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A continuous flow setup has been
enantioselective production of a
pyranonaphthoquinones. This was possible through a sequential
two-step process involving a squaramide-catalyzed Michael
reaction and an oxa-Michael cyclization. A key factor for the
success of this methodology was the development of a new, cost-
effective polystyrene-supported squaramide.

implemented for the
library of

The incorporation of flow techniques as new processing tools
is slowly reshaping the way the chemical community tackles
synthetic problems. Compared to the traditional batch vessels,
continuous flow reactors have significant advantages such as
enhanced heat and mass transfer and optimum mixing, which
allow for a quick and precise adjustment of reaction
parameters. Moreover, at industrial scale, benefits include
enhanced safety, direct scale-up and reduced downstream
processing costs and efforts.”

To embrace the construction of chiral molecules with high
added value, asymmetric catalysts have to be incorporated in
the continuous flow setup. In this regard, a packed-bed
column filled with a heterogenized catalyst resembles the ideal
scenario since catalyst separation, recovery and reuse are
achieved in one single operation, thus minimizing the
downstream processing costs. Moreover, due to the pseudo-
overstoichiometric catalyst/substrate
which shorten reaction times— and the continuous outflow of
products, are minimized, thus
selectivity. Additionally, no stirring is required
operation, which suppresses mechanical degradation issues
and leads to increased lifetimes of the immobilized catalyst.

instant conditions —

overreactions increasing

in flow

Consequently, considerable attention has been addressed
towards this field over the past few years, with special focus in
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synthesis of pyranonaphthoquinones

. . . . Lo gab
Laura Osorio-Planes,’ Carles Rodriguez-Escrich ® and Miquel A. Pericas **

the immobilization of chiral organocatalysts onto solid
supports such as polystyrene and their application in a flow
stream.’ Despite all these inherent advantages of
heterogenized catalysts, the field is still far from being fully
exploited. The main reason for this lies on the fact that
covalent immobilization often implies multistep
functionalization sequences that can hamper their cost-
effectiveness. With the aim of minimizing synthetic economical
costs and effort as well as expanding their applicability to
industry, research focused on the rational design of the
connection between catalyst and support is crucial.

Recently, group reported a very efficient
enantioselective polystyrene-supported (PS) squaramide 1
(Figure 1) that was first applied in batch® and later in flow for
the Michael addition of 2-hydroxy-1,4-naphthoquinone to

- 4
nitrostyrenes.

our and

derived from 4-amino-2-
(trifluoromethyl)benzoic acid

Figure 1 PS-supported squaramides evaluated in this work.
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Although the synthesis of this heterogenized catalyst was
rather straightforward (5 steps) we identified two possible
“weak spots” that could hinder its applicability towards other
systems. The first one was the presence of the triazole moiety:
we have observed that in some instances it can interfere in the
reaction course due to its moderate basic and nucleophilic
nature.”® ° An additional issue was the use of 4-amino-2-
(trifluoromethyl)benzoic acid, a highly expensive building block
that substantially raised the total cost of the catalyst.
Therefore, in the present work we pursued to study whether
these two scaffolds could be eluded without sacrificing the
previous catalytic performance.

Recently, Namboothiri and da Silva Jr. have reported the use of
a chiral quinine-derived squaramide in the synthesis of highly
enantioenriched pyranones and pyranonaphthoquinones.6 We
found this transformation to be very appealing to develop our
investigation it gives access to structures with
pronounced biological and pharmacological properties. To
name a few, pyranonaphthoquinones are known to display
anticancer,7 antileishmanial,k’ %2 and antibacterial activity.7d’9
Thus, we started our studies testing PS-squaramide 1 in the
addition of 2-hydroxy-1,4-naphthoquinone to (E)-2-nitro-3-
phenylallyl acetate 6a (Table 1). We were delighted to observe
that this specific catalyst highly active and
enantioselective for the Michael reaction, rendering the
product in only 2 h and 98% ee (Table 1, entry 1). However,
with supported squaramide 1 the reaction stopped at
intermediate 7a, the subsequent oxa-Michael
addition to afford the desired pyranonaphthoquinone 8a was
only achieved after one hour of basic treatment with sodium
bicarbonate.” In spite of this, the stereochemical outcome was
completely maintained. Next, we moved to evaluate the effect
of the —CF; group in the aromatic moiety of the
organocatalyst. To this aim, three different PS-squaramides
(Figure 1, 2-4) were prepared in a very convenient 3-step
sequence, starting from commercially available compounds.jF
In this regard, unappreciable difference in catalytic
performance was observed between catalysts 2 and 3, varying
only in the presence of the trifluoromethyl group (Table 1,
entries 2 and 3). Additionally, for the sake of comparison with
the reported homogeneous procedure,6a the corresponding
PS-quinine derivative 4 was also tested (Table 1, entry 4).
However, in all these cases the reaction turned out to be
slower than with our initial catalyst 1.

