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Introduction

Enantioselective Michael addition of aldehydes to
maleimides catalysed by surface-adsorbed natural
amino acidsti

Viktéria Kozma® and Gyorgy Szolosi (D e

Asymmetric Michael addition of carbonyl compounds to N-substituted maleimides is an important method
for obtaining optically pure succinimides, which are important chiral fine chemical intermediates.
Environmentally friendly and sustainable procedures require the use of a heterogeneous, recyclable catalyst
obtained from natural chirality sources and cheap auxiliaries. Here we report the application of in situ
formed chiral inorganic-organic hybrid catalysts using amino acids such as L-phenylalanine and clay
minerals or alumina, which were highly active and provided excellent enantioselectivities, up to 99%, in the
addition of aldehydes to a large variety of N-substituted maleimides. Examinations indicated the
occurrence of the asymmetric reaction on the surface of the recyclable solid hybrid materials. The catalytic
materials were examined by thermogravimetry, XRD, FT-IR and Raman spectroscopy, SEM and adsorption
experiments. Results of these methods showed that the amino acid is deposited as surface crystallites or
intercalated in the layered cation exchangers, which both function as a supply of the chirality source,
whereas the reactions are catalysed by the chiral compounds adsorbed on the surface. This catalytic
system was used to conveniently prepare chiral succinimides at the gram scale, easily purified by
crystallization. Accordingly, these chiral hybrid materials are convenient heterogeneous catalysts for
obtaining valuable compounds in high optical purities using natural chirality sources, inorganic solids and
ethyl acetate, a green organic solvent.

a large variety of stereoselective reactions.* Among these

are various C-C coupling reactions, such as organocatalyzed

The development of novel procedures for the preparation of
optically pure organic compounds is among the important
goals of modern organic chemistry, since the chiral products
obtained have wide application areas, such as intermediates
for the agrochemical, food, fragrance and pharmaceutical
industries."™ Presently, besides economic considerations the
sustainability and environmental impact of the new processes
must be taken into account. This motivated the application of
asymmetric catalytic processes, which allow decreased
amounts of chirality sources used in enantioselective
reactions.”” During the last few decades, besides chiral metal
complexes, optically pure organic compounds, so-called
organocatalysts, were also found highly efficient in catalysing
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asymmetric conjugate additions, leading to optically pure
products with increased complexities."**?

Chiral succinimides are structural units found in several
natural products and drug candidates.”*™® These chiral
motifs are conveniently accessed by asymmetric conjugate
additions of various nucleophiles to maleimides."”
Accordingly, the enantioselective organocatalytic Michael
additions to maleimides have been extensively investigated in
the last fifteen years. Several types of catalysts have been
developed for these purposes, ie. cinchona alkaloids and
derivatives thereof,'®" chiral pyrrolidine derivatives,**** C,-
symmetric 1,2-diamine derivatives,>* >’ amino acids and
oligopeptides,®®*** and others.**™*® The chiral bifunctional
organocatalysts bearing primary amine groups were
employed mostly in the asymmetric addition of aldehydes
and/or ketones to maleimides. The most efficient amino acid
derivatives used for these purposes were the ‘Bu-ether of
i-threonine, mono ‘Bu-ester of r-aspartic acid and
B-phenylalanine. These were used either in combination with
basic additives ensuring the in situ formation of the
corresponding salts or as inorganic salts.*®*>** Natural,
unfunctionalized a-amino acids were less examined due to
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their slightly poorer performances compared to the above
derivatives, although, 1-isoleucine (i-Ile) or L-phenylalanine (r-
Phe) was also found efficient in the addition of aldehydes to
maleimides.*®*°

Albeit the above asymmetric catalytic methods allowed the
preparation of chiral succinimides in high optical purities,
further studies were necessary to develop more
environmentally friendly and sustainable methods. A major
step in reaching these goals is the application of
heterogeneous catalysts, which may allow simple separation
and recycling of the catalysts. Up to now large varieties of
chiral heterogeneous catalysts have been developed.”’ "
Among these were few materials designed to catalyse the
enantioselective addition of carbonyl compounds to
maleimides as well. However, most of the latter were obtained
by covalent bonding of the optically pure organocatalysts to
insoluble supports, which needed several, sometimes
synthetically demanding, preparation steps.’>”*° Only in few
procedures was covalent immobilization of the catalytic
materials avoided. Thus, optically pure hyperbranched
polymers worked in a synergistic way with quinine to afford
succinimides with moderate enantioselectivities.®’ Very
recently, Juaristi and co-workers intercalated amino acids (r-
Phe, r-tryptophane (t-Trp) and p-Phe) and two o,B-dipeptides
in layered double hydroxides by anion-exchange and used
these hybrid solids in the addition of a-branched aldehydes
to maleimides. High yields and enantioselectivities were
reached in reactions, which were suggested to occur in the
interlayer space of the chiral solids.®

A simpler method of getting chiral solids active in
asymmetric catalytic reactions is the adsorption of
organocatalysts on appropriate supports. Early attempts used
catalytically active oxide surfaces modified by in situ adsorbed
chiral organic compounds.®*® Latter, in some reactions
significantly improved activities and/or enantioselectivities or
even change of the enantiodifferentiation sense were
observed by applying organocatalysts adsorbed on solid
inorganic oxide surfaces compared to the corresponding
homogeneous chiral catalysts.®®®® Recently, a surface-
improved asymmetric reaction was developed using in situ
adsorbed r-proline (.-Pro) over LAPONITE® (Lap),”® a
synthetic layered magnesium silicate cation-exchanger clay.””
The Michael addition of aldehydes to B-nitrostyrene occurred
with exceptionally increased enantioselectivities compared to
the use of r-Pro. Detailed studies indicated that the reaction
takes place on the surface of the hybrid material; moreover,
the performance of the primary amino acids (t-valine (1-Val),
t-Phe, 1-Trp) was also improved in the presence of Lap, which
interestingly, provided the opposite enantiomer in excess
compared to r-Pro. Although in the above reaction Lap
proved to afford the best enantioselectivities, other materials,
such as bentonite (Ben), montmorillonite (Mon) or y-Al,O;
also led to highly improved results, whereas a layered double
hydroxide was slightly less effective.”®

Based on the above surface-improved reaction we
attempted to develop a heterogeneous asymmetric catalytic
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system for the addition of carbonyl compounds to
maleimides using natural amino acids in situ adsorbed on
inorganic oxide surfaces. We started our studies encouraged
by the excellent results obtained in these reactions using
amino acid salts,*®**>** and our expectations
strengthened by a very recent report on using ti-Phe
intercalated in layered double hydroxides published following
the start of our investigations.®>

were

Results and discussion

Asymmetric Michael addition of isobutyraldehyde (1a) to
N-benzylmaleimide (2a)

We selected the reaction of isobutyraldehyde (1a) and
N-benzylmaleimide (2a) catalysed by r-Phe (Scheme 1) as a
test reaction to attempt the use of a natural amino acid as a
catalyst in the presence of an inorganic oxide additive. The
initial reaction conditions (i.e. CHCl; solvent and Lap as the
solid additive) were selected based on our previous
experiences.”” Without an additive low 2a conversion (Conv)
was reached with 1-Phe, whereas in the presence of Lap both
the Conv and the enantioselectivity (enantiomeric excess, ee)
increased, reaching 96% ee (Table 1, entries 1 and 2). Due to
the environmental and health problems associated with the
use of chlorinated solvents,”” we aimed at replacing CHCI,
with a less harmful solvent. Thus, we examined the effect of
the solvent nature in the presence of Lap (Table 1).
Satisfyingly, high ees were obtained in various aprotic
solvents accompanied by high Convs. Under the conditions
applied full Convs of 2a and 96-97% ees were obtained in
ethers, ethyl acetate (EtOAc), CH;CN and acetone. Although
acetone may also react as a nucleophile with 2a, this adduct
was not detected. In protic solvents, such as alcohols the ee
gradually decreased with increasing acidity (hydrogen-bond
donor strength) of the ~-OH group. Based on these results we
chose two polar aprotic solvents, i.e. diisopropyl ether (‘Pr,0)
and EtOAc to carry out further optimization experiments. The
latter is among the recommended solvents in the
pharmaceutical industry, which may be obtained from
renewable sources.”” Selected results obtained by applying
various inorganic additives are summarized in Table 2.
Besides Lap another two materials afforded complete
Conv of 2a in both solvents. These are bentolite H (Ben), a

HOOC
S NH,
o] O\
o o
= S
+ | N L-Phe _ N
additive,
solvent
1a o 5
2a 3a

Scheme 1 Asymmetric Michael addition of isobutyraldehyde (1a) to
N-benzylmaleimide (2a) catalysed by L-phenylalanine (L-Phe).

