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Two novel coordination polymers (CPs) have been synthesized, characterized and successfully applied as
robust heterogeneous catalysts for the Biginelli multicomponent reaction to obtain 3,4-
dihydropyrimidin-2(1H)-one or thione (DHPMs) derivatives. The reaction was initially developed using
both CPs and the Zn-based material showed much better catalytic activity. After the reaction
optimization under batch conditions, a continuous flow protocol was developed and applied with
impressive results. Four bioactive DHPMs were successfully synthesized with high yields. The mechanism
of the transformation was also investigated by electrospray (tandem) mass spectrometry (ESI-MS(/MS))
analyses. Online monitoring of the reaction indicated under the developed conditions that the iminium

mechanism is preferred over the enamine- and Knoevenagel-based mechanisms. Nine DHPMs had their
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Introduction

Coordination polymers (CPs) and metal-organic frameworks
(MOFs), which are a class and a subclass of hybrid materials, are
among the most iconic compounds investigated in the last two
decades.' Initially, several research groups devoted massive
efforts to producing new CPs and MOFs with the most diverse
types of organic ligands and metal ions. This effort aimed at
understanding the complex algorithms responsible for the
myriad of possibilities for framework constructions and for
their intriguing topological features. The net result of these
early studies was considerable progress concerning theoretical
and practical approaches of controlled syntheses of novel CPs
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DHPMs returned impressive results, being capable of inhibiting tumour cell proliferation in 72 h.

and MOFs. In this regard, the judicious choices of both organic
ligands and metal ions, as well as controlled synthetic condi-
tions (stoichiometry, temperature, pH, time, etc.), may be
considered the crucial elements which define the structural and
functional aspects of a new CP or MOF."*

More recently, MOFs and CPs have been seen as hybrid
materials at the interface between synthetic chemistry and
material sciences, being also considered of paramount impor-
tance for biomedical,® sensing,* gas storage,® separation® and
catalytic application.””® Taking into account the possibilities of
never-ending designs (metal-ligand combinations) and crystal
engineering,' it is reasonable to envisage CP/MOF properties
being finely tuned towards appropriate size, shape, topology,
dimensionality, and chemical environment' aiming at an effi-
cient catalytic transformation.”> Indeed, since the landmark
publication of Ogura and coworkers (ten years ago) describing
the first catalytic application of a MOF structure for the cyano-
silylation reaction of aldehydes,"”® many achievements have
been observed in the catalysis field and catalytic application of
such materials."**® Even so, the potential of CPs/MOFs for
catalytic applications is only beginning to be exploited. To some
extent, this is because of their relative thermal and hydrolytic
instability when compared to well-established zeolites. The
engineering of strong Lewis acid or Bronsted acid sites in CPs/
MOFs still remains a great challenge to be overcome.” Beyond
these limitations, it is possible to add their inherent high

This journal is © The Royal Society of Chemistry 2015
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sensitivity to moisture and air instability."”” Therefore, a
successful application of new CP/MOF scaffolds lies in the
robustness and stability of the new material which is inwardly
associated with its proper design and synthesis.

Multicomponent reactions (MCRs) are today unsurpassed
synthetic tools for the production of bioactive structure
libraries.” Considering that most of the atoms of the starting
materials (three or more components) are incorporated into the
final product, and that water is the sole byproduct for some
MCRs, these reactions became synthetic tools found in a
prominent position. In this context, many catalytic methodol-
ogies have been tested to improve MCR adduct formation, to
reduce reaction times, to improve yields, selectivities and for
more amenable reaction conditions, as noted in many recent
reviews.'> Among MCRs, the Biginelli reaction (Scheme 1),
announced by Pietro Biginelli in 1891, is a very elegant
multicomponent methodology applied in the synthesis of 3,4-
dihydropyrimidin-2(1H)-one or thione (DHPMs) derivatives.
DHPMs usually have distinet biological activities and can be
applied as calcium channel modulators, adrenergic receptor
antagonists, antibacterials, mitotic Kinesin inhibitors, antivi-
rals, and others, as reviewed elsewhere.*>>” Importantly,
DHPMs typically have pronounced biological activities in their
racemic forms,*® therefore increasing the interest in direct and
efficient methodologies for their synthesis.

