1 h using MeCN and packed again using DCM,
that is the solvent used for the Diels-Alder cyclo-
addition.

The product was obtained in 48% yield, as a
mixture of two diastereomers (endo-6 and exo-6),

© 2024 The Author(s). Advanced Synthesis &
Catalysis published by Wiley-VCH GmbH
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Scheme 3. Diels-Alder cycloaddition between cyclopentadiene
and 4-(S)-3 acryloyl 4-tert-butyl 2- oxazolidinone under flow
conditions.

Table 7. Productivity and STY (Space Time Yield) of product
6.

Entry Reactor Productivity™ RF™ STY™ RFY
(mmol/h) (mmol/mL*h)

1 Batch  4.00-107° 1 8.00-107 1

2 Flow 9.60-107" 24 1.28 16

[ Productivity: moles of product (calculated from isolated
yield) divided by the collection time required to collect the
product obtained by reaction of 500 pmol of (4S)-3-acryloyl-
4-tert-butiloxazolidin-2-one.

] Relative factor of productivity in flow vs in batch.

1 STY: moles of product in reactor, divided by residence time
and reactor volume.

4 Relative Factor of STY in flow vs in batch.

under flow conditions in 15 minutes residence time,
while in batch the yield is 96% in 12 hours using the
same amount of the catalyst (0.0423 mmol). It is
possible to note that the productivity was increased
24 times compared to the batch conditions and the
STY was increased 16 times (Table 7).

Conclusion

In conclusion, in this work, different heterogeneous
yttrium catalysts have been synthesized, by employing
a non-covalent interaction between Y(OTf); and
functionalised silica. The supported catalysts have
been tested in a Michael addition reaction under
continuous flow conditions. Very satisfactory results
were obtained, the products being isolated with
moderate to good yields, and high productivities and
space time yields. In addition, the same packed bed
reactor could be used for prolonged time, in different
reactions. Furthermore, using the continuous flow
process, the production time of the products has been
significantly decreased, in some cases by a factor 10 or
even 50. Noteworthy, products obtained in very low
yields in batch, like the addition of indole to 2-
benzylidenepropandionate derivatives (2b or 2e¢),
could be synthesized in flow with better yields, and
improved productivities and STY compared to in batch
processes by a factor of 100. Noteworthy, the catalytic
reactor could be used for five days in the Michael

Adv. Synth. Catal. 2024, 366, 10011006 Wiley Online Library

addition, with no appreciable loss of efficiency, and
could be successfully employed in another reaction, a
stereoselective Diels-Alder cycloaddition. The present
work demonstrates the possibility to realize an efficient
and sustainable catalytic protocol, with a heterogen-
ized, precious rare earth element like Y(OTf),.*!)

Experimental Section

A Procedure of Michael Addition Under Continu-
ous Flow Conditions

The heterogeneous Y(IIT) catalyst was introduced into a tubular
Omnifit reactor, provided with Teflon inlet and outlet capillary
tubes. After having tightened the appropriate threaded joints of
the reactor and of the inlet and outlet capillars, the internal void
volume V, was determined by picnometry analysis: dry THF
and dry MeCN were used as solvents, in this order. First dry
THF (flowrate: 50 uL min~', elution time: 1h) was used to
pack the reactor. Rapidly the reactor was weighted (mqyr) 15
seconds after putting it on the balance plate. Similarly, dry
MeCN (flowrate: 50 pL min-1, elution time: 1 h) was pumped
in the reactor and (my,cyn) Was determined. V, was determined
with the reported equation:

Ve — Mryr — Myecn
0™ MMz MMyecn

VTHF VMeCN

Let v; be the molar volume of the i-th solvent used (THF or
MeCN):

MM,
Pi

Michael addition: a solution of diethyl benzylidene malonate
(2 mmol, 1 equiv.), indole (2.4 mmol, 1.2 equiv.) and internal
standard 1,3,5-trimethoxybenzene (0.66 mmol, 0.33 equiv.) in
dry MeCN (20 mL) was prepared under nitrogen atmosphere in
a 50 mL round bottom flask. The reaction was performed by
injecting the solution into the, packed column (typically 0,5 g of
silica, loading Y(III) = 0.043—0.045 mmol/g) using Syrris-ASIA
system in flow.

V.

i

A Procedure of Diels-Alder Cycloaddition under
Continuous Flow Conditions

4-(S)-3 acryloyl 4-tert-butyl 2-oxazolidinone in DCM (syringe
1) and cyclopentadiene (syringe 2) were put in two different
syringes under nitrogen atmosphere. The syringe 1 has a flow
rate of 0.0083 mL/min while the syringe 2 has a flow rate of
0.0417 mL/min. The syringes were refrigerated. The two
reagents are mixed in a T-mixer and then fed into the packed
column, kept at —20°C (0,5 g of silica, loading Y(III) =0.043—
0.045 mmol/g). The reaction was run using a flow rate of
0.05 mL/min and a residence time of 15 min. The product was
collected in NMR tube and analysed using benchtop NMR. The
crude was purified by flash column chromatography on silica
gel (eluent Hex:AcOEt 8:2).
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