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From Immobilization to Catalyst Use: a Complete Continuous-

Flow Approach Towards the Use of Immobilized Orggnhocatalysts

Pedro H. R. de Oliveira,”™ Bruno M. da S. Santos,” Raquel A. C. Ledo,"” Leandro S.
Rosane A. S. San Gil,"™ Rodrigo O. M. A. de Souza™ and Fernanda G. Finglli*

Abstract: The combination of chiral supported-organocatalysts and
flow chemistry promotes the sustainable production of
enantioenriched compounds providing a very powerful tool for
chemical and pharmaceutical industries. However, the rapid
deactivation of these catalysts in heterogeneous asymmetric
reactions has been limiting the expansion of the area. In this work
we report for the first time the advantages of synthesizing,
immobilizing, and using a silica-supported organocatalyst under a
complete continuous-flow approach, showing the impact of this
method on the morphology, structure and lifetime of the
organocatyst. The first generation MacMillan’s organocatalyst was
prepared from L-phenylalanine and immobilized in silica through a
carbamate linkage under batch and continuous-flow conditions. We
also evaluated the performance of both batch and continuous-flow
organocatalysts in the Diels-Alder reaction for proof of concept.

Introduction

Organocatalysis has emerged as one of the key
asymmetric  synthesis,  promoting  high i
enantioselectivities for chemical transformations.!]
with ease of handling, chiral organocatal
inexpensive to prepare and versatile, providin
of substrate activation and asymmetric inducti
employed in various types of reactions.”® However, the
still some inherent problems with these reactions, such as th
low turnover and the impossibility of recovering the catalyst.§

(a]

(a]

[b] andro S. M. Miranda, Prof. Rosane
, M. A. de Souza, Instituto de
Quimica, Universidade Federal do Rio de Janeiro, 21941-902,

Brasil.

Supporting information for this article is given via a link at the end of
the document.

area still remains little
p of homogeneous and
were  successfully

merging it with fl
explored. In recen
heterogeneous

chemistry,

itations of these processes is
f organocatalysts, reducing the efficiency
nd impeding large-scale application.
e causes of the organocatalyst
deactivation and so problem is an important challenge
to be overcome for the continued expansion of the area.>?!

nce the m d used for organocatalyst immobilization can
act its ormance, herein we report for the first time the
ntages of synthesizing and immobilizing an organocatalyst
continuous-flow conditions and the impact of this method
lifetime of the organocatalysts. For such, we chose the
tion MacMillan’s organocatalyst and evaluated its
the enantioselective Diels-Alder reaction for

proof of coyept.

Regults and Discussion

started our investigation preparing the silica-supported
anocatalyst 6a in batch. The modified first generation
acMillan’s organocatalyst 4 was easily synthesized from L-
phenylalanine (1) after 3 steps and 38% overall yield (Scheme
1). Initially, the amino acid 1 was treated with thionyl chloride
and methanol at room temperature for 24 hours to afford ester 2
in 97% vyield, followed by reaction with ethanolamine at room
temperature for 12 hours to formation of the corresponding
amide 3 in 75% yield, introducing the hydroxyl group, essential
for anchoring the organocatalyst on support matrix. Then, 3 was
submitted to a cyclization with acetone in the presence of p-
toluenesulfonic acid in isopropanol and reflux for 12 hours,
providing the 4-imidazolidinone 4 in 53% vyield.” The
immobilization was performed after activation of hydroxyl group
in 4 with 1,1’-carbonyldiimidazole (CDI) in the presence of
triethylamine in dichloromethane at room temperature for 12
hours to furnish the intermediate 5 in 90% yield, followed by
reaction with the commercial 3-aminopropyl-functionalized silica
(particles size 40-63 um, 1 mmol.g"’ NH, loading) and
triethylamine in dichloromethane at room temperature for 72
hours leading to the desired silica-supported organocatalyst 6a
through a carbamate link with 55% of catalyst incorporation,
determined by elemental analysis.

This article is protected by copyright. All rights reserved.
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Scheme 1. Synthesis and immobilization of organocatalyst 6b in batch.

During the immobilization reaction we observed that gently
constant magnetic stirring and long reaction time were essge
With the purpose of evaluating the differences between batch
and continuous-flow conditions, the same organocat
first synthesized and immobilized in a continuous-fl
(Scheme 2).

Under optimized conditions, the esterification of

reactor

In addition, to differences observed in supported catalyst
production time and the process efficiency in general, we could
also observe that organocatalysts 6a and 6b, respectively
immobilized in batch and under continuous-flow conditions, have
visually different aspects. While 6a is a fine powder, 6b has a
larger particle size.

The morphological analysis of the commercial 3-aminopropyl-
functionalized silica, organocatalyst 6a and organocatalyst 6b
revealed that the immobilization under continuous-flow produces
a material with a similar morphology to the commercial silica,
while the material resulting from the batch process is very
different. The SEM images in Figure 1 show that catalyst 6a
presents a more irregular distribution of particles than catalyst
6b, indicating that silica mechanical degradation occurs in the
batch process due to magnetic stirring, altering the matrix
properties.

a 1.2 mL packed-bed rea
functionalized silica at room

40% reduction on r i urs versus 52.5 hours),
besides an improvem of 1.7 times on overall yield (18% in
batch v tinuous-flow).

This article is protected by copyright. All rights reserved.
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Figure 1. SEM images of commercial silica (left), organocatalyst 6a (middle)
and organocatalyst 6b (right).

The degradation of support material may be responsible for
shortening the lifetime of immobilized organocatalysts. There is
a dichotomy in immobilization of the organocatalyst in batch:
while vigorous stirring provides effective incorporation of the
organocatalyst in matrix at shorter reaction times, degradation of
the solid support is observed under this condition. For this
reason, gently and constant magnetic stirring for 72 hours was
the optimal condition for 55% of catalyst incorporation. In
contrast, immobilization under continuous-flow conditions avoids
degradation and provides silica-supported organocatalysts with
homogeneous particle size at shorter times and 60% of catalyst
incorporation, which seems to be the maximum possible
incorporation in theses systems.