In this context, the courtship between CPs/MOFs and MCRs
has produced promising results which opened up a large but as
yet unexploited avenue of possibilities. Some MCRs, for
instance, have been recently performed catalysed by CPs/MOF
scaffolds with relative successes;**' therefore fostering
interest in the development of new stable and more robust
hybrid materials capable of performing catalysed MCRs. Two
coordination polymer®*** scaffolds have already been used as
catalysts for the Biginelli reaction; and these two examples may
be considered pioneering works on the use of such hybrid
materials for the Biginelli MCR. However, the application of
robust new CPs/MOFs as heterogeneous catalysts for the Bigi-
nelli reaction still needs to be tested. Very recently,* a MOF
scaffold was tested as the heterogeneous catalyst for the Bigi-
nelli reaction with relative success, but the tested material was
already known for its instability, especially in the presence of
moisture,**” which is a highly limiting feature. Most motivated
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Scheme 1 The general Biginelli reaction applied to the synthesis of
3,4-dihydropyrimidin-2(1H)-one or thione (DHPM) derivatives (top)
and examples of known bioactive DHPMs (bottom).
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by our interest in MCRs,* especially in the Biginelli reac-
tion,*** and due to our expertise in the synthesis and appli-
cation of CPs/MOFs,**** we describe herein a successful strategy
for combining novel robust (stable) CPs with the Biginelli MCR.
In the current manuscript, we describe the synthesis, charac-
terization, photophysical properties and catalytic application of
two novel stable and robust zinc- and cadmium-based CPs as
the heterogeneous catalysts for the Biginelli reaction, with
impressive results under batch and continuous flow conditions.
The mechanism of the transformation, as well as the antitu-
moral activities of the synthesized DHPMSs, are also evaluated
and disclosed herein.

Results and discussion

Two new CPs were obtained via hydrothermal synthesis and
isolated as well-formed single crystals suitable for single crystal
X-ray analyses (Fig. 1 and 2). Table 1 shows the details of the
structure solutions and final refinement for CP 1 and CP 2. The
X-ray powder patterns for 1 and 2 were also consistent with the
structural models, as can be observed in the final Rietveld plots
(see Fig. S1 in the ESIf).

Single crystal analysis revealed that CP 1 crystallizes in a
monoclinic system with the space group of P2,/c. As depicted in
Fig. 1, the asymmetric unit of 1 is composed of one crystallo-
graphically independent Zn>* cation, which is coordinated with
one DCPHA (4,5-dichlorophthalic acid) ligand. Each Zn** center
is inserted in a distorted trigonal bipyramidal environment by
01, 01', 02", 03™ and 04" atoms from carboxylate groups of
four distinct DCPHA anions. The O1-Cu-O1’ angles between
the zinc ion and apical coordinated oxygen atoms is 173.79(5)°
and the base of the trigonal bipyramid display bond angles near
of 120° in the range of 111.71(6)° and 126.31(5)°.

Fig. 1 (a) Asymmetric unit of CP 1. (b) Schematic representation of
distorted tetrahedron coordination environment of the Zn2* ion.
Symmetry transformation used to generate equivalent atoms: | x, 1.5 —

Vv,-05+z111-x1-y,1—-zIllx,1+y z IVx,05—-y,—-05+2z (c)-

(e) Views along a, b and c axis of the extended structure of 1.
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Fig. 2 (a) Asymmetric unit of CP 2. (b) Schematic representation of
distorted trigonal prism monocapped coordination environment of
the Cd?* ion. Symmetry transformation used to generate equivalent
atoms: | —05+x,05—-y,z 1105—-x,05+y,1—z (c)and (d) Views
along a and c axes of the extended structure of 2.

Table 1 X-ray diffraction data collection and refinement parameters
for (1) and (2)

Identification code (1) 2

Chemical formula CgH,Cl,0,Zn CsH,Cl,0,Cd

M (g mol™ ") 298.37 345.40

Crystal system Monoclinic Monoclinic

Space group P24/c P24/a

Unit cell a (A) 16.991(4) 7.882(5)

b (&) 7.158(2) 7.035(5)

c(A) 7.480(2) 16.863(5)

8 99.014(10) 97.547(5)

V(A% 898.48(4) 927.0(9)

zZ 4 4

D./g ecm™3 2.206 2.475

Index ranges —24=h=24 —-8=h=9
-10=k=10 -7=k=38
-10=1[1=<10 —-16=1=20

Absorption coefficient/mm™  3.312 2.917

Absorption correction Semi-empirical Semi-empirical
from equivalents  from equivalents
0.724/0.269 0.745/0.628
Measured reflections 12 695 4523
Independent reflections/Rip, 2885/0.0271 1645/0.0155
Refined parameters 145 136

R, (F)/WR, (F) (I > 20(D)) 0.0247/0.0578 0.0227/0.0573
GooF 1.040 1.125

Largest diff. peak 0.560 and —0.495  0.909 and —0.432
and hole (eA™)