This journal is © The Royal Society of Chemistry 2022
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Table 1 Solvent effect in the Michael addition of 1la to 2a catalysed by
L-Phe in the presence of Lap“

Entry Solvent Conv” (%) ee’ (%)
14 CHCl, 5 56
2 CHCl; 92 96
3 CH,Cl, 79 9
4 CICH,CH,Cl 89 96
5 Et,O >99 97
6 iPr,0 >99 97
7 ‘BuOMe >99 96
8 EtOAc >99 97
9 CH;CN >99 97
10 Tetrahydrofuran 91 95
11 (MeO),CO 87 96
12 Acetone >99 96
13 Toluene 98 96
14 PrOH >99 94
15 EtOH >99 82
16 MeOH >99 50

“ Reaction conditions: 0.03 mmol 1-Phe, 1.2 mmol 1a, 0.3 mmol 2a,
100 mg Lap, 1 cm® solvent, room temperature (rt), 24 h. * Conversion
(Conv) determined by gas chromatography (GC). ¢ Enantiomeric
excess (ee) obtained by GC, S excess enantiomer, based on our
previous studies.*** ¢ Reaction without addition of Lap, 72 h.

layered cation-exchanger clay (mostly montmorillonite)
purified from native, colloidal aluminum silicate,”*”*> and
alumina (Al,Os, neutral, pH 6.5-7.5, see the Experimental
section). With these the ee increased to 98% (entries 3, 8).
Similarly, high ee values (96-98%) were obtained using Na-
montmorillonite (Mon), Ba(OH),, and anion-exchanger
layered double hydroxides: hydrotalcite (Htc) and LDH MG50
(entries 4-7).”> However, these afforded lower Convs, except
Ba(OH),, which gave a decreased value only in EtOAc.
Applying acidic solids, such as SiO,, acid treated Mon (K-10)
or SiO,-supported Nafion™ H (SAC-13), led to a decrease in
both the Conv and ee, especially the latter two strongly acidic
materials. Thus, basic and neutral solids are appropriate
additives, irrespective of their layered structure and ion-
exchange properties. However, the rate of the Michael

Table 2 Effect of the oxide additive on the enantioselective Michael
addition of 1a to 2a catalysed by L-Phe”

Entry Additive Conv” (%) ee’ (%)
1 — 3; 6° 28; 34°
2 Lap >99; >99° 97; 97°
3 Ben >99; >99° 98; 98°
4 Mon 83 97
5 Htc 45 96
6 LDH MG50 66 97
7 Ba(OH), >99; 85° 98; 98°
8 ALO; >99; >99° 98; 98¢
9 Sio, 67 94
10 K-10 11 67
11 SAC-13 5 41

% Reaction conditions: 0.03 mmol 1-Phe, 1.2 mmol 1a, 0.3 mmol 2a,
100 mg additive, 1 cm® "Pr,0 solvent, rt, 24 h. ” Conversion (Conv)
and enantiomeric excess (ee) determined by GC, S excess enantiomer.
¢ Result obtained in 1 cm® EtOAc.
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addition was sensitive to the surface properties of the
additive, possibly due to the nature, strength, amount and
distribution of the acid and basic surface sites.

For further examinations, we have selected Ben as a solid
additive; for comparison some reactions were also carried out
using Al,O; in order to have insight into the role of the
layered structure and cation-exchanger character of the
former. The influence of the reaction time is plotted in
Fig. 1. Close to complete Conv was reached in 8 h using Ben
in 'Pr,0, whereas 16 h were needed in EtOAc. In the latter
solvent Ben afforded a higher rate compared to Al,O;. Rates
calculated from Convs obtained between 2 and 4 h (or 1-2 h
in 'Pr,0) in the presence of Ben decreased from 0.054 to
0.033 mmol h™* by changing the solvent from 'Pr,O to EtOAc,
whereas in the former solvent Al,O; afforded a lower value
(0.024 mmol h™"). The lower initial rates obtained in the first
2 or 1 h (in EtOAc or 'Pr,0, respectively, see values in Fig. 1)
of each reaction indicated an induction period, which may be
attributed to the formation of the active surface sites in the
early stages of the reactions. The ees were similar in these
reactions, 97% was obtained, which slightly increased (to
98%) at higher Convs of 2a (>20-40%).

In a study on the effect of the inorganic additive amount,
disparate reaction times were applied in the two solvents,
due to the above determined significant rate differences
(Fig. 2). Convs increased by raising the amount of the
additive. In EtOAc in 16 h reactions 25 mg Ben was sufficient
to reach high Conv and 50 mg afforded complete
transformation of 2a, whereas 100 mg Al,O; was necessary to
obtain a similar result. In reactions in 'Pr,0 over 90% Conv
was obtained in 6 h when 200 mg Ben was used. In contrast
with that observed in EtOAc, in 'Pr,O less Al,O5; (100 mg) was
needed to reach high Conv, compared to Ben (see the ESI,

100 -

Ben(EtoAc
0.027

80 A ;
Ben(Pr,0)

70 A
0.042

60 -+
50 | Al,O,(Et0AC)

Conv and ee (%)

40 | 0.0135

30 A

20 A

0 T T T T T T T |
0 2 4 6 8 10 12 14 16

Reaction time (h)

Fig. 1 Effect of reaction time on Conv (closed symbols) and ee (open
symbols) obtained in the addition of 1a to 2a catalysed by L-Phe in the
presence of Ben or Al,Os. Reaction conditions: 0.03 mmol L-Phe, 1.2
mmol 1a, 0.3 mmol 2a, 100 mg additive, 1 cm? solvent, rt; Ben in iPrZO
(@, O), Ben in EtOAc (A, A ), ALbOs in EtOAc (e, ©); the framed initial
rate values (mmol h™?) were calculated at 1 h (Pr,0) or 2 h (EtOAc).
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Fig. 2 Effect of the inorganic additive amount on Conv (closed
symbols) and ee (open symbols) obtained in the addition of 1la to 2a
catalysed by L-Phe. Reaction conditions: 0.03 mmol L-Phe, 1.2 mmol
1a, 0.3 mmol 2a, 1 cm? solvent, rt; Ben in EtOAc, 16 h (A, A), Al,Os in
EtOAc, 16 h (e, ©), Ben in 'Pr,0, 6 h (@, O).

Fig. S1). The ee values obtained were high in the experiments
in which an additive was used (98%), slightly lower ees were
reached at low Conv in EtOAc.

The effect of the r-Phe amount was examined in EtOAc
(ESL Fig. S2). 10 mol% 1-Phe was necessary to reach full
transformation of 2a; however, close to 60% Conv was
reached with 5 mol% amino acid. Decreasing the reaction
temperature to 5 °C lowered the Conv, whereas, at higher
temperature in EtOAc high Convs could be obtained in
shorter reactions without significant alteration of the ee.
Thus, with 50 mg Ben at 50 °C in 4 and 6 h, 85% and 94%
Convs and 97% ees were reached.

Similarly, decreasing the amount of the aldehyde lowered
the Conv without altering the ee (ESL} Fig. S3). With only
10% excess of 1a compared to 2a (0.33 mmol, 1.1 equivalent,
eq.) close to 70% Conv was obtained. This value increased to
higher than 80% and 90% with 2 and 3 eq. of 1a, respectively.
The Conv decreased with 5 eq. of 1a, probably due to
poisoning of the surface by more extensive side product
formation. While keeping the amounts of reactants at the
same values the solvent amount could be decreased to 0.25
em® using Ben without significantly altering the Conv or ee
(ESL} Fig. S4). Higher amounts of solvent led to a decrease
in Conv, due to the decrease in the concentration of the
reactants and/or catalytically active sites. By increasing the
maleimide amount, the Conv decreased (ESL{ Fig. S5)
though the ratio of the reactants was kept constant. This
allowed us to calculate the overall reaction rates, which
increased with the 2a concentration. However, a detailed
kinetic analysis of the reaction necessitates determination of
the effect of the components' concentration on the initial
rates. As our aim during this study was to find the
appropriate conditions for synthetic application of this
catalytic system, further kinetic studies will be carried out
latter and will be reported in our forthcoming publications.
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The effect of the structure of the chirality source was
examined using several natural and some synthetic amino
acids (see ESLi Fig. S6). Initial results with 50 mg Ben in
EtOAc at 50 °C (ESLi Table S1) showed that r-Phe was the
most active and enantioselective catalyst; however, high ee
(over 90%) can be reached with several other amino acids (t-
Trp, p-PhGly, p-ChGly, 1-Val, i-Leu, 1-Ile, 1-‘Leu, 1-Cys, 1-Met),
with the synthetic 1-‘Leu affording the same value as 1-Phe.
Previously it was observed that the ee is slightly better at high
Convs; moreover, in the reaction carried out at rt with -Phe
the results improved (ESLi Table S1). Thus, next we
performed 24 h reactions with 200 mg Ben in 'Pr,O at rt
(Table 3). Under these conditions, several compounds
provided both Conv and ee values over 90% (i-Trp, r-Val,
1-Leu, 1-Ile, 1-‘Leu, 1-Met). p-PhGly and p-ChGly afforded the
opposite product enantiomer in excess compared to -Phe (ee
> 90%). The poor results achieved with L-Phe methyl ester (t-
PheMe) or N-protected Z-i-Phe indicated that both the
carboxylic acid and the amine groups are necessary to reach
good performances. The latter forms the enamine
intermediate, through which primary amine catalysed
reactions occur,'”*® whereas the former may anchor and
activate the maleimide, similar to what was suggested in
reactions catalysed by amino acid salts.*®*° Secondary
amines (Me-t-Ile, L-Pro) gave poor results, probably due to the
low rate of enamine formation, which during the addition of
la to P-nitrostyrene also required harsher reaction
conditions.”®