The organocatalyst 5 was characterized by solution *C
but for immobilized organocatalysts solid state
spectroscopy must be used to this task, and has be,
routinely for the characterization of hybrid silica
organocatalysts.®**? Figure 2 shows solid state
polarization magic angle spinning (CPMAS)

commercial 3-aminopropyl-functionalized
organocatalysts 6a and 6b.

255231
\ 9.1
207,

128.3

T T T T
200 150 100 50 o ppm

Figure 2. °C CPM
silica-supported organo

ctra: (A) commercial silica; (B)
orted organocatalyst 6b.
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It can be seen that the immobilization occurred, through the
formation of the N-(C=0)-O car ate linkage, whose was
confirmed by the presence of the s 156.8 ppm in the °C
spectra of batch-prepared 6a (Figure 2, and continuous-
flow prepared 6b (Figure 2, benzyl
imidazolidinone residue (C
ppm and benzyl C and CH

128 ppm resp.) could be
assignment is listed in

in the "°C CPMAS
signal could be
and amine methylene
B), in the spectrum of
enzyl methylene carbon
olved (Figure 2, entry C),
n under continuous-flow

spectrum of orga
observed for the
carbon (at 24.4
organocatalyst 6b

13 O~ 2& 17
Al /\1/

1
\ M
e
15,16
Bn N30 *Me
6a H

type Solution '3C NMR Solid state
(APT) 13C CPMAS NMR
catalyst 5 catalyst 6a; 6b
N-C=0 174.91 174.5;175.3
2 N-(C=0)-0 148.44 156.8
3 =C benzyl 136.39 136.5
4 N=CH-N 130.73
5,5' =C benzyl 129.58 128.3
6,6' =C benzyl 128.54 128.3
7 =C benzyl 128.29 128.3
8 C=N 126.94
9 C=N 117.10
10 C(CHg), 76.00 75.9;76.0

Si CPMAS solid state NMR spectra of those samples are
shown in Figure 3. In the spectra of commercial silica and
organocatalysts 6a and 6b (Figure 3), signals corresponding to
T?[C-SiO(OH)g], T® [C-SiO2(OH)], Q* [SiOz(OH).], Q° [SiO3(OH)]
and Q* [SiO4] can be clearly seen. Although cross polarization is
not a quantitative pulse sequence, alterations in the Si moieties
can be followed by measuring the [(Q*+Q%)/Q*] and T%T° ratios
(Table 2).

This article is protected by copyright. All rights reserved.
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Figure 3. °Si CPMAS solid state NMR spectra: (A) commercial silica; (B)
organocatalyst 6a; (C) organocatalyst 6b.

Table 2. °Si CPMAS NMR data.

T Q2 Q3

Q
. N Isi(OSi (OSi vosh 1 UQ+QY) g
entry (C-Si)  [Si(OSi)y(OH),] [Si(0Si)3(OH)] [Si(0Si),] /%] T2T
ppm % ppm % ppm % ppm %
1 -58.3;-67.6 26.9 -94.7 46 -102.1 29.2 -1109 39.2 0.86
2 -568.5;-67.8 22.6 -925 24 -100.6 34.8 -110.5 40.2 0.92
3 -56.7;-66.4 20.4 -92.1 3.6 -100.9 33.8 -109.8 42.1 0.8 0.49

a. (1) commercial silica, (2) organocatalyst 6a, (3) organocatalyst

As can be observed in Table 2 and Figure 3, whi
ratios are similar for commercial silica and or:
and 6b, T¥T® ratios are quite different. App

functionalized surface of the silica has structural diffe
between 6a and 6b, where C-SiO(OH), is more present than
SiO,(OH) in organocatalysts immobilized under continuoussflow
conditions. These evidences sugggst that the
immobilization in silica causes not o
structural differences in organocatal

20 mol% of silica-supporte
of hydrochloric acid at roo
afforded a mix cycloadducts 9a and 9b in
6 yield (Table 3, entry 1).
2 hours provided better
enantioselectivities (Table 3, entries 2
alyst 6a used in the reaction by 72

oducts were surprisingly obtained

The increase in rea
yields but slightly lo
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in higher vyields, but with a decrease in

enantioselectivities (Table 3, entry

significant

hours afforded a mixture of endo a
slightly higher yields and e josele

6a (Table 3, entry 5).
organocatalyst 6b lead
enantioselectivities wi

and better
and in the first

to

Lb/ PR, LE/ Aco
| ]
CHO Ph
endo-9a exo-9b

yield endo:exo ee (endo, exo)b P¢

15%  54:46 80%, 86% 0.31

2 6a 20mol% 48h 52% 54:46

6a 20mol% 72h 65%
6a-re a2 20mol% 48h 76%

6b 20mol% 48h 56%

75%, 78% 0.54
54:46 78%, 82% 0.45
52:48 64%, 78% 0.79
53:47 78%, 80% 0.58
6b

20mol% 72h 43% 54:46 83%, 81% 0.30

cle? 20mol% 48h 26% 53:47 82%, 83% 0.27

r 72 h. bPDetermined by GC analysis using a chiral f-Dex 325 column
um ID). °Productivity: mmol(product).h-'.mmol-'(catalyst).