Deposit number CCDC

Max/min transmission

1020344 1020345

The Zn-O length is in the range of 1.925(11)-2.406(11) A,
which is in close agreement with those found in related Zn CPs
with aromatic carboxylate ligands.” In CP 1, each DCPHA
ligand is coordinated to five Zn>* ions via two coordination
modes typically observed in -COO™ groups: one carboxylate
group is coordinated with three Zn>" ions via p,-n":n'-syn-syn-
bridging mode, whereas the other one is bonded to the
remaining metal cations through a p;-n*mn" chelating/bridging
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coordination mode. The highly distorted trigonal bipyramidal
geometry, ZnOs, shares the edges with two others via the
symmetrically related O1 atoms, resulting in an infinite 1D
running along the ¢ axis, which is further extend by distinct
DCPHA ligands along the b and ¢ axes to result in a 2D layered
framework (Fig. 1(c)-(e)). The Zn---Zn distances across the
chains are in the range of 3.750-4.406 A.

The X-ray data showed that the structure of CP 2 is an
extended 2D framework, which crystallizes in a monoclinic
system with the space group of P2,/a. The asymmetric unit of 2
is constituted by one crystallographically independent Cd** ion
coordinated with one DCPHA ligand (see Fig. 2(a)). The DCPHA
anion is linked to four metal centers via p;-n*n> and p,-n%n’
chelating/bridging coordination modes. The Cd*" ion is coor-
dinated by 04, 04', 05', 05", 06, 06" and 07" oxygen atoms
from four organic ligands, so the chemical environment is best
described as a distorted monocapped trigonal prism. In
Fig. 2(b) the CdO, polyhedra are gripped by DCPHA ligands to
form a 2D architecture, as represented in Fig. 2(c)-(d). The Cd:--
Cd distances across the chains are in the range of 3.86-4.382 A.
The Cd-O bond lengths vary from 2.260(3) to 2.510(3) A and the
O-Cd-O bond angles are in the range of 53.57(8)-153.23(8)°.

To prove the water stability of the new materials, we added
water (1 mL mg~ ') and heated the mixture for four hours at
100 °C. The water was removed and the materials dried. Both
recovered CPs had the same crystalline phases as the originals.
After catalysis and recycle, new powder X-ray analysis were
performed and are discussed in due course.

It is well-established that aromatic polycarboxylate ligands
play an important role in the production and design of novel
CPs/MOFs, due to their rigidity and flexibility in coordination
mode that provide the construction of the one-dimensional
chains until 3D architectures. The substitute halogen for
aromatic rings has an important influence on the spectroscopic
properties of these organic ligands. In halogen-substituted
benzenedicarboxylate ligands a decrease in fluorescence is
normally observed as a function of the atomic height of the
halogen with a subsequent increase in the phosphorescence.
The probability of the singlet to triplet intersystem crossing is
enhanced due to the heavy atom effect. Fig. 3 exhibits a
comparison between the emission spectra of 1, 2 and DCPHA
ligand acquired at room temperature.

The free ligand, 1 and 2 exhibit board bands in the spectral
range from 370-900 nm (A = 330 nm) with the maxima
centered at 450 (2222 cm™ '), 522 (19 157 em ™), and 470 nm
(21 276 ecm™ ), respectively. It is possible to correlate the posi-
tion of the emission band with the dihedral angle of the
aromatic rings in CP structures.***” Small dihedral angles result
in high m-m interaction, which shifts the emission bands to
lower energies, whereas large dihedral angles lead to low
interaction of the m electrons therefore shifting the emission
band to higher energies.*** In accordance with the crystallo-
graphic data, the dihedral angles () of the aromatic rings for 1
and 2 are 4.380° and 27.360°, respectively. These results are in
excellent agreement with the red-shift of 3065 cm™" and 946
ecm~ " observed for structures 1 and 2 when compared with the
free ligand. The CIE chromaticity diagram shows that the

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Emission spectra acquired at room temperature upon excita-
tion at 330 nm. The blue, red and black circles indicate 1, 2 and DCPHA
ligand, respectively. The inset shows the CIE chromatic diagram for 1, 2
and DCPHA.

differences between the emission bands of 1, 2 and DCPHA
ligand are reflected in their color coordinates (1: x = 0.29, y =
0.44; 2: x = 0.23, y = 0.39; DCPHA: x = 0.19, y = 0.29).

After the material characterizations, the two CPs were
applied as the heterogeneous catalysts for the Biginelli reaction.
The Biginelli reaction is a three-component MCR which allows
direct access to a 3,4-dihydropyrimidin-2(1H)-one (or thione)
known as a DHPM.** Some DHPMs directly synