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ABSTRACT: Heterogenized versions of the second generation MacMillan imidazolidin-4-one are
described for the first time. This versatile organocatalyst has been supported onto 1% DVB Merrifield
resin and Fe3z0O4 magnetic nanoparticles through copper-catalyzed alkyne-azide cycloaddition (CuAAC)
reaction. The resulting catalytic materials-have been successfully applied to the asymmetric Friedel-
Crafts alkylation of indoles with a,fB-unsaturated aldehydes. While both catalytic systems can be easily
recovered and admit repeated recycling, the polystyrene-based catalyst shows higher stability and
provides better stereoselectivities.

In the year 2000, MacMillan and co-workers introduced iminium ion catalysis as a new activation concept in
a seminal paper that opened the organocatalysis field.! For this novel mode of activation, they developed a
chiral secondary amine integrated in an imidazolidin-4-one framework (the first generation MacMillan
catalyst) whose efficiency was demonstrated in a variety of asymmetric processes involving enals.:? Among
them, the first highly enantioselective Friedel-Crafts (FC) alkylation of pyrroles with o,f-unsaturated
aldehydes was developed.?? However, when the same strategy was attempted with less electron rich
heteroaromatics such as indoles, poor results were achieved. Efforts directed to the solution of this problem
led to the development of the so-called second generation MacMillan catalyst, a more active and versatile
imidazolidin-4-one featuring an additional stereocenter.® This type of organocatalysts have been successfully
applied to a large variety of important transformations including cycloadditions,* hydrogenations® and
conjugate additions.5

However, some drawbacks arise in connection with its preparation when compared to the facile synthesis of
the first generation imidazolidin-4-one. For instance, the synthesis of the second generation ¢is-imidazolidin-
4-one (cs-2), requires the condensation of the phenylalanine amide derivative (1) with an excess of
pivalaldehyde, using iron(III) chloride as Lewis acid (Scheme 1). This transformation yields a mixture of
diastereoisomers with the undesired frans-2 as the major product. Given the manifold applications of this
organocatalyst and the problems associated to its preparation, the development of a modified version that
could allow for its easy recovery and multiple reuse becomes highly desirable.

The recycling of organocatalysts has been tackled from different perspectives.” Among them, the covalent
immobilization onto insoluble supports furnishes an excellent platform to simplify catalyst separation from
the reaction medium. In fact, the heterogenization of the first-generation MacMillan catalyst onto a variety
of solid supports such as organic polymers,® magnetic nanoparticles®d and mesoporous materials? has been
reported in the literature.

Scheme 1. Reported synthesis of 2.
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The use of copper-catalyzed alkyne-azide cycloaddition reaction (CuAAC) as a tool to anchor different
organocatalysts onto polymers®®10 and magnetic nanoparticles®!! has been explored in detail with excellent
results in our laboratory. We envisioned that such a late-stage immobilization would be ideal to support the
versatile second-generation MacMillan catalyst (the target cis diastereomer could be previously separated).
This would only require a simple modification in the starting amino acid to provide an anchoring point
remote from the catalyst active site.

Herein we report on the covalent immobilization of the second generation imidazolidin-4-one organocatalyst
onto 1% DVB Merrifield resin (PS) and iron oxide magnetic nanoparticles (MNPs) according to these
principles, and the use of the resulting recyclable catalysts in the enantioselective FC alkylation of indoles
with o,B-unsaturated aldehydes. In contrast to what one might expect, the employed support has a
significant effect not only on the recyclability of the catalyst, but also on its enantioselectivity.

The monomeric species 3 was prepared as shown in Scheme 2. The sequence started with the amidation of
the commercially available L-tyrosine methyl ester hydrochloride (3). As mentioned above, the para-hydroxy
substituent in the aryl group of this amino acid will be instrumental for the immobilization process. Next,
condensation of the resulting amide with pivalaldehyde in presence of FeCls gave imidazolidin-4-one 4 as a
1:2.4 mixture of cis/trans diastereoisomers, the desired cis-4 being isolated in 17% yield after separation by
column chromatography. Final propargylation led to the ready-to-anchor c¢is-imidazolidin-4-one 3 in 64%
yield.