tivities of organocatalysts 6a and 6b in batch were
045 and 0.58 mmol(product).h”.mmol”(catalyst),
pectively (Table 3, entries 3 and 5). The process of
rganocatalyst immobilization did not have a significant impact
in these Diels-Alder reactions.
The responses of organocatalysts 6a and 6b in the activation of
Diels-Alder in batch were just a little different. Organocatalyst 6a
showed an improvement in its efficiency with increasing time,
while 6b decreased it. Although the organocatalyst 6a led to the
products 9a and 9b with higher yields, the organocatalyst 6b
presented better enantioselectivities.
Following, the performances of organocatalysts 6a and 6b were
evaluated by running the enantioselective Diels-Alder reactions
between cyclopentadiene (7) and E-cinnamaldehyde (8) under
continuous-flow conditions.
We started the investigation of these flow reactions using a
looping system. In this process, the reaction was conducted in a
continuous-flow reactor using a 0.7 mL packed-bed containing
the silica-supported organocatalyst 6a, under a flow rate of 3.8
pL.min™ and residence time of 3 hours.
Before the solutions of the reagents were pumped, the silica-
supported organocatalyst was treated with 0.4 M HCI solution in
acetonitrile at room temperature for activation of the
organocatalyst. Then cyclopentadiene (7) and aldehyde 8 in
acetonitrile were pumped through the packed-bed reactor

This article is protected by copyright. All rights reserved.
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containing the supported organocatalyst 6a and the collected
reaction mixture was recirculated through the loop system. After
48 hours, the cycloadducts 9a and 9b were obtained in 50%
yield and 77% ee and 78% ee, with productivity of 0.50
mmol(product).h”.mmol” (catalyst). This result was very similar
to the results found in batch (Table 3, entries 2 and 5).

Faced to that, the reactions were conducted in a continuous-flow
reactor using a 1.2 mL packed-bed containing the silica-
supported organocatalysts 6a and 6b, flow rate of 2.5 pL.min™
and residence time of 8 hours, without recirculation of the
reaction mixture. Since the immobilized organocatalysts 6a and
6b have different particle sizes, the 1.2 mL packed-bed reactor
was totally filled with 0.25 mmol of 6a (450 mg) and 0.35 mmol
of 6b (580 mg). The selected results are summarized in Table 4.
The silica-supported organocatalyst was also treated with 0.4 M
HCI solution in acetonitrile for activation of the organocatalyst
before the solutions of the reagents were pumped. After
optimizations, it was observed the necessity for a conditioning
time of 10 and 9 hours to achieve a steady-time regime of
chemical and enantioselective activities of both organocatalysts
6a and 6b, respectively. The same was observed in batch
conditions, since the reaction had very low yield in 24 hours,
being necessary longer times to reach more efficiency.

Table 4. Diels-Alder reaction under continuous-flow.

N, Ceen AL A
@+Ph\ Y 4 IPh+/ |

M
CHSCN, tt, 2.5 uL.min-! cHo

7 8 residence time =8 h ~ €ndo-9a
entry _catalyst t (h) yield (%)  drendo.exo
! 6a m 60 54:46
2 6a 13 64 54:46
8 6a 14 67 54:46
4 6a 18 70 54:46
5 6a 20 70 54:46
6 6b 10 73
7 6b 15 89
8 6b 36 97
9 6b 42 92
10 6b 57 95
1 6b 64 89

6b 81 97 , 48% 1.04

x 0.25 um ID).

was able to pr

ectivities continued to be observed,
eversible loss of catalyst activity,
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possibly influenced by chemical degradation of the support
material.
In contrast, under the same condi
organocatalyst 6b was able to produce
73% to 97% for 72 hours with enantio
80% to 90% for 26 hours
(Table 4, entries 6 to 12).

e reaction employing
b in yields from

productivity of was 1.01
mmol(product).h™.
Although 6a a

organocatalyst 6b,

ol '(catalyst).
6b have sifar productivities, the
ntinuous-flow conditions,
the organocatalyst 6a,

-supported organocatalysts.
Besides, when we comparerthe results of enantioselective Diels-
Alder reactions carried out under continuous-flow and batch, we
serve hig enantioselectivities and productivities using the
proce The productivities of flow experiments were 2
higher then the ones of the batch experiments. We also
ved that the flow reaction conditions leaded to simpler
mixtures, containing essentially the products and the
rigls, simplifying the purification steps.

s solid state ®C CPMAS spectra of recycled
catalyst 6a Wom the Diels-Alder batch reaction, recycled catalyst
6a from the Diels-Alder continuous-flow reaction, recycled
catalyst 6b from the Diels-Alder batch reaction and recycled
cat’st 6b from the Diels-Alder continuous-flow reaction.

(B) I [
157.84 || 1A

AAYA
\ oM P AVIRVAV
Wi W W L VTeTAR LA T AR

128.62

il \ \

(A) 15785 || b
. | N

eyt gt

\ WL
‘.r,,'uw)f.x.m.q,‘ww"‘-\‘w-‘,‘ L AR AT

200 180 160 140 120 100 80 60 40 20 0 20 -40
f1 (ppm)

Figure 4. °C CPMAS solid state NMR spectra: (A) recycled 6a from the batch
reaction; (B) recycled 6a from the continuous-flow reaction; (C) recycled 6b
from the continuous-flow reaction; (D) recycled catalyst 6b from the batch
reaction.
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These spectra are comparable worse resolved than the spectra
shown in Figure 3, with the signals broadened. Although the
carbamate linkage can be clearly seen, the signal corresponding
to the carbonyl group of imidazolidinone portion (around 175
ppm) has disappeared, evidencing some sort of organocatalyst
degradation.

The recycled organocatalysts were also analyzed by *°Si
CPMAS solid state NMR (Figure 5). All recycled catalysts
spectra showed an increase of the signals corresponding to Si-
OH (-102 ppm) and Si(OH). (-92 ppm), when compared with
catalysts 6a and 6b spectra.