After a positive influence of the electron-withdrawing CF;
group had been ruled out, we turned our sights onto the
length of the linker as the possible responsible for such a
difference in reactivity. Consequently, a new PS-squaramide 5
was prepared following an alternative approach that allowed
to install a longer spacer without introducing additional
synthetic steps (Scheme 1). The previously used Merrifield
resin was replaced by the Wang resin, which already contains a
bis-phenylmethylene ether handle. The intermediate 9 was
then immobilized using a typical peptide coupling procedure
(perfectly suited for work with polystyrene resins) and the final
bifunctional catalyst achieved after nucleophilic
displacement with the chiral amine 11.

since

was

whereas
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Table 1 Screening of catalysts.”

NO,
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Entry Cat. Time (h) Yield (%) dr ee (%)
1 1 2 64 94:6 98
2 2 7 76 90:10 96
3 3 6 75 90:10 96
4 4 8 61 92:8 -95
5 5 1 87 >95:5 98

Reaction conditions: 6a (0.060 mmol), 2-hydroxy-1,4-naphthoquinone (0.070
mmol) and 3.2 umol of catalyst in 0.25 mL of CH,Cl,. Then, the resin was filtered,
0.5 mL NaHCOs (sat) were added and it was stirred for a further one hour.

Very gratifyingly, when this new resin 5 was applied in the
benchmark reaction, optimal results were obtained: there was
a 50% reduction in reaction time in comparison with PS-
squaramide 1 (from 2 to 1 h) and the enantioselectivity was
maintained as high as 98%° (Table 1, entry 5). Once the best
catalyst was identified, other solvents were also evaluated.”
Even though our initial choice (CH,Cl,) resulted to be the best
partner for this system, greener solvents like EtOAc also
rendered the product with excellent ee’s (97%) in a slightly
longer reaction time (3 h).

With the optimized reaction hand, the
continuous flow experiment was addressed. Since the target
transformation is actually comprised of two sequential
reactions —the organocatalyzed Michael addition and the base-
promoted cyclization— the two processes first
investigated independently.  With respect to the
enantioselective reaction, the experimental setup consisted of
a packed bed reactor (%” Teflon tube) loaded with PS-
squaramide 5 (Table 2). Conveniently, due to the negligible
background reaction in the absence of catalyst, the starting
materials could be mixed in a single feed solution.

OH
(o]
a AN (0] 0]
] Ho j\;/(
4 N OMe o
9
DCC, DMAP \OJK@\ Oj Ko
CH,Cl,/DMF N OMe
Wang resinz o H 10
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1 H H N

conditions in

were

g,

CH,Cl,

Scheme 1 Synthesis of PS-squaramide 5.
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Table 2 Enantioselective Michael addition under flow conditions.

5

0.3 bar

290 mg
| ' (0.17 mmol),
o) i
NOy |
Ph/k[ 2 10.2 mLmin
6a OAc
0.1 Min

! CH,Cly/THF (9:1);

Entry t(h) Conv. (%) ee (%)
1 0.5 97 97
2 1.5 97 97
3 3 96 98
4 97 98

Upstream, the column was connected with a Y-junction to two
channels, one containing the reagents solution and the other
one with solvent. Thus, the heterogenized catalyst could be
alternatively fed with the starting materials or swollen/rinsed
with the solvent. Downstream, a back-pressure regulator was
incorporated to prevent bubble formation due to the volatility
of CH,Cl,. To perform this experiment, 4.5 mmol (1 g) of
nitroalkene 6a were used together with 1.1 equiv. of
hydroxynaphthoquinone.§§ It was demonstrated that a flow
rate of 0.2 mL/min was optimal to perform this reaction with
the amount of catalyst used (290 mg). The starting solution
4 h and both and
enantioselectivity remained high during the whole process
(Table 2).

Having established the parameters for the first reaction we

was consumed after conversion

moved to study the oxa-Michael cyclization in flow with the
aim of performing both processes in a sequential manner. The
setup for this transformation is depicted in Table 3. The
outstream collected in the previous reaction was directly used
as the starting solution without any further purification. To
this, a second pump with saturated aqueous NaHCOj; solution
was connected with a Y-junction and a 10 mL coil (@ = 0.8 mm,
PTFE) was used as a reactor. The biphasic mixture was
subsequently separated in-line using a Zaiput liquid-liquid
separator. Since the flow rate of the organic phase was already
predetermined, the same 0.2 mL/min were initially tested for
the aqueous stream; however, the conversion turned out to be
rather poor (54%; Table 3, entry 1). Increasing the flow rate of
the aqueous phase to 0.3 mL/min was translated into a
considerable improvement (69%; Table 3, entry 2). At this
stage, it was observed that the segments of the biphasic
system in the coil were rather large, pointing out to an
inefficient mixture. In view of this, the Y-junction was replaced
by a T-junction with a much smaller internal volume. Indeed,
the segments became shorter and the conversion raised to
89% (Table 3, entry 3). Finally, full conversion was achieved by
increasing the flow rate up to 0.45 mL/min. It should be noted
that other bases and buffer solutions were also tested in this
system. Nevertheless, they led to slower reactions or
formation of by—products.jF