Table 3 Michael addition of la to 2a catalysed by various amino acid
derivatives in the presence of Ben®

Entry Amino acid Conv” (%) ee (%)
14 1-Phe 95 98 (S)
2 1-Phe >99 98 (S)
3 1-PheMe’ 50 57 (S)
4 Z-1-Phe 1.5 8 (S)
5 L Trp 98 98 (S)
6 1-His 93 83 (S)
7 p-PhGly 85 91 (R)
8 p-ChGly 82 95 (R)
9 1-Ala 72 81 ()
10 1-Val 90 96 (S)
11 L-Leu 98 95 (S)
12 i-lle 98 98 (S)
13 Me-1-Ile 8 0

14 1-Leu >99 98 (S)
15 1-Ser 63 74 (S)
16 -Cys 83 80 (S)
17 H,N-p-Ala® 73 43 (R)
18 1-Thr 50 87 (S)
19 1-Met >99 95 (S)
20 L-Asn 44 74 (S)
21 L-Asp 74 31 (S)
22 1-Lys® 96 22 (S)
23 1-Arg’ 43 72 (S)
24 L-Pro 2 5 (S)

% Reaction conditions: 0.03 mmol amino acid, 1.2 mmol 1, 0.3 mmol
2a, 200 mg Ben, 1 cm® 'Pr,0, rt, 24 h. ? Determined by GC. ¢ ee and
configuration of the excess enantiomer obtained by GC. 6 h
reaction. ¢ Used as HCI salt.

This journal is © The Royal Society of Chemistry 2022
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Additional acidic, basic or hydrogen-bond donor groups
on the primary amino acid chain had detrimental effects
both on the Conv and ee, as indicated by results obtained
applying 1-His, r-Ser, 1-Cys, H,N-p-Ala, 1-Thr, 1-Asn, r-Asp,
1-Lys and 1-Arg. While a second amine functional group
(H,N-p-Ala, 1-Lys) may catalyse unselectively the addition, an
additional acidic group (t-Asn, r-Asp) probably affects the
adsorption mode of the amino acid on the Ben surface and
may interact with the maleimide, perturbing the formation of
an efficient transition state. Similarly, hydrogen-bond donor
hydroxyl and thiol groups (i-Ser, 1-Cys, 1-Thr) may influence
the interaction with both the surface and 2a. The methylthio
group in -Met had less effect probably due to the distance
from the chiral scaffold, affording similar results to amino
acids having hydrocarbon chains.

An increase in the bulkiness of the aliphatic hydrocarbon
unit raised both the Conv and ee; however, even r-‘Leu could
not equal the performance of 1-Phe (Table S1}), though,
under the conditions applied in reactions presented in
Table 3 they gave identical results. The same tendencies were
obtained in reactions in EtOAc at rt using the Al,O; additive
(ESL 1 Table S2).

Scope of the enantioselective catalytic system

With the in situ formed asymmetric heterogeneous catalyst
obtained by the addition of Ben to the slurry containing a
catalytic amount of L-Phe we have examined the scope of the
system by carrying out the addition of 1a to various
N-substituted maleimide derivatives (see their structures in
Fig. 3). Results of experiments carried out in EtOAc with 50
mg Ben both at rt and at 50 °C using derivatives bearing
aromatic moieties are summarized in Table 4.

At rt 16 h were necessary to reach full Conv with
N-benzylmaleimide 2a; however, this was not sufficient to
transform all the examined derivatives (except 2i, 2j, 21 and
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2p), thus longer reaction times (22, 28 or 44 h) were applied.
However, at 50 °C most of the maleimides were converted in
6 h (except 2g). With the exception of the a-substituted
compounds (rac-2f, S-2f, R-2f), benzylmaleimides were
completely transformed and high ees were obtained (96-
98%) (Table 4, entries 1-5), only the reaction of the
4-methoxybenzyl derivative (2b) had to be extended at rt to 28
h (entry 2).

The chiral centres of the optically pure N-o-
methylbenzylmaleimides were not affected during reactions,
and adducts were formed enantioselectively without
racemization at the benzylic position (entries 7, 8), whereas
the racemic compound afforded the diastereomers in equal
amounts, i.e. no kinetic resolution occurred (after 6 h at 34%
Conv the dr was 50/50, not included). Distancing the phenyl
ring from the imide moiety (2g) led to a lower reaction rate
(entry 9), thus a longer time was needed, however, the ee
approached those reached in reactions of benzyl derivatives.

N-Phenylmaleimide (2h) and its substituted derivatives
(2i-2p) were also transformed enantioselectively (95-97%)
with the exception of the 4-methoxy derivative (2i), which
afforded a slightly lower (89%) ee (Table 4, entries 10-18).
Substituents on the phenyl ring affected the rate, i.e. the time
necessary to reach high Conv. Thus, the ortho substituents on
the phenyl ring had a detrimental effect on the rate, leading
to Convs which hardly exceeded 90% at rt even after 44 h
(entries 16, 17).

Further, we have examined the Michael addition of 1a to
maleimides bearing aliphatic N-substituents (Table 5). Based
on the reaction of 2g we expected that these derivatives will
react slower, compared to N-phenyl or N-benzyl compounds.
Indeed, maleimides having linear N-alkyl substituents needed
44 h at rt or 16 h at 50 °C to reach good Convs (Table 5,
entries 2-6), except 4a and 4g (entries 1, 7). For reacting the
former (N-methylmaleimide) one day was sufficient at rt,
whereas for the latter (N-dodecylmaleimide) longer times (72

N N N N N
(2a)R:H (2e) (rac-2f); (29) (2h)R: H;  (2i) R: 4-OMe; (2p) (4a)R: H
(2b) R: OMe (R-2f); (S-2f) (2j) R: 4-Br; (2k) R: 4-Cl; (4b) R: CH3,
(2c)R: CI; o (21) R: 4-F; (2m) R: 4-Me; (4¢) R: CH,CHg;
(2d)R: F (2n) R: 2-Me; (20) R: 2-CF3 (4d) R: (CH2)2CHg;
j:/ )\ (4e) R: (CH3)4CHj;

_ (4)) R: H;
(40 (4k) R: CH, 0

4§~
O

(4f) R: (CH3)gCHa.
(49) R: (CH2)10CH3

Fig. 3 Structures of the N-substituted maleimides used to study the scope of the L-Phe + Ben catalytic system.

This journal is © The Royal Society of Chemistry 2022
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Table 4 Asymmetric Michael addition of 1a to N-substituted maleimides 2a-2p catalysed by L-Phe in the presence of Ben”

o
o 7 N o
j\ L-Phe + Ben s
+ || NR —— »
solvent N—R
1a o
2a-2p 3a-3p

Entry Product Conv (yield)? (%) ee? (%)

1 3a >99 (92);° 96 98.5; 97.5
2 3b >99 (90);? 99 97.5; 97.5
3 3c >99 (88); 98 97.5; 97
4 3d >99 (90); 99 97.5; 97
5 3e 99 (91); 92 97; 96.5
6 3f 72, dr 50/50° 98, 98

v 3f 92 (80); 89 98; 98

8% 3f 90 (78); 84 98; 97

9 3g 94;" 99 (88)’ 96.5; 95.5
10 3h 99 (90);% 99 97; 96

11 3i 96 (85);° 97 89; 89

12 3j >99 (90);° >99 95; 94

13 3k >99 (88); ne 95; ne

14 3l >99 (88);° >99 96; 94

15 3m 98 (88); ne 96; ne

16 3n 93 (80);" ne 96; ne

17 30 92 (80);" ne 95; ne

18 3p >99 (88);° ne 95; ne

@ Reaction conditions: 0.03 mmol 1-Phe, 0.3 1.2 mmol 1a, mmol 2a-2p, 50 mg Ben, 1 cm® EtOAc; ne: not examined. b Conversions (Conv) and
enantiomeric excesses (ee, excess of S enantiomers) determined by GC at rt (22 h); and at 50 °C (6 h), in brackets the isolated yields. © 16 h
reaction at rt. ¢ 28 h at rt. ¢ dr: diastereomeric ratio in the reaction of rac-2f at rt./ Using $-2f, product with S,S configuration. £ Using R-2f,
product with S,R configuration. * 44 h at rt. 16 h at 50 °C.

h at rt, 24 h at 50 °C) were necessary. Slightly better = compared to the N-propyl 4c. The compound having
transformations were obtained with the N-allyl and the N-(3-  cyclohexyl (4i) instead of the phenyl ring of the
acetoxypropyl) compounds (4h and 4i, entries 8, 12)  N-benzylmaleimide reacted much slower than 2a. Maleimides

Table 5 Asymmetric Michael addition of 1a to N-substituted maleimides 4a-4m catalysed by L-Phe in the presence of Ben®

o
o 7 N o
j\ L-Phe + Ben s
+ | N—R "y
solvent N—R
1a o
o}
4a-4m 5a-5m
Entry Product Conv (yield)” (%) ee? (%)
1 5a 80;° 85 (70) 96; 95
2 5b 88; 95 (82) 96; 95
3 5¢ 87 (75); 84 97; 95
4 5d 83 (70); 85 97; 95
5 5e 79; 91 (80) 97; 96
6 5f 88; 94 (80) 96; 95
7 5g 95;7 97 (85)° 96; 96
8 5h 96; 99 (86) 97; 96
9 5i 92 (80);” 84 96; 95
10 5§ 97 (85);% 86° 97; 95
11 5k 42;% 78 (65 96; 94
12 51 98; 99 (88) 96; 95
13 5m 88;7 94 (80)° 95; 94

“ Reaction conditions: 0.03 mmol 1-Phe, 1.2 mmol 1a, 0.3 mmol 4a-4m, 50 mg Ben, 1 cm® EtOAc. ” Conversions (Conv) and enantiomeric
excesses (ee, S excess enantiomer) determined by GC in reactions at rt (44 h); and at 50 °C (16 h), in brackets the isolated yields. ¢ 22 h reaction
atrt. Y 72 h at rt. © 24 h at 50 °C./ 72 h at 50 °C. ¢ No racemization of the N substituent, product with S,R configuration.
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with a-branched aliphatic substituents (4j, 4m) also required
longer reactions; moreover N-‘Bu 4k afforded only 78% Conv
even after 72 h at 50 °C. In all these reactions high ee values
(94-97%) were reached at rt, slightly higher than those at 50
°C.

Accordingly, the addition of 1a to a large variety of
N-substituted =~ maleimides = may be  carried out
enantioselectively using the catalyst formed from r-Phe and
Ben. Next, we have examined the effect of the structure of the
nucleophile using aldehydes (1b-1f) and ketones (1g-1i) (see
ESL} Fig. S7 for structures) in reactions with 2a, 4a-4d, 4j as
electrophiles. The structure of the products and the results
obtained are shown in Fig. 4 and Table 6, respectively. In
order to shorten the reaction time, we have used 100 mg Ben
in these experiments. The additions of
cyclohexanecarboxaldehyde (1b) occurred with high Convs
and similarly good ees to those of 1a (Table 6, entries 1-4).
The other two racemic o-branched aldehydes, ie.
2-methylbutanal (1c¢) and 2-ethylhexanal (1d), also afforded
the Michael adducts with high ee, the latter giving a lower
Conv even after 2 days (entries 5, 6). In these reactions, the
aldehyde enantiomers reacted with similar rates leading to
~60/40 diastereomeric ratios.

Aldehydes without a-substituents, such as propanal (1e)
and 3-methylbutanal (1f), were even less reactive and needed
5 days at 50 °C to obtain over 70% Convs (entries 7, 8). The
lower transformation rates observed in reactions of these
compounds may be ascribed to the lower nucleophilicity of
the enamine intermediate compared to those formed from
a-branched aldehydes.*® The ees decreased in these reactions
to <90%, whereas the dr slightly improved in the reaction of

—
/

o
(6a) R, R H (6e)
(6b) R: H, R": CH3;
(6c) R: H, R": (CH;),CH3;
(6d) R, R": CH
SN SN
O
S S
ld“ -
(6g) © (6h)  ©
o o 0
Jaxediod
R S S
Y n— n—
6i) © ©j) © (6k) ©

Fig. 4 Structure of Michael adducts obtained in reactions of various
carbonyl compounds.
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the B-branched 1f, probably due to the steric effect of the
aliphatic chain. The addition of ketones proceeded at 50° in
5 or 7 days (entries 9-11); however, these reactions afforded
similarly low drs (=60/40) as the aldehydes and much lower
ees.

Recycling of the chiral solid material

The outstanding catalytic activities and enantioselectivities
obtained in the Michael addition of a-branched aldehydes to
maleimides with the catalyst formed wusing t-Phe and
inorganic oxides indicated that the latter materials play an
essential role in catalysing the asymmetric reaction. Thus, it
is probable that the catalytic reaction takes place on the
surface of the material, similar to what was suggested to
occur during the addition of aldehydes to B-nitrostyrenes
promoted by amino acids adsorbed on the Lap surface.”’
Accordingly, a heterogeneous chiral catalyst was formed in
situ. We have tested the recyclability of this chiral solid in the
addition of 1a to 2a. Initially, we examined the use of 200 g
Ben at rt in 'Pr,0, which needed only 6 h to obtain 95% Conv
(Fig. 5).

A gradual decrease in the Conv from the 3rd use led to
lower than 60% transformation of 2a in the 5th run. The
activity could be partially restored (to over 80% Conv), by
addition of half amount of 1-Phe compared to that initially
applied (see arrows in Fig. 5). In all these experiments high
ees (98%) were obtained. These results confirmed that the
surface of the oxide is catalytically active and acts as a
heterogeneous catalyst. Although during recycling the
number of the active surface sites decreases, the remaining
active sites are similarly stereoselective to those engaged
during the first use, ie. incorporate surface-immobilized
amino acids.

The activity decrease may be explained both by desorption
of the amino acid from the surface (leaching) and by
poisoning of the solid material by adsorbed reactants,
products and side-products, such as those resulting from
condensations of the excess aldehyde. Thus, the addition of
the amino acid during reuse could restore only partially the
activity of the catalyst. Moreover, when the reuse was carried
out with the addition of 5 mol% t-Phe in each run from the
beginning, the Conv also decreased to 80% and was
maintained at 80-90% until the 8th use (Fig. 5). Accordingly,
the above-mentioned poisoning should be responsible for the
slightly lowered Conv rather than desorption of the chirality
source.

In continuation, we attempted to prepare ex situ the chiral
heterogeneous catalyst. In their catalytic tests, low amounts
of solids were applied both at rt and 50 °C (Table 7). Under
these conditions, the in situ prepared catalyst gave better
Conv in Pr,0 compared to EtOAc at rt, whereas at 50 °C close
to full Convs were reached (entries 1, 2). In EtOAc if the
reaction carried out at 50 °C was stopped after 1 h, in the
liquid phase the Conv hardly increased following another 5 h
under the same conditions (entries 3, 4). The separated solid
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Table 6 Asymmetric Michael addition of various carbonyl compounds to N-substituted maleimides catalysed by L-Phe in the presence of Ben®

R ]
o
j\: ié L-Phe + Ben R®
R—N : R?
solvent >]/-
o}
101 52 4a-4d, 4 6a-6k
Entry Product Conv (yield)” (%) ee” (%)
1 6a >99 (90); >99 99; 99
2 6b >99 (88); 99 97; 97
3 6¢ 97 (85); 99¢ 97; 95
4 6d 93 (80); 99 98; 94
5 6e 99 (86); 9 60/40, 99, 97¢
6 of 78 (65)° 62/38, 98, 98
7 6g 76 (60) 52/48, 90, 88¢
8 6h 65;% 77 (62) 66/34, 87, 887
9 6i 96 (80)" 30
10 6j 72 (55 60/40, 54, 18%
11 6k 62 (50) 58/42, 26, 147

“ Reaction conditions: 0.03 mmol 1-Phe, 1.2 mmol carbonyl compound, 0.3 mmol maleimide derivative, 100 mg Ben, 1 cm® EtOAc, rt 24 h; 50
°C 16 h. ” Conversions and enantiomeric excesses (ee) determined by GC in reactions at rt (24 h); and 50 °C (16 h), in brackets the isolated

yields. ¢

5 days. ¢ At rt 7 days. " At 50 °C 7 days.

reused in a subsequent reaction afforded similar results to
those obtained with the use of the fresh, in situ formed
catalyst (entries 2, 5). These experiments confirmed the
heterogeneous nature of the in situ formed active catalyst.
The hybrid materials prepared ex situ by L-Phe deposition
on Ben at rt in both solvents, EtOAc (.-Phe-Ben1) and 'Pr,O
(t-Phe-Ben2), respectively afforded similar results to those
obtained with the in situ formed catalysts in the
corresponding solvents (entries 2, 7 and 1, 8). However, the
one prepared in EtOAc and used in 'Pr,0 afforded

_ Ben(Pr,0)
100 2 ee=98%

%0 Ben(Pr,0 + L-Phe)

80

Conv (%)

70
60
50
40
30
20
10

+5 mol% L-Phe

Run no.

Fig. 5 Recycling of the in situ formed chiral catalysts in the addition
of 1a to 2a. Reaction conditions: 0.03 mmol (10 mol%) L-Phe, 1.2 mmol
la, 0.3 mmol 2a, 200 mg Ben, 1 cm® 'Pr,O, rt, 6 h; red columns
without addition of L-Phe (unless marked with arrows), blue columns
with addition of 5 mol% L-Phe during each recycling.
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24 h at 50 °C. ¢ Diastereomeric ratio and enantiomeric excesses (ee) obtained by GC analysis of the raw product.

¢ At rt 48 h./ At 50 °C

intermediate results (entry 6). Accordingly, the chiral
materials may be prepared ex situ as well; however, the
solvent used in the preparation of these materials may affect
the activity of the catalyst. Pre-adsorption of
N-benzylmaleimide, 2a, on Ben in either solvent gave
materials, which by addition of r-Phe to the slurry performed
similarly to 1-Phe-Ben1 prepared in EtOAc (compare entries
9, 10 to 6). However, these Convs were lower than that

Table 7 Application of ex situ prepared hybrid materials in the Michael
addition of 1a to 2a“

Entry Catalyst Conv” (%) ee’ (%)
1 Ben + r-Phe 61; >99 97.5; 97
2 Ben + r-Phe’ 32; 96 98; 97.5
3 Ben + -Phe? 28 96

4 Stirring the liquid phase? 33 96

5 Reuse of the solid? 95 96.5

6 L-Phe-Ben1® 46; 97 97; 97
7 1-Phe-Ben1°° 32; 93 97; 97
8 1-Phe-Ben2/ 61; >99 97; 97
9 2a-Ben® + L-Phe 48; 99 96; 97.5
10 2a-Ben/ + L-Phe 47; >99 97; 97.5
11 1a-Ben® + L-Phe 51; 98 97; 97
12 S-3a-Ben® + -Phe 46; 94 97; 96

“ Reaction conditions: 55 mg ex situ prepared hybrid material or 50
mg Ben + 0.03 mmol 1-Phe, 1.2 mmol 1a, 0.3 mmol 2a, 1 cm?® Pr,0,
6 h. ” Conversions and enantiomeric excesses (ee) obtained in
reactions at rt; and 50 °C determined by GC, excess of S enantiomer.
¢ Reaction in 1 em® EtOAc. ¢ Reaction at 50 °C stopped after 1 h,
centrifuged, followed by stirring of the supernatant at 50 °C 5 h and
reuse of the solid using fresh reactants and EtOAc in a 6 h reaction.
¢ Material prepared ex situ by stirring 500 mg Ben and 0.3 mmol
organic compound (1-Phe or 1a or 2a or $-3a) in 10 cm® EtOAc at rt
for 6 h./ The hybrid material was prepared in 10 cm® 'Pr,0.

This journal is © The Royal Society of Chemistry 2022
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obtained with 1-Phe-Ben2, thus, when 'Pr,O is used both in
the deposition and in the reaction, the adsorbed 2a decreases
the activity.

Similarly, the materials obtained by pre-adsorption of 1a
or S-3a were less active than r-Phe-Ben2. Accordingly, pre-
adsorption of the reagents or the product hinders to some
extent the adsorption of the amino acid, leading to a
decrease in the number of the active surface sites. This
confirms that the reaction occurs on the surface and gives a
plausible explanation of the slight decrease in the Conv
observed even when the amino acid is added in each
recycling run.

Characterization of the chiral heterogeneous catalyst

The above described in situ formed or ex situ prepared chiral
hybrids were examined by various methods in order to
determine their structure and stability. Initially, we
investigated the amount of the deposited r-Phe by measuring
the amount of amino acid left in solution using UV-vis
spectroscopy (for spectra and calibration see ESI, Fig. S8-
S11). Due to the high UV cut-off wavelength and the low
solubility of 1-Phe in the applied solvents, we used MeOH in
these experiments. In MeOH the reaction of 1a and 2a was
complete in the presence of Lap and afforded moderate ee
(Table 1), indicating that the chiral hybrid catalyst is formed.
Results using 100 mg Ben are shown in Fig. 6 (see ESL Fig.
S12 for results with 100 mg Al,O3).

Even the lowest amount of 1-Phe (0.0075 mmol) was not
completely adsorbed over Ben; however, increasing the r-Phe
amount led to a linear increase of the deposited amino acid
quantity (Fig. 6). The amount of the amino acid decreased

0.03 - 100
5 Ben -
1S 0 R
€ 0025 @
- Y ee ]
80
3 insitu: O s 2
2 02 || Conv63%, ee96% | deposition g
o . i f=4
3 . . 60 8
® 1t desorption
£ 0015 - 50
i 2nd desorption
- 40
001 A <
30
20
0.005
10
0 4 . . : . . 0
0 0005 001 0015 002 0025 003

L-Phe introduced (mmol)

Fig. 6 Amount of L-Phe deposited on 100 mg Ben from 1 cm® MeOH
determined by UV-vis spectroscopy; A L-Phe amount included after 2
h stirring at rt, ¢ L-Phe amount remained following another 2 h
washing using 1 cm® MeOH, m L-Phe amount remained following a
2nd 2 h washing using 1 cm® MeOH. Conv @ and ee O obtained
applying the final materials as catalysts in the addition of 1a to 4a.
Reaction conditions: 1.2 mmol 1a, 0.3 mmol 4a, 1 cm® EtOAc, rt, 16 h;
the result obtained under identical conditions with the catalyst formed
in situ using 0.03 mmol L-Phe is given in the frame.
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after repeated washing of the solid with MeOH, leading to
desorption of about one third of the incorporated quantities
by each treatment. In contrast, Al,O; adsorbed higher
amounts of 1-Phe, and following washings with MeOH the
removed quantities were also smaller (Fig. S12}). The four
hybrid materials obtained after washings using Ben gave
proportionally increasing conversions of 4a (in reaction with
1a in EtOAc) with the increasing quantity of the amino acid
(Fig. 6). However, even with the material containing the
highest amount of 1-Phe the Conv was lower compared to
that obtained in the reaction applying the in situ addition
method. A similar trend was observed using the hybrid
materials prepared from Al,O; (Fig. S12%). The ees were also
slightly lower compared to the in situ use of the components;
however, over a certain amount of deposited r-Phe, the ee
values did not change. According to these experiments the
deposited 1-Phe forms surface chiral sites able to catalyse the
asymmetric Michael addition and it is necessary to deposit a
certain amount of amino acid for obtaining an efficient
chiral solid catalyst.

The above results also showed that the amount of the
deposited organic material is affected by the properties of the
solid. The parent Ben has 0.9% CaO and 3.5% Na,O, and
thus, contains predominantly Na-montmorillonite beside the
Ca-form. The thermal behaviour of the hybrid materials was
investigated by thermogravimetric analysis (Fig. 7). The
parent Ben was dehydrated until 150 °C (=1 wt%) with the
gradual release of the interlayer water.”*”® At higher

100 4
g 98 1
2 9
o
g 9
92 4
90 ~1
88 A
L.-Phe-Ben2
86 -
84 |
82 —
0.00 1~ Ben
£ 01 - \/\
E oy
2 /N
+ -0.02 4
Ny
)
g i
-0.03 4 !
5] ! . I L-Phe-Ben2
]
£ oo {51 1 L
s 8 ' .
! o ulu,,U O LY
005 {81 L1 hling 8 Q! i£ DTG
! 8:2!3“‘ h o 16
006 +——r——r—r———————
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[=]

0 800 900 1000
Temperature (°C)

Fig. 7 Thermogravimetric analysis (TG and DTG, 30 mg sample,
heating rate 10 °C min™) of Ben, L.-Phe-Ben2 (Table 7) and the material
resulted from 0.03 mmol L-Phe and 200 mg Ben in a 6 h reaction of 1a
and 2a at 50 °C in 1 cm® 'Pr,0, Conv > 99%, ee 96.5% (U1).
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temperature dehydroxylation of the silicate lattice took place
in two distinct events, the first peaking at 420 °C (=2 wt%),
whereas the second gave a double peak at 630 and 685 °C in
the DTG curve (=4 wt%).”°”® Crystalline 1-Phe decomposed
over 220 °C giving two maxima in the DTG curve at 290 and
350 °C (ESI,} Fig. $13).

The ex situ prepared r-Phe-Ben2, following the initial loss
of water and the remnant organic solvent (=1.2 wt%),
showed a sharp peak with maximum at 205 °C followed by a
broad one at 285 °C, attributable to the decomposition of
1-Phe at lower temperature compared to pure r-Phe. The
weight loss associated with these steps is =9 wt% (150-450
°C).