(D)

(8)

120 140 160 -180 200 -220

80 100
11 (ppm)

Figure 5. *Si CPMAS solid state NMR spectra: (A) recycled 6a fr
reaction; (B) recycled 6a from the continuous-flow reaction; (
from the continuous-flow reaction; (D) recycled catalyst 6b
reaction.

of ordered Si-O structure was lost.
from 0.49 (Table 2, entry 3 and Figu

there is also an incr
SiO,(OH)  contributing
organocatalysts.

deactivation immobilized

Table 5. °Si CPM

T
(c-si) [
%

entry? i)2(OH),] [Si(OSi)s(

Q@20
) [siosi)] ¢ : ) 1273
ppm

ppm %

%

1 -102.2 486 -110.9 319 165 0.40

2 -58.1;-67. 101.9 476 -110.9 31.8 134 0.36

3 -58.4;-67.1 15,7

-92.4 41

-102.1 50.0 -110.9 29.4 1.83 1.15

4 -58.4;-66.7 16.6 -92.3 58 -101.9 485 -111.6 289 187 0.34

a. (1) recycled 6a from the batch reaction; (2) recycled 6a from the continuous-flow reaction; (3)
recycled 6b from the continuous-flow reaction; (4) recycled catalyst 6b from the batch reaction.
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Conclusions

In conclusion, we observed improvi
large decrease in time during the syntl
of organocatalyst under continuou
compared to the batch pro
lifetime silica-supported org
structural differences.
conducted in continuo
organocatalyst sho
and a simpler rea
process.
In the last decade,

in overall yields and a
d immobilization
iions when

Iso leadel to a longer
” with morphological and

Diels-Alder reactions
e silica-supported

lave been widely used in
y enamine or iminium
intermediates

conjugate hydride reduction,
Iphenylation, etc..** However, these
en explored in flow chemistry and
ust be one of the challenges in this

field.

lse aspects, the application of continuous-flow in
f synthesis, immobilization and use of
ocatalysts overcome the reported limitations and has a
otential to increase exploration in this area.

d aluminium backed plates (250 um thickness) and visualized using
light or phosphomolibdic acid. Purifications were done by flash
romatography with silica gel (230-400 mesh). 'H and "*C NMR data
ere recorded at 25 °C using Varian 400 MHz and 500 MHz
spectrometer. Chemical shifts values (8) are reported in part per million
(ppm). Peak multiplicity is summarized as br (broad), s (singlet), d
(doublet), t (triplet), m (multiplet). The endo/exo ratios was established on
the purified product using the CHO signals at 9.59 ppm (endo) (9a) and
9.91 ppm (exo) (9b)."°C and ?°Si solid state NMR data were obtained
using a Bruker Avance 111400 WB (9.4T) and a Bruker DRX300 NB
(7.05T) superconducting magnets, operating at Larmor frequencies of
100.5 MHz (for *C) and 59.3 MHz (for %°Si), using a Bruker CPMAS
probeheads and 4mm ZrO, rotors with Kel-F stoppers. Samples were
powered on a mortar and packed into a rotors and spinning at 10 KHz
and 5 KHz resp. *C spectra were acquired using cross polarization with
'H amplitude 50-100 ramped, a contact pulse of 2.5 ms duration and
recycle time of 3 s, whereas for 2°Si spectra the contact time was 4 ms
and recycle time of 4 s. TPPM-15 'H decoupling was employed for both
C and #Si spectra. The spectra were referenced externally by using
adamantane (CH, at 38.6 ppm) and caulinite (Q°® at -91.5 ppm) for *C
and 2Si chemical shifts. Enatiomeric excess determinations for 9a and
9b were performerd by Chiral GC analysis on a Shimadzu GC-2010
chromatograph equipped with a FID, an AOC-20i auto sampler and a
chiral -Dex 325 (30 mm % 0.25 ym ID) column using hydrogen as carrier
gas in 46 mL/min. Injector temperature was set at 200 °C and detector
temperature was set at 220 °C. GC-FID temperature program: after 1 min
at 115 °C the temperature was increased in 15 °C.min™" to 140 °C, then
after 1 more min increased in 5 °C.min™" to 150 °C and kept for 1 min until

This article is protected by copyright. All rights reserved.
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increase again at 1 °C.min"" to 160 °C to be kept at that temperature for 5
min. All reactions under continuous flow were performed using an Asia
system, which consists of a syringe pump, liquid phase PTFE coil, a solid
phase glass column reactor (Omnifit column; 900 PSI) and a heater. All
equipment was purchased from Syrris. Scanning electron microscopy
(SEM) was obtained by a Phenom Prox Desktop operating at 10 kV.
Fourier-transform infrared spectroscopy (FTIR) analysis were acquired
on a Shimadzu FTIR Spectrometer (IRPrestigie-21).

Synthesis and immobilization of organocatalyst in batch

Preparation of
hydrochloride (2):

(S)-methyl 2-amino-3-phenylpropanoate

A suspension of L-Phenylalanine (1) (10 g, 61 mmol) in methanol (70
mL) was cooled in an ice/water bath. Thionyl chloride (5.30 mL, 73 mmol)
was added dropwise creating a clear solution that was kept stirring at
room temperature for 24 h. Volatiles were removed in vacuo giving our L-
phenylalanine methyl ester hydrochloride (2) as a white solid. (12.8 g,
98%)."H NMR (400 MHz, CD50D): & = 7.23 — 7.39 (m, 1H), 4.32 (t, J =
6.5 Hz, 1H, CHNH3), 3.76 (s, 3H, OCHj3), 3.24 (d, J = 6.7 Hz, 2H PhCHy).
3C NMR (100 MHz, CDCls) & = 168.97, 133.98, 129.13, 128.73, 127.50,
53.88, 52.28, 35.91. IR = 2852, 2615, 1707 cm™. []¥° = +36.4° (c = 2.0,
EtOH).