Scheme 2. (a) Synthesis of the second generation imidazolidin-4-one derivative 5. (b)
General methodology to prepare PS-supported imidazolidinone (catalyst A) and MNPs-
supported imidazolidin-4-one (catalyst B).
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For the preparation of the PS-supported second-generation imidazolidin-4-one (catalyst A) commercially
available Merrifield resin (1% DVB, f = 0.6 mmolg!) was converted to azidomethylpolystyrene by
treatment with sodium azide, and the resulting PS-azide (f = 0.54 mmol -g!) was conjugated with 5. For the
preparation of catalyst B, FesO4 MNPs (5.7£1.3 nm) prepared by thermal decomposition!? were
functionalized with azide groups by ligand exchange with 3-(azidopropyltriethoxy)silane to give 3-
azidopropyl-MNPs (/= 0.72 mmol g'!). As in the previous case, imidazolidinone 5 was immobilized using a
CuAAC reaction. The functionalization of both materials was followed by infrared spectroscopy (see
Supporting Information). Also, the size distribution and morphology of the MNPs were monitored by
transmission electron microscopy (TEM) after each step. This allowed to rule out any agglomeration
phenomena during the preparation of the immobilized catalyst (Figure 1; see Supporting Information for
details).

=PS (Catalyst A) or
MNPs (Catalyst B)

Figure 1. TEM images of MNPs before (left) and after functionalization with 5 (right).



Next, we investigated the activity of catalysts A and B on the enantioselective FC alkylation of indoles with
a,B-unsaturated aldehydes.!3 To this aim, the reaction between N-methylindole (6a) and cinnamaldehyde
(7a) was chosen to optimize the reaction conditions. The effects of solvent and temperature were studied with
the polystyrene-based catalyst A. As shown in Table 1, good results were obtained when the reaction was
carried out in tetrahydrofuran, toluene or CHCly (entries 1, 3 and 4). While no conversion was observed in
isopropyl alcohol alone (entry 2), the best result was observed in a CHCly/i-PrOH mixture at =20 °C (entry
5). Good yields and enantioselectivities of Friedel-Crafts adduct 8a were also recorded with the same solvent
mixture at room temperature or at 0 °C (entries 6, 7).

Table 1. Optimization of the Reaction Conditions for the FC Alkylation of Indoles with Enals Mediated by
Catalyst Aa

Ph,
cat. A (20 mol %) H
o) TFA (20 mol %)
N PR XY 24h
Me N
6a 7a 8a Me
entry temp (°C)  solvent yield (%)b ee (%)°
1 -20 CH2Cl2 64 60
2 -20 i-PrOH — —
3 -20 THF 51 59
4 =20 toluene 52 69
5 —20 CH»>Cl/i-ProHd 71 84
6 It CH»>Cl>/i-ProHY 76 69
7 0 CHaClp/i-ProHd 73 75

aReaction conditions: N-methylindole (0.3 mmol), trans-cinnamaldehyde 0.9 mmol), catalyst A (20 mol %),
TFA (0.5 M, 20 mol %), solvent (I mL). PIsolated yield. <Enantioselectivity determined by chiral HPLC.
d85:15 ratio.

The asymmetric FC reaction was next studied with representative combinations of a,B-unsaturated
aldehydes and indoles or N-methylindoles under the optimized reaction conditions, using catalysts A and B
(Scheme 3). To our delight, both systems displayed good tolerance toward the reaction of B-alkyl and B-aryl
substituted enals (Z = Pr, Et, Ph, 4-ClC¢H4, 4-NO2CsH4) with N-methylindole and indole giving the
corresponding adducts with good yields and enantioselectivities. On the other hand, the incorporation of a
halogenated group on the Cg position of the indole moiety had a deleterious effect on the activity and
enantioselectivity of catalysts A and B (products 8g and 8h).

Scheme 3. Substrate scope for Friedel-Crafts alkylation of indoles.?
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aReaction conditions: indole or N-methylindole (0.3 mmol), enal (0.9 mmol), catalyst (20 mol %), TFA 0.5 M
(20 mol %), CHCla/:-PrOH (1 mL, 85:15) at —20 °C. Isolated yields after column chromatography.
Enantioselectivity determined by chiral HPLC. P At 0 °C.

The comparison seems to favour the polystyrene-based catalyst A in all cases. Thus, this catalyst leads to
higher enantioselectivities and similar or better yields in shorter reaction times (24 hours) than the MNPs-
based catalyst B (48 hours). A tentative explanation to this behavior can be found on the differential
efficiency of inter-phase mass transfer with both types of material. Magnetic nanoparticles, in spite of its
inherently high specific surface do not normally exhibit perfect dispersibility in organic solvents.!* The
agglomerates formed in these conditions only allow for limited accessibility of the reagents to the catalytic
sites, leading to TOFs well below its theoretical maximum. On the contrary, when polystyrene-based
catalysts operate in reaction media leading to perfect swelling (as it is the case for catalyst A in
dichloromethane), mass transfer limitations are effectively overcome so that reaction rate can approach its
theoretical maximum. As far as enantioselectivity is concerned, it is well known that the surface of metal
oxides nanoparticles is covered with a layer of hydroxy groups.!> A complete capping of these groups during
the functionalization of the nanoparticles is virtually impossible. These residual OH groups might interact
with the organocatalyst and/or the substrates by hydrogen bonding or by protonation, this entailing a
decrease in the enantioselectivity of the process.!® In this respect, it is worth noting that no background
reaction was observed using non-functionalized MNPs (alone or in the presence of TFA).

As discussed above, the most important purpose of catalyst immobilization is facilitating recycling and reuse.
In the present case, the polystyrene-based catalyst A could be easily recovered by filtration, while catalyst B
was separated by simple magnetic decantation. This being secured, the robustness of catalysts A and B upon
reuse was studied. The reaction between trans-cinnamaldehyde and N-methylindole was selected as a model
(Table 2). For each run, equimolar amounts of TFA were added in order to recondition the catalysts.

Following the protocol detailed in the Supporting Information, catalysts A and B could be reused for five
consecutive runs. A slight decline in catalytic activity was observed in both cases as the recycling progresses.
As for enantioselectivity, the reactions involving the MNP-supported catalyst exhibited a slight but
continuous decrease. With the PS-based catalyst A, in turn, the ee recorded in the fifth run was still fully
comparable with the initial one.

Possible explanations for the lower stability of B under the recycling conditions could be the occurrence of
reversible agglomeration phenomena in the reaction media that could lead to a decrease of the effective
surface area of the MINPs or the sensitivity toward trifluoroacetic acid of the silicon-oxygen bonds involved in
catalyst immobilization that could provoke a progressive decrease in functionalization.

Table 2. Recycling and reuse experiments for catalyst A and B.

24 h (cat. A) or 48 h (cat. B)

o] o H
N cat A or B (20 mol %), TFA
O
©\/’\> + Ph/\)J\H Ny N N
! CHCl,/i-PrOH, -20 °C N
Me
6a

7a 8a Me
A B
n vield (%) ee (%) yield (%) ee (%)
1 71 84 68 65
2 70 86 65 54
3 68 85 64 58
4 52 80 61 56
5 50 79 27 48

In conclusion, we have developed an efficient way to support the second-generation MacMillan
organocatalyst onto slightly cross-linked polystyrene (cat. A) and iron oxide magnetic nanoparticles (cat. B).
The catalytic efficiency of these functional materials has been demonstrated in the enantioselective FC-
alkylation of indoles with a,B-unsaturated aldehydes. Both catalysts could be easily recovered and reused for
five consecutive runs. When the suitability of both supports is critically assessed, the polystyrene-based



catalyst has proven to be much more active and selective than the magnetic iron oxide-based one. It seems
that the polymeric nature of the support in the PS-based catalyst might offer a beneficial microenvironment
to the active sites resulting in better reactivity and stereoselectivity compared to the iron oxide MNPs-based
catalyst. It is suggested that magnetic nanoparticles lacking excess hydroxy functionalization on their surfaces
and that do not show tendency to agglomeration, like cobalt nanoparticles coated with graphitic carbon,!”
could overcome this limitation.
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