At higher temperatures the dehydroxylation of the
material took place in two steps (=6 wt%), similar to the
parent Ben; however, the first occurred at 520 °C (vs. 420).
These results indicated the deposition of the amino acid.
Moreover, a solid surface induced change of the deposited
organic material also occurred, as evidenced by the shifted
decomposition temperatures. According to these, the
material prepared ex situ contained 9% 1-Phe, which partially
was transformed probably in phenylalaninate (Na or Ca) by
interaction with Ben.

In contrast, the analysis of the in situ obtained material
U1 showed that the major part of 1-Phe decomposes giving a
peak at 315 °C, which may be ascribed to the stronger
bonding of the amino acid to the surface or/and to inclusion
in the interlayer space. The amount of the r-Phe based on the
weight loss (150-400 °C) was =3 wt%. The dehydroxylation of
the silicate lattice occurred mostly over 550 °C. Although this
step led to the same weight loss (6 wt%) as in the case of the
previously examined materials, i.e. the amount of the -OH
groups did not change, shifts in the maxima of the steps
indicated the possible involvement of these groups in
anchoring the organic material.

Accordingly, by thermogravimetry, we detected r-Phe
bonded with different strengths in the examined materials.
The main component of Ben is montmorillonite, a layered
dioctahedral aluminosilicate with a 2:1 (TOT) structure
having hydrated exchangeable cations compensating for the
negative charge of the layers.”*’* Although, under acidic
conditions these cations may be exchanged by protonated
amino acids,”® in our study the amino acid may interact with
these cations, forming intercalated and surface immobilized
Na (or Ca) salt.

This motivated us to examine the hybrid materials by
X-ray diffractometry (XRD). Diffractograms of selected
materials are shown in Fig. 8. The basal distance dyo;
calculated according to Bragg's law using the 001 reflection
in the diffractogram of Ben at 2@ 7.04° was found to be 12.55
A, corresponding to Na-montmorillonite. Reflections
appeared in the XRD pattern (indexed according to the
literature)®**®* showed the presence of cristobalite (Crs, 20
21.60°) as well.

According to the diffractograms of the ex situ prepared
materials (t-Phe-Benl and r-Phe-Ben2) the basal distance of
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Fig. 8 X-ray diffractograms of Ben, L-Phe, L.-Phe-Benl, L-Phe-Ben2,
U1 (see Fig. 7) and several materials used in reactions of 1la and 2a in 1
cm?® Pr,0O; U2: 55 mg of L-Phe-Ben2 after 12 uses in 6 h reactions at
rt, last run Conv 37%, ee 96%, U3: 110 mg of L-Phe-Benl after 3 uses
in 16 h reactions at rt, last run Conv 67%, ee 97.5%, U4: 55 mg of
L-Phe-Benl after 4 uses in 6 h reactions at 50 °C, last run Conv 5%, ee
70%.

the montmorillonite hardly changed and reflections of
crystalline 1-Phe appeared, indicating the deposition of the
amino acid crystallites on the surface of the inorganic solid.
The material 1-Phe-Ben1 prepared in EtOAc contained less
amino acid compared to r-Phe-Ben2. Moreover, the latter
material still contained crystalline 1-Phe on the surface after
12 uses in 'Pr,O (Fig. 8, U2), although the Conv decreased to
37% in the last use in the reaction of 1a to 2a. Interestingly,
in this spent material (U2) the basal distance increased
significantly to 15.38 A (20 5.74°), indicating either the
migration of the amino acid or deposition of organic residues
into the interlamellar space during the reaction. Similarly,
the basal distance increased (15.44 A) following 3 uses of the
material prepared ex situ in EtOAc (.-Phe-Ben1), meanwhile,
the deposited crystalline 1-Phe disappeared (Fig. 8, U3).
However, when 1-Phe-Benl was applied at 50 °C in 6 h
reactions, after the 4th use the material lost its activity (Conv
5%) accompanied by a change in the basal distance of the
montmorillonite (Fig. 8, U4), which became identical with
that found in the parent Ben.

Interestingly, crystalline -Phe was not detectable in the
material obtained in situ (U1), giving >99% Conv and 96.5%
ee, which upon reuse also gave good results. The
interlamellar distance in this in situ formed hybrid was high

This journal is © The Royal Society of Chemistry 2022
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(14.48 A) (Fig. 8, U1). Similar materials were obtained in situ
in reactions carried out under other conditions with lamellae
propped up to 14.52 or 14.57 A (ESI,} Fig. S14, U6, U5),
without containing deposited crystalline amino acid,
however, all of these being active upon reuse.

According to the above results the active hybrid
materials contained either deposited i1-Phe crystallites
without significantly changing the interlamellar distance of
Ben (ex situ) or amino acid intercalated between the
montmorillonite layers leading to a swelled hybrid
material with increased interlamellar distance (in situ).
Gradual leaching of the amino acid from this space led to
loss of the activity with the simultaneous restoration of
the initial distance between the lamellae. Thus, the sites
active in the Michael addition contain the amino acid
either adsorbed on the outer surface or intercalated in the
interlamellar space. The deposited r-Phe crystallites may
act as an amino acid supply compensating for the
material leached from the above sites. However, the less
accessible 1-Phe included in the interlamellar space may
also have the same role of compensating for the desorbed
L-Phe, due to the difficulty of accessing the chiral material
situated in the interlamellar space compared to the outer
surface sites. The above interpretations are supported by
the similar catalytic results obtained with Al,0;, lacking
the lamellar structure.

747
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Fig. 9 FT-IR spectra of L-Phe, Ben, L.-Phe-Ben2 and three materials
used in reactions of 1a and 2a in 1 cm® 'Pr,O; U1 (see Fig. 7); 55 mg of
L-Phe-Ben2 after first use in a 6 h reaction at 50 °C, Conv 99%, ee
96.5%, (U7); in situ formed material from 200 mg Ben and 0.03 mmol
L-Phe, in 6 h reactions at rt after ten uses, last run Conv 62%, ee 98%
(U8).
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The hybrid materials were also examined by Fourier
transform infrared spectroscopy (FT-IR). Spectra of selected
materials are presented in Fig. 9 (see full spectra in ESL} Fig.
S15) and compared with those of the parent Ben and r-Phe.
In the FT-IR spectrum of Ben adsorption bands characteristic
of the layered alumina silicate were detected, ie. the
stretching vibrations (v) of the structural O-H, interlayer
water and Si-O at 3616, 3466 (Fig. S15 and S16%) and 1035
em ™ and the bending vibrations (d) of water, Si-O-Si and Al-
O-Si bonds at 1636 cm™ and in the 400-600 cm™
region.”®*>"8¢ Bands at 1400-1480 cm™' were attributed to
the presence of carbonates.®”

In the spectrum of the ex situ prepared material (1-Phe-
Ben2, Fig. 9 and S15 and S16}) additional bands were
detected, which may be assigned to the deposited r-Phe in
zwitterionic form.®®®° Thus, the bands at 1625, 1560 and
1566, 1410 cm ' were attributed to the asymmetric and
symmetric 6(-NH;') and v(-COO") vibrations, respectively.
The bands at 1495, 1458 and those in the 1270-1370 cm™*
interval are due to C-H bending and scissoring vibrations,
which appeared in the spectrum of the material, along with
the bands at 747 and 700 cm'. The decrease in the
intensity of the stretching vibrations of the interlamellar
water (3466 cm™, Fig. S16%) showed partial removal of the
water, either by the included i1-Phe or by the solvent;
however, this led only to a small change in the
interlamellar distance, as shown by XRD. In contrast, the
band at 3616 cm ™' attributed to the structural v(O-H)
increased, showing the hydration of the silicate layer upon
depositing the amino acid. Bands characteristic to the N-H
and C-H stretching vibrations (2800-3250 cm™') were also
detectable (Fig. S16%).

After one use of r-Phe-Ben2 at 50 °C (U7), absorption
bands characteristic of the deposited 1-Phe were still
detectable, though they had lower intensity compared to the
ex situ prepared material in agreement with the XRD results.
Interestingly, the band at 3616 cm™ also decreased, which
points to the involvement of the structural -O-H groups in
the reaction. New bands around 1700 cm™" appeared in the
spectrum of this material (U7), which may be due to the
adsorption of reactants or products (including side-products)
formed during the reaction (C=O group vibrations). This
supposition was supported by the appearance of similar
bands in the FT-IR spectra of samples prepared by adsorbing
either one of the reactants or the purified product on Ben
(not shown).

The spectrum of the material obtained by in situ addition
of Ben and 1-Phe (Ul) was similar; however, the bands
assigned to r-Phe were of lower intensity. According to XRD,
no crystals of the amino acid are deposited on this material,
thus, the FT-IR bands observed may be attributed to 1-Phe
adsorbed on the surface or included in the interlamellar
space. The band at 3616 cm ™' had lower intensity compared
to Ben or 1-Phe-Ben2, although slightly higher than that
observed for U7. Similar changes were detected in the
spectrum of the material obtained after ten uses (U8).
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Fig. 10 Raman spectra of Ben, L-Phe, L-Phe-Ben2 and U6, U7, U8 (for
identification of the used materials see Fig. 9 and ESI, i S14).

The materials surface was also examined by Raman
spectroscopy using a 785 nm excitation laser of 100 mW.
Selected ranges of the spectra are plotted in Fig. 10. The
Raman spectrum of Ben is dominated by the band at 705
em™ assigned to the w(a;) vibration mode of SiO,
tetrahedra.’>®" In the selected region (400-1250 cm™"') 1-Phe
presented several characteristic vibrations, among which one
gives a very intense band at 1004 cm™ arising from the
phenyl ring angular bending vibrations and one at 1211 cm™"
assigned to the side chain bond-stretching vibration
v(Cp—C,).”” In the Raman spectrum of the ex situ prepared
1-Phe-Ben2 these bands characteristic of 1-Phe are clearly
detectable (especially that at 1004 cm™') showing more
obviously than the FT-IR spectra the deposition of the amino
acid crystallites on Ben.

The spectrum of the used 1-Phe-Ben2 (Fig. 10, U7) was
similar to that of the hybrid before use, showing that
following one reaction the material still contained a large
amount of deposited 1-Phe, in accordance with the XRD. In
contrast, in the Raman spectrum of the material obtained in
situ and used ten times at rt (U8) having partially lost
catalytic activity, bands associated with the amino acid
decreased significantly. Similarly, low intensity Raman bands
were detected in the spectrum of the material obtained in situ
after a 16 h reaction in EtOAc (U6). However, both materials
still contained 1-Phe, as indicated by the band at 1004 cm™,
though the XRD diffractogram of the latter (Fig. S14}) did
not show the presence of crystalline amino acid. Accordingly,
in these materials, the organic compound is distributed by
adsorption on the surface and in the interlamellar space of
Ben.
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Fig. 11 SEM pictures of Ben (a), L.-Phe-Ben2 (b), U1 (c) and U2 (d) (for
identification of the materials see Fig. 7 and 8) at 5000 fold
magnification.

Few materials employed in this study were examined by
scanning electron microscopy (SEM), as these investigations
proved to be useful to evidence morphological changes
occurring during various treatments of
montmorillonites.®> #** Selected images are presented in
Fig. 11. The parent Ben (a) showed aggregated morphology
having particles bigger than 10 pm; however, its porous, flaky
character is visible. This has not changed following ex situ
deposition of i1-Phe on Ben (r-Phe-Ben2, (b)). Smaller
crystallites of irregular shapes were detected on the surface
of these particles, which could be assigned to the deposited
amino acid. Following the multiple uses in catalytic reactions
at rt of the latter material the crystallites partially
disappeared (d); moreover, the disintegration of the clay
particles was also observed leading to an increase in the
particle porosity. Although this decrease in the particle size
could be caused by the magnetic agitation during the
reaction as well, we suggest that this morphological change
is partly due to the migration of the deposited amino acid
into the pores and even in the interlamellar space of the
layered material. This is supported by the shape of the
particles obtained in situ in a catalytic reaction (c), which
had significantly increased porosities and only slightly
decreased sizes compared to Ben. The formation of such
mesopores was also observed after pillaring bentonites with
Fe** and Cr** cations.** Accordingly, the observed
morphological change may be attributed to the presence of
1-Phe in the pores and the interlamellar space of the
recovered material.

Interpretation of the results and synthetic applicability

According to the above study the asymmetric Michael
addition of aldehydes to N-substituted maleimides is

This journal is © The Royal Society of Chemistry 2022
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efficiently catalysed by primary a-amino acids in the presence
of inorganic oxides. Although the structure of the amino acid
has a significant effect, several natural compounds were
found effective, with the best results being obtained with
L-Phe. Importantly, several inorganic materials could be used,
such as layered cation-exchanger clays (i.e. bentonite) or
Al,O;. Moreover, LDHs also afforded highly stereoselective
catalysts, in accordance with the recent report of Juaristi and
co-workers on the use of amino acids intercalated in LDHs.*
The inorganic materials used in the present study have
available Lewis-acidic hydrated charge-compensating cations
and/or surface sites, weakly acidic surface -OH groups, which
may act as hydrogen-bond donors and Lewis-basic surface
sites, such as Si-O- (or Al-O-) groups capable of acting as
hydrogen-bond acceptors. Accordingly, these groups may be
responsible for bonding the chiral organocatalyst, the
substrates and the intermediates to the surface.

Applying Ben as an inorganic additive the characterization
results showed that besides the probable adsorption of r-Phe
on the surface of the clay, the amino acid is also intercalated
in the interlamellar space during the reaction. On the
contrary, the pre-prepared material contained a large amount
of surface deposited amino acid crystallites without
intercalation of the organic compound, as schematically
illustrated in Fig. 12(a). However, by using the latter material
in the reaction 1-Phe was relocated, and the crystallite
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quantity decreased, meanwhile, some of the r-Phe migrated
into the interlamellar space. Accordingly, the reaction is
catalysed either by the outer surface adsorbed amino acid or
by the intercalated 1-Phe. Based on the similar performances
of some inorganic oxides lacking the layered structure (Al,O5)
we deduced that both the deposited crystallites and the
intercalated amino acids act as a supply of the chiral material
and the addition is catalysed mostly by the surface adsorbed
amino acid. In the case of a layered material both surface
and interlayer sites could be active; however, the latter are
less accessible to reactants.

In our previous study on the use of catalysts formed from
1-Pro and Lap in the addition of aldehydes to B-nitrostyrene,
it was proposed that the amino acid is bonded to the surface
through interaction of the carboxylate group with a Lewis
acidic site (Na') and hydrogen bonding of the amine by the
surface silanol and Lewis-basic (Si-O) groups.”” A similar
adsorption mode may be envisaged to occur during the
Michael addition studied presently, as schemed in Fig. 12(b)
with the participation of Na' as a Lewis acidic site when Ben
is used. Reactions of the adsorbed amino acid with the
aldehyde result in surface bonded enamine, through which
Michael additions of carbonyl compounds -catalysed by
primary amines are known to occur.**°* These geometrically
constrained nucleophilic surface intermediates will attack the
surface activated electrophile, in the present reaction
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Fig. 12 Proposed structures of the chiral hybrid materials formed from L-Phe and Ben (a), adsorption mode of L-Phe and the structure of the
surface transition state in the reaction of 1la and N-substituted maleimides (b).
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maleimide, leading to the formation of the C-C bond. The
suggested relocation of the amino acid during the reaction
may occur either by dissolution and successive adsorption or
by the reaction of the deposited chiral material with the
aldehyde and adsorption of the enamine, as shown in
Fig. 12(b).

These reactions were also catalysed efficiently by r-Phe
immobilized over inorganic oxides lacking charge-
compensating cations. Thus, the Lewis acidic sites binding
the amino acid in such materials may be part of the oxide
lattice as well (see Al,O3, ESL} Fig. S17). The high activity of
Al,O; may be explained by the presence of lattice defects, i.e.
penta-coordinated Al, and the surface hydroxyl groups,
characteristic of intermediate transition aluminas, such as
1-Al,05.°>°® Using layered cation-exchanger clays, the lattice
cations found in the octahedral sheets may also function as
binding sites of the amino acid; however, these are less
accessible than the charge-compensating cations (Na' or
Ca*"), and probably their contribution is less significant.

The synthetic applicability of the developed asymmetric
catalytic system was tested at a larger scale as well. Reactions

S S
%(é O/XQN{>
o o

(3a)? Conv 96 %, ee 97 %;
1.35 g, yield®" 87 %

Cl
S S
[¢] (o]

(3h)? Conv 94 %, ee 97 %;
1.18 g, yield®’ 80 %

(3c)? Conv 96 %, ee 97 %;
0.69 g, yield®” 78 %

(5f)° Conv 98 %, ee 93 %;
0.84 g, yield™" 90 %

\, b
0 (3’065g,
yield®Y 82 %

Conv 99 %, ee 96 %

Fig. 13 Scale-up of the Michael additions of 1la to N-substituted
maleimides. Reaction conditions: # 0.6 mmol L-Phe, 24 mmol 1a, 6
mmol 2a or 2h, 1 g Ben, 20 cm® EtOAc, rt, 30 h; ® 0.3 mmol L-Phe,
12 mmol 1a, 3 mmol 2c, 2l or 4f, 0.5 g Ben, 10 cm® EtOAc, rt, 44 h;
feh isolated by flash chromatography, < purified by recrystallization.
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of 1a with few N-substituted maleimides were carried out
using 3 or 6 mmol maleimides. The products obtained are
shown in Fig. 13. In these reactions a low amount of Ben (50
mg per 0.3 mmol maleimide) was used and the quantities of
the reactants and EtOAc were increased proportionally. High
conversions and enantioselectivities were obtained in
reactions, which needed slightly prolonged times compared
to those carried out at a lower scale. The solid catalysts were
easily separated from the product solutions followed by
isolation of the purified products in good yields by flash
chromatography (eluted with hexane/EtOAc mixtures) or
recrystallization in the case of crystalline crude materials
(from toluene or hexane/EtOAc). Thus, the catalytic system
afforded the desired optically enriched chiral compounds in
gram quantities using this environmentally benign and
economic catalytic system.

Conclusions

Asymmetric Michael additions are among the most versatile
C-C coupling reactions for the preparation of optically pure
compounds. Green, environmentally friendly and economic
catalytic systems developed for these purposes use solvents
from renewable sources, natural chirality and heterogeneous,
recyclable catalysts. In our present study we have investigated
the asymmetric Michael addition of aldehydes to
N-substituted maleimides catalysed by inorganic-organic
hybrid materials resulting in situ from primary o-amino acids
and various inorganic oxides. Several amino acids gave
efficient chiral catalysts, and the best results were obtained
with the natural 1-Phe, which afforded high conversions and
excellent, up to 99% enantiomeric excesses. Various
inorganic materials could be used, such as oxides or layered
materials, such as cation-exchanger clays or anion-exchanger
layered double hydroxides. Following optimization of the
reaction conditions using two additives (bentonite and Al,O;)
and two solvents (diisopropyl ether and ethyl acetate), the
scope of the catalytic system was extended to a large number
of N-substituted maleimides and several aldehydes.

In the present study we have also showed that these
Michael additions are catalysed by the in situ obtained
heterogeneous chiral hybrid materials, which could be
prepared ex situ as well and could be recycled with small
activity loss. The solid material was examined by
thermogravimetry, XRD, FT-IR and Raman spectroscopy, SEM
and UV-vis spectroscopy-monitored adsorption experiments.
Based on the results of these methods it was deduced that
the amino acid is deposited as surface -crystallites or
intercalated in the layered cation-exchangers; however, the
reactions are most probably catalysed by the chiral
compounds adsorbed on the surface and the above deposits
function as a supply source of the chiral organic compound
compensating for the leached material. The synthetic value
of the developed -catalytic system was demonstrated by
preparing five chiral succinimide derivatives at the gram
scale. Finally, these chiral hybrid materials make it possible

This journal is © The Royal Society of Chemistry 2022
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to obtain valuable chiral building blocks in high optical
purities using a natural chirality source, a cheap inorganic
solid and a non-hazardous, widely recommended organic
solvent. Furthermore, these results may aid the development
of other sustainable and environmentally benign procedures
for the production of high-value-added optically pure fine
chemicals.

Experimental
Materials and methods

The amino acids and their derivatives, aldehydes and ketones
(1a-1i, Fig. S7f) and maleimides (2a, 2h, 4a, 4b, 4k) were
commercial products (Aldrich) and used as received. The
other N-substituted maleimides (2b-2e, R-2f, S-2f, 2g, 2i-2p,
4c-4j, 41, 4m) were prepared according to a modified
literature procedure (see the ESIf).”” Inorganic oxide
additives: LAPONITE® RD (LAPONITE®, Lap, Southern Clay
Products), bentolite H (bentonite, Ben, pH 9.5, composition:
Si0, 68.1%, Al,O; 13.5%, MgO 2.9%, Fe,0; 0.7%, CaO 0.9%,
Na,O 3.5%, K,O0 0.1%, TiO, 0.2%, Southern Clay Products),
Na-montmorillonite (Mon, Aldrich), hydrotalcite (Htc,
synthetic magnesium aluminium hydroxycarbonate, Aldrich),
layered double hydroxide Plural MG50 (LDH MG50, MgO/
Al,O; 1/1, Sasol), Ba(OH), (hydrate, Aldrich), Al,O; (neutral,
pH 6.5-7.5, Brockman activity I, 150 mesh, 55 A pore size,
205 m*> g' +10% surface area, Aldrich), SiO, (high-purity
grade, 35-60 mesh, Aldrich), montmorillonite K 10 (K-10,
Aldrich) and Nafion™ SAC-13 (SAC-13, Aldrich) were of
commercial origin. Solvents of analytical grade were used
without further purification.

Products obtained in catalytic reactions were analysed
by gas chromatography using an Agilent Techn. 6890 N
GC-5973 MSD (GC-MSD) equipped with a 30 m long DB-
1IMS UI (J&W, Agilent) capillary column for mass
spectrometric identification of the compounds and an
Agilent 7890A GC-FID (GC-FID) equipped with chiral
capillary columns (Cyclosil-B, 30 m x 0.25 mm, J&W,
Agilent; HP-Chiral-20B, 30 m x 0.25 mm, J&W, Agilent or
Hydrodex g-TBDAc, 25 m x 0.25 mm, Macherey-Nagel) for
quantitative analysis. 'H- and 'C-NMR spectra were
recorded on a Bruker DRX-500 spectrometer at 500 (‘H)

and 125 (**C) MHz in CDCl; solvent using
tetramethylsilane as an internal standard.
Adsorption experiments were followed by UV-vis

spectroscopy on a Jenway 6850 UV/vis double beam
spectrophotometer with 0.1 nm wavelength resolution using
a deuterium lamp and 10 mm path length quartz cuvettes.
Thermal analysis (thermogravimetry, TG and differential
thermogravimetry, DTG) of the materials was carried out in
air at a 10 °C min™' heating rate using a Setaram Labsys
instrument and ~30 mg samples. X-ray diffractograms (XRD)
were recorded on a Rigaku Miniflex-II diffractometer using
Cu Ko radiation (4 = 0.1548 nm) at a scanning rate of 4°
min~" between 2 and 30° 20 angles. FT-IR measurements
were recorded on a Bio-Rad Digilab Divison FTS-65A/896
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spectrometer operating in diffuse reflectance mode between
4000 and 400 cm ™" using 2 cm™" resolution by averaging 256
scans. 0.02 g samples were mixed with 0.18 g powdered dry
KBr. Raman spectra were recorded with a confocal Bruker
Senterra II Raman microscope. A 785 nm laser for excitation
and 100 mW laser power were applied. An average of 16
scans with 4 em™ spectral resolution and an exposition time
of 6 s in the 400-4000 cm™ spectral range were recorded.
Scanning electron microscopy (SEM) measurements using 10
kv accelerating voltage were carried out on a Hitachi S-4700
Type II FE-SEM instrument. Samples mounted on conductive
carbon tape were sputter coated with a thin Au/Pd layer prior
to measurements.

Ex situ preparation of chiral hybrid materials

These materials were prepared by stirring magnetically (800
rpm) in a 25 em?® round-bottom flask a slurry containing 500
mg Ben and 0.3 mmol 1-Phe in 10 cm® EtOAc (1-Phe-Ben1) or
'Pr,0 (1-Phe-Ben2) for 6 h. The solid material was centrifuged
and washed twice with 10 cm?® of the corresponding solvent.
Following drying under ambient conditions to constant
weight the materials were stored in vials until use. The
hybrid materials using 0.3 mmol 1a, 2a or S-3a were prepared
similarly.

Michael additions: general procedure

In a typical run, the given amount of inorganic additive and
0.03 mmol amino acid were suspended in 1 cm® solvent
(typically in EtOAc or 'Pr,0) in a 4 cm® closed glass vial by
magnetic stirring. Following addition of 0.3 mmol
N-substituted maleimide and 1.2 mmol carbonyl compound
the reaction was carried out by stirring the slurry (800 rpm)
for the given time. During reactions at higher than room
temperatures, the vials were immersed in a preheated oil
bath. Following the desired reaction time the mixture was
diluted with 2 cm® solvent and centrifuged. The solid
material was washed twice with 2 cm?® solvent, and the
resulting solid material was dried under ambient conditions
and further wused in recycling or characterization
experiments. The unified supernatants were analysed by GC-
MSD and GC-FID following addition of n-decane internal
standard. Conversion (Conv) and enantiomeric excess (ee)
were calculated using the results of the latter analysis and
formulae given in the ESL} The absolute configuration of
the excess enantiomer was assigned based on previous
reports.*®?%3943:5962 The crude product was obtained by
evaporating the solvent and the unreacted aldehyde (if
possible) and was purified by flash chromatography using
hexane/EtOAc or hexane/'BuOMe (see the ESI{) or in the
case of solid raw products by recrystallization from toluene
or hexane/EtOAc to determine the yield. The pure product
was further analysed by GC-FID, 'H- and “C-NMR. The
NMR spectra of the purified products were identical with
the spectra published in the literature. Reactions at a larger
scale (3 or 6 mmol maleimides) were carried out similarly
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in a single-neck round-bottom flask of 25 or 50 c¢cm® by
increasing proportionally the quantities of the reaction
components.
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