Preparation of (S)-2-amino-N-(2-hydroxyethyl)-3-phenylpropanamide
(3):

(S)-methyl 2-amino-3-phenylpropanoate hydrochloride (2) (10 g, 0,066
mmol) was dissolved in ethanolamine (23 mL, 371 mmol) with vig
magnetic stirring, forming a deep yellow solution that was stirred a
temperature overnight. The reaction was then diluted in 100 mL of
CHCIl, and washed with a 20% solution of K,CO3. The aque
was extracted three times with CH,Cl, and the combined or
were dried over MgSO,, and evaporated under vacuum,
pure amide 4 as a pale yellow solid (10.2 g, 85%). H
found for Cq1H1gN20, [M+H]" : 209.1284 , [M+Na]" : 23
(500 MHz, CDCl3) & = 7.62 (s, 1H), 7.18 — 7.34 (m, -,
5.0 Hz, 2H, CH,OH), 3.61 (dd, J = 9.1, 4.3 Hz, 1H, CH|
10.5, 5.5 Hz, 2H, NHCH,), 3.23 (dd, J = 13.7, 4.2 Hz, 1H, Ph
(dd, J = 13.7, 9.1 Hz, 1H, PhCH,)."*C NMR (125 MHz, CDCl5) 5 = 1
137.71, 129.27, 128.69, 126.85, 77.35, 77.09, 76.84, 61.75, 56.52, 42.1
41.13. IR = 3352, 2939, 1640 cm™. []2° = +15.4° (c = 1.0, MeOH).

(S)-5-benzyl-3-(2-hydroxyethyl)-2,2-dim
hydrochloride (4):

0.49 mmol). The rea
atmosphere with a De

ernight under argon
ed in vacuo to
(10 mL) and the
for the dropwisE addition of acetyl
orous stirring, cold ethyl ether was

mixture was cooled in an ice-
chloride (3 mL, 42 mmol). Unde
added until turbidy

at room temperat
vacuum filtered and
found for C14H20N202

g, 85%). HRMS-ESI (m/z):
+Na]" : 271.1416. "H NMR
_ 7.47 (m, 5H, Ar-H), 4.66 (dd, J = 10.5, 2.7
H,CH,), 3.48 — 3.59 (m, 2H, NCH,CH,),
H), 3.02 — 3.14 (m, 1H, HCH), 1.78 (s,
MR (101 MHz, CDsCls) & = 175.46,

10.1002/cctc.201901129
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136.73, 129.46, 128.58, 126.90, 76.58, 61.25, 58.78, 43.49, 36.98, 27.70,
26.36. IR = 2852, 2283, 1670 cm™". [a]3%= -76.6° (¢ = 1.0, MeOH).

Preparation of (S)-2-(4-benzyl-2,2-di -oxoimidazolidin-1-

yl)ethyl 1H-imidazole-1-carboxylate (5):

A stirred portion of imidazolidi
was dissolved after dropwise a
mmol). The resulting mixture
bottomed flask containin
2.46 mmol) in CH,Cl,
reaction was stirred f
in vacuum. Saturat
extracted with AcOEt
over anhydrous
brown oil (0.46
343.1765 , [M+N
1H, Ar-H), 7.38 (t, J
(dd, J=1.6, 0.8 Hz, 1
1H, CH

ture and then concentrated
to the crude mixture and
led organic phase was dried
ted in vacuum giving a light
ound for C1gH2N403 [M+H]+ :
: (500 MHz, CDCl3) d = 8.07 (s,
Hz, 1H, Ar-H), 7.15 — 7.25 (m, 5H, Ar-H), 7.07
3 —4.55 (m, 2H, NCH,CHy), 3.78 — 3.83 (m,
5 Hz, 1H, HCH), 3.30 (ddd, J = 14.6, 7.0,
5.5 Hz, 1H, 4.2, 5.4 Hz, 2H, NCH,CHy), 1.28 (s, 3H,
CHj3), 1.14 (s, 3H, CH3). R (101 MHz, CDCl;) d = 174.91, 148.44,
136.39, 130.73, 129.58, 128.54, 128.29, 126.91, 117.10, 76.00, 65.24,
58.64, 38.96,’8, 27.90, 26.41. IR = 2974, 1759, 1693 cm™. [a]% = -

6°(c=1.0 OH).
ration of silica-supported organocatalyst 6a:

ropyl functionalized silica (1.12 g 1.12 mmol) was added to a
-(4-benzyl-2,2-dimethyl-5-oxoimidazolidin-1-yl)ethyl-1H-
oxylate (5) (460 mg 1.35 mmol) in CH,Cl,. Thereafter
triethylamine ¥0.21 ml 1.5 mmol) was added and the reaction mixture
kept stirring at 150 rpm for 72 h at room temperature to furnish the
catalyst 6a as a white solid. The product is obtained by filtration of the

. (Catalyst loading 0.564 mmol/g, by CHN analysis) *C NMR
Hz) & = 174.5, 156.8, 136.5, 128.3, 128.3, 128.3, 75.9, 58.9, 58.9,
, 422, 422, 24.4, 24.4, 244, 91. CHN analysis: C: 10.37%, H:
152%, N: 2.37%.

Synthesis and immobilization of organocatalyst under continuous-
flow

Preparation of
hydrochloride (2):

(S)-methyl 2-amino-3-phenylpropanoate

In different tubes, a solution of L-phenylalanine (1) (0.94 mol.L™") and
thionyl chloride (1.5 mol.L™") were prepared in methanol. Both solutions
were pumped employing a Syrris Asia system at 25 uL/min, mixed by a T
mixer and reacted into PTFE reactor coil (3 mL) heated around 50 °C
during 1 h. The solution obtained was concentrated in vacuo giving our
product 2 as a white solid. (0.24 g, 80%)."H NMR (400 MHz, CD;0D) & =
7.23 -7.39 (m, 1H), 4.32 (t, J = 6.5 Hz, 1H, CHNH3), 3.76 (s, 3H, OCH3),
3.24 (d, J = 6.7 Hz, 2H PhCH,). *C NMR (100 MHz, CDCl3) & = 168.97,
133.98, 129.13, 128.73, 127.50, 53.88, 52.28, 35.91. IR = 2852, 2615,
1707 cm™. [2]% = +36.4° (c = 2.0, EtOH)

Preparation of (S)-2-amino-N-(2-hydroxyethyl)-3-phenylpropanamide
(3):

In different tubes, a solution of (S)-methyl 2-amino-3-phenylpropanoate
(2) (0.33 mol.L™") in isopropy! alcohol and a solution of ethanolamine (1.9
mol.L™") was prepared in the same solvent. Both solution were pumped at

This article is protected by copyright. All rights reserved.
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10 wl/min and 40 ul/min, respectively, mixed in a T-mixer and reacted
into a 3 mL PTFE reactor coil heated around 60 °C during 1 h. The
solution obtained was concentrated in vacuo, followed by dilution with 20
mL of CH,Cl, and extraction with a 20% solution of K,CO3.The aqueous
phase was extracted three times with CH,Cl, and the combined organic
layers were dried over MgSQO,4 and evaporated under vacuum, affording
the pure amide 3 as a pale yellow solid (0.12 g, 92%). HRMS-ESI (m/z):
found for Cy1H;gN20, [M+H]" : 209.1284 , [M+Na]" : 231.1103. 'H NMR
(500 MHz, CDCl3) 5 = 7.62 (s, 1H), 7.18 — 7.34 (m, 5H, Ar-H), 3,67 (t, J =
5.0 Hz, 2H, CH,OH), 3.61 (dd, J = 9.1, 4.3 Hz, 1H, CHNH), 3.40 (dd, J =
10.5, 5.5 Hz, 2H, NHCH,), 3.23 (dd, J = 13.7, 4.2 Hz, 1H, PhCH,), 2.73
(dd, J = 13.7, 9.1 Hz, 1H, PhCH,) "*C NMR (125 MHz, CDCl5) 5 = 175.42,
137.71, 129.27, 128.69, 126.85, 77.35, 77.09, 76.84, 61.75, 56.52, 42.11,
41.13. = 3352, 2939, 1640 cm™ [a]%° = +15.4° (c = 1.0, MeOH).

(S)-5-benzyl-3-(2-hydroxyethyl)-2,2
hydrochloride (4):

dimethylimidazolidin-4-one

A solution of (S)-2-amino-N-(2-hydroxyethyl)-3-phenylpropanamide (3) in
isopropranol (0.5 mol.L™") and in a different tube, a solution of p-TSA
were prepared in acetone (1.9x10° mol.L™"). Both solutions were pumped
at 20 wl.min”, mixed in a T-mixed and reacted into an Omnifit glass
column (2,4 mL) filled with dry molecular sieves at 80 °C during 1h. The
system is also adapted with a backpressure device on its end. The
mixture obtained was concentrated under vacuum to give a light brown
oil. The oil was diluted with MeOH (1.5 mL) and kept at 0 °C for the
addition of acetyl chloride (0.28 mL). The warm solution was diluted with
Et,O (15 mL) slowly under vigorous stirring, to give a suspension of white
crystals. After being stirred for 1h, the suspension was filtered by vac
washed with Et,O and dried at room temperature to give 4 as a
powder (0.33 g, 77 %). HRMS-ESI (m/z): found for C44H20N20;, |l
249.1597 , [M+Na]" : 271.1416. 'H NMR (500 MHz, CD;0D) & = 7.29 —
7.47 (m, 5H, Ar-H), 4.66 (dd, J = 10.5, 2.7 Hz, 1H, CH), 3.7,
NCH,CH,), 3.48 — 3.59 (m, 2H, NCH,CH,), 3.43 (dd, J = 13.2
HCH), 3.02 — 3.14 (m, 1H, HCH), 1.78 (s, 3H, CHj3), 1.63
3C NMR (101 MHz, CDsCls) 5 = 175.46, 136.73, 129.46,
76.58, 61.25, 58.78, 43.49, 36.98, 27.70, 26.36. IR =
cm” [a]%® =-76.6° (c = 1.0, MeOH).

Preparation of (S)-2-(4-benzyl-2,2-dimethyl-5-oxoimidaz
yl)ethyl 1H-imidazole-1 carboxylate (5)

A solution of (S)-5-benzyl-3-(2-hydroxyethyl)-2,2-dimethylimidazoli
one hydrochloride (4) (0.25 mol.L™") wit i
were dissolved in CH;Cl and another sol

. The combined organic
and evaporated in
. (0.96 g, 75%).
1765 , [M+Na]"

, Ar-H), 7.38 (t, J =
, Ar-H), 7.07 (dd, J = 1.6, 0.8 Hz,
8 — 3.83 (m, 1H, CH), 3.71 (dt, J
14.6, 7.0, 5.5 Hz, 1H, HCH),
8 (s, 3H, CHs), 1.14 (s, 3H,

phase was dried over
vacuum to yield the pu
HRMS-ESI (m/z): found for
365.1584. '"H NMR (500 MHz,
1.4 Hz, 1H, Ar-H), 7.15 - 7.25
1H), 4.43 — 4.55
=14.6, 5.5 Hz, 1

CHs) "*C NMR (101 M
129.58, 128.54, 128.29, 91, 117.10, 76.00, 65.24, 58.64, 38.96,

1759, 1693 cm™. " [a]2® = -34.6° (c = 1.0,
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Preparation of silica-supported organocatalyst 6b:

A 1.2 mL stainless steel column
commercially available 3-aminopropyl-func
(loading 1mmol/g NH,), and packed with CHj;
Thereafter, a 3.8 mL solution of (S)-5-
dimethylimidazolidin-4-one h
triethylamine (0.24 mol.L™") in CH;
18 ul.min™. The reaction was performe
at room temperature. At {
with CH3CN for more
organocatalyst 6b a
washed with CH,Cl,
loading 0.597 mmol/
156.8, 136.5, 128.3, 1
23.1,20.7,9.1.

with 590 mg of the
silica gel particles

in (200 ul.min™).
xyethyl)-2,2-
(2.27x10'mol.L™"y  with
mped through the reactor at
ping fashion during 48 h
column was washed
yield the supported
rganocatalyst was filtered,
er high vacuum. (Catalyst
MR (101 MHz) & = 175.3,
, 58.3,42.1,42.1, 36.4, 25.5,
:1.62%, N: 2.51%.

white solid.

CHN analysis)
128.3, 76.0, 5,

Enantioselective D

(18,25,
(9a)
carboxaldehyde (9b).

[2.2.1]hex-5-ene-2-carboxaldehyde
S)-3-Phenylbicyclo[2.2.1]hex-5-ene-2-

ing 0.5 mol/g) hydrochloric acid (0,4 M 0.4 mL) and (E)-
maldehyde (8) (110 ml 0.9 mmol) in 3 mL of CH3CN were mixed
irred for 5 min before the addition of cyclopentadiene (7) (740 ml
). After stirring the reaction at room temperature for 48 h or 72 h,
ed catalyst was isolated by filtration. The filtrate is evaporated
followed by purification through flash chromatography
(10 % Ac exane) to afford the titte compound as a light yellow oil.
Retention time: tz (exo-minor) = 15.8 min, tz (exo-major) = 16.1 min, t;
(endo-minor) = 16.5 min, tz (endo-major) = 16.9 min. Data for endo: 'H
NMR (400 MHz, CDClg) 8 9.59 (d, J = 2.1 Hz, 1H, CHO), 7.33 - 7.12 (m

-H), 6.41 (dd, J = 5.4, 3.3 Hz, 1H, HC=CH), 6.17 (dd, J = 5.6, 2.7
, HC=CH), 3.32 (brs, 1H, CHCH=CHCH), 3.12 (brs, 1H,
=CHCH), 3.08 (d, J = 4.7 Hz, 1H, CHPh), 2.98 (dd, J = 4.4, 2.6 Hz,
CHCHO), 1.80 (d, J = 8.7 Hz, 1H, CHH), 1.55 (dd, J = 8.8, 1.5 Hz,
, CHH). Data for exo: "H NMR (400 MHz, CDCls) 5 9.91 (d, J = 2.1 Hz,
H, CHO), 7.33 — 7.12 (m, 5H, Ar-H), 6.33 (dd, J = 5.2, 3.3 Hz, 1H,
HC=CH), 6.07(dd, J = 5.2, 2.6 Hz, 1H, HC=CH), 3.72 (t, J = 3.9 Hz 1H,
CHCH=CHCH), 3.22 (m, 2H, CHCH=CHCH, CHPh), 2,59 (dd, J = 3.5,
1.8 Hz, 1H, CHCHO), 1.63 — 1.60 (dd, 2H, J = 7.0, 5.4 Hz, 1H, CHH).

e supportglalyst 6a (330 mg, loading 0.564 mmol/g) or 6b (330 mg,

Enantioselective Diels-Alder reactions under continuous-flow

Looping Reaction for (1S,2S,3S,4R)-3-Phenylbicyclo [2.2.1]hex-5-
ene-2-carboxaldehyde (9a) and (1R,2S,3S,4S)-3-
Phenylbicyclo[2.2.1]hex-5-ene-2-carboxaldehyde (9b).

A 0,7 mL stainless steel column was filled with 200 mg of the supported
catalyst 6a (loading 0.564 mmol/g) packed with CH3CN and then flow
treated with HCI (0,4 M in 5 mL of CH3CN). The Diels-Alder reaction was
then carried out at room temperature for 48 h by pumping a CH;CN
solution of (E)-Cinnamaldehyde (8) (0.24 mol.L™") and Cyclopentadiene
(7) (3.52 mol.L™") at 3.8 ul.min™ directly to the vial containing the starting
materials.
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(1S,2S,3S,4R)-3-Phenylbicyclo  [2.2.1]hex-5-ene-2-carboxaldehyde
(9a) and (1R,2S,3S,4S)-3-Phenylbicyclo[2.2.1]hex-5-ene-2-
carboxaldehyde (9b).

[10]
[11]
A 1,2 mL stainless steel column was filled with 450 mg of organocatalyst ~ [12]
6a (loading 0.564 mmol/g) or 580 mg of organocatalyst 6b (loading 0.597
mmol/g), packed with CH3CN and then flow treated with HCI (0,4 M in 5
mL of CH3;CN). The Diels-Alder reaction was carried out at room
temperature by pumping a CH3CN solution of (E)-cinnamaldehyde (8)
(0.24 mol.L™") and cyclopentadiene (7) (3.52 mol.L™") at 2.5 ul.min™. After
24h of operation, the flow was stopped, and our vial recharged with
freshly distilled cyclopentadiene (7) and cinnamaldehyde (8). Retention
time: tr (exo-minor) = 15.8 min, fr (exo-major) = 16.1 min, tr (endo-
minor) = 16.5 min, tz (endo-major) = 16.9 min. Data for endo: 'H NMR
(400 MHz, CDCl3) 5 = 9.59 (d, J = 2.1 Hz, 1H, CHO), 7.33 - 7.12 (m, 5H,
Ar-H), 6.41 (dd, J = 5.4, 3.3 Hz, 1H, HC=CH), 6.17 (dd, J = 5.6, 2.7 Hz,
1H, HC=CH), 3.32 (brs, 1H, CHCH=CHCH), 3.12 (brs, 1H,
CHCH=CHCH), 3.08 (d, J = 4.7 Hz, 1H, CHPh), 2.98 (dd, J = 4.4, 2.6 Hz,
1H, CHCHO), 1.80 (d, J = 8.7 Hz, 1H, CHH), 1.55 (dd, J = 8.8, 1.5 Hz,
1H, CHH). Data for exo: 'H NMR (400 MHz, CDCl3) & = 9.91 (d, J = 2.1
Hz, 1H, CHO), 7.33 — 7.12 (m, 5H, Ar-H), 6.33 (dd, J = 5.2, 3.3 Hz, 1H,
HC=CH), 6.07(dd, J = 5.2, 2.6 Hz, 1H, HC=CH), 3.72 (t, J = 3.9 Hz 1H,
CHCH=CHCH), 3.22 (m, 2H, CHCH=CHCH, CHPh), 2.59 (dd, J = 3.5,
1.8 Hz, 1H, CHCHO), 1.63 — 1.60 (dd, 2H, J = 7.0, 5.4 Hz, 1H, CHH).