This journal is © The Royal Society of Chemistry 20xx
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Table 3 Optimization of reaction parameters of the cyclization reaction in flow.

junction -
flow 1: lig-liq
0.2 mL/min sep.
aqueous
}—» ©)))))))) . waste
o

NO,

NaHCOj; (sat)

0.1Min
CH,CI,/THF (9:1)

Entry Junction Flow 2 (mL/min) Conv. (%)
1 Y-junction 0.2 54
2 Y-junction 0.3 69
3 T-junction 0.3 89
4 T-junction 0.45 100

Once both reactions were optimized separately, we set our
sights into telescoping the whole process. Taking into account
the potential biological enantioenriched
pyranonaphthoquinones, we addressed the preparation of a
library of analogues by sequential pumping of different
substrate combinations in a flow device. Thus, a new setup

value of

was assembled in which the outlet of the column (packed with
400 mg of 5) was coupled with the T-junction connecting the
base solution and the coil reactor (Scheme 2). Since the
required flow rate of the base turned out to be considerably
higher than that of the starting materials, a check valve was
positioned the prevent
contamination of the chiral resin. Seven solutions containing
hydroxynaphthoquinone and a representative set of Morita-
Baylis-Hillman acetates 6 (1 mmol each) were prepared. Every
combination pumped through the system and
subsequently rinsed with solvent at equal flow rate for 1 h.
The same operation was repeated for each solution.
Remarkably, the total residence time of the process including
the two reactions and in-line work-up was only 30 min. As
depicted in Scheme 2, all the pyranonaphthoquinones
prepared with this methodology showed excellent
stereoselectivities and good yields regardless of the electronic
nature of the aryl ring of the nitro olefin (8a-8g). The absolute
configuration of 8e was assigned by comparison of the optical
rotation value with the one reported in the Iiterature,Ga the
rest being assigned by analogy to 8e.

after column to potential

was

Conclusions

A new, simple and low-cost immobilized chiral squaramide has
been rationally developed to expand the applicability of its
predecessors. Indeed, with this study it has been
demonstrated that the selection of the proper linker is crucial
for the optimal performance of the heterogenized catalytic
species. Besides, in this specific case this has allowed to avoid
the use of expensive building blocks without any loss of
catalytic behaviour. Moreover, this polystyrene-supported
resin has been implemented in a continuous flow device for
the production of a library of highly enantioenriched

J. Name., 2013, 00, 1-3 | 3
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5
400 mg
(0.23 mmol)

aqueous
waste

check valve

lig-liq
/\/ sep.

o) 01M 0.2 mL/min |:|7 7
CH,CI,/THF (9:1) ) ]\*
10 mL
A NaHCO; (sat) —
0.45 mL/min
m ) 0l @ - -+ -+ -
X SN o N : : N
| [ | “ - |
~/ S \—/ / \
8b 8c 8d 8a 8e 8f 8g
83% yield 74% yield 80% yield 71% yield 62% yield 65% yield 81% yield*
dr: 85:15 dr: 87:13 dr: 92:8 dr: 87:13 dr: 84:16 dr: 78:22 dr: >99:1
97% ee 97% ee 96% ee 98% ee 97% ee 98% ee 98% ee

* New resin was used.

Scheme 2 Enantioselective continuous flow production of a library of pyranonaphthoquinones.

pyranonaphthoquinones by means of a sequential two-step
synthesis. We believe this work could be of interest in the drug
discovery field as it provides easy access to a variety of
structures with potential biological activity.
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T Not even traces of the cyclized product have been obtained with
any of the catalysts tested in this work; addition of an external base
was necessary to obtain 8. To the best of our knowledge, this is the
first time that 7a has been isolated and characterized, including an
X-ray structure (CCDC 1456999).

¥ See Electronic Supporting Information (ESI) for details.
§ See section 7 of the ESI for a proposed stereochemical model.

§§ This solution had to be diluted with respect to the batch
conditions and a small portion of THF had to be added in order
to fully solubilize the hydroxynaphthoquinone.
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Graphical and Textual Abstract

A new, cost-effective polystyrene-supported squaramide organocatalyst mediates
the completely diastereoselective and highly enantioselective formation of
pyranonaphthoquinones in flow through a sequential two-step process involving a

squaramide-catalyzed Michael reaction and an oxa-Michael cyclization.
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