[13]
[14]

[19]
[16]
[17]
[18]
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[20]

[21]

[22]
[23]

Acknowledgements
The authors thank CAPES and CNPq for financial support.

Keywords: heterogeneous catalysis ¢ enantioselective
organocatalysis * continuous-flow ¢ supported organoc;
MacMillan’s organocatalysts

[1] P. . Dalko, L. Moisan, Angew. Chem., Int. Ed. 2004,
[2] J. Aleman, S. Cabrera, Chem. Soc. Rev. 2013, 42,
[3] B. S. Donslund, T. K. Johansen, P. H. Poulsen, K. S.
Jorgensen, Angew. Chem., Int. Ed. 2015, 54, 13860-13874.
[4] Y. Qin, L. Zhu, S. Luo, Chemical Reviews 2017, 117, 9433-9520.
[5] D. W. C. MacMillan, Nature 2008, 455, 304-308.
[6] C. Grondal, M. Jeanty, D. Enders, Nat. Chem. 2010, 2, 167-178.
[71 V. Marcos, J. Aleman, Chem. Soc. Rev. 2016, 45, 6812-6832.
[8] M. Silvi, P. Melchiorre, Nature 2018, 5
9] S.Y. Park, J.-W. Lee, C. E. Song, Naf.

[32]

[33]

10.1002/cctc.201901129

WILEY-VCH

E. Alza, S. Sayalero, P. Kasaplar, D. Almasi, M. A. Pericas, Chem. -
Eur. J. 2011, 17, 11585-11595.

S. Guizzetti, M. Benaglia, J. S. Sie
K.) 2012, 48, 3188-3190.

L. Osorio-Planes, C. Rodriguez-Escrich,
14, 1816-1819.

A. M. Goldys, M. G. Nuiiez,
A. M. P. Salvo,

. Commun. (Cambridge, U.
Org. Lett. 2012,

. Lett. 2014, 16, 6294-6297.
Noto, M. Gruttadauria,

018, ™ 4362-4368.
. 2012, 55, 4062-4098.

R. Porta, F. Co lisi, ChemCatChem 2015, 7,
1490-1499.

R. Porta, M. Be ocess Res. Dev. 2016, 20, 2-
25.

D. Ragno ese, O. Bortolini, P. P. Giovannini,
A. Massi, AC.

A. Ferrali, L. Osorio-Planes, F. Bravo, C.
Pericas, Adv. Synth. Catal. 2018, 360, 2914-

I. Atodiresei, C. . ping, ACS Catalysis 2015, 5, 1972-1985.

F. G. Finelli, L. S. M. Miranda, R. O. M. A. de Souza, Chem. Commun.
(Cambridgg U. K.) 2015, 51, 3708-3722.

C. Rodf—Escrich, M. A. Pericas, Eur. J. Org. Chem. 2015, 2015,
1173-118.

E. Alza, M. A. Pericas, Adv. Synth. Catal. 2009, 357, 3051-3056.

\V. Chiroli, M. Benaglia, F. Cozzi, A. Puglisi R. Annunziata, G.
lentano, Org. Lett. 2013, 15, 3590-3593.

isi, M. Benaglia, R. Annunziata, V. Chiroli, R. Porta, A. Gervasini,
'm. 2013, 78, 11326-11334.

M. Benaglia, V. Chiroli, F. Coccia, A. Puglisi, Isr. J. Chem.
2014, 54, 381-394.

T. E. Kristensen, K. Vestli, M. G. Jakobsen, F. K. Hansen, T. Hansen, J.
Org. Chem. 2010, 75, 1620-1629.

. D. T. Barros, A. V. Coelho, E. R. Lachter, R. A. S. San Gil, K.
ahmouche, M. I. P. Silva, A. L. F. Souza, Renewable Energy 2013, 50,
585-589.

E. C. C. Gomes, A. F. de Sousa, P. H. M. Vasconcelos, D. Q. Melo, I. C.
N. Diégenes, E. H. S. de Sousa, R. F. do Nascimento, R. A. S. San Gil,
E. Longhinotti, Chem. Eng. J. 2013, 214, 27-33.

A. L. De Lima, A. Mbengue, R. A. S. San Gil, C. M. Ronconi, C. J. A.
Mota, Catal. Today 2014, 226, 210-226.

Y. Qin, L. Zhu, S. Luo, Chem. Rev. 2017, 117, 9433-9520.

This article is protected by copyright. All rights reserved.



ChemCatChem 10.1002/cctc.201901129

WILEY-VCH

FULL PAPER

Pedro H. R. de runo M. da S.
Santos, Raquel A.

‘ HN\/\p continuous - flow
~

oI . /\/ Y
Me
batch o N}»\Me I I

A major issue of silica-supported organocatalysts is the degradation of the solid
material and the erosion of the matrix properties during its immobilization and
usage in batch. In this work, we report for the first time, the advantages of a
complete continuous-flow approach towards the synthesis, immobilization and us

of MacMillan’s silica-supported organocatalyst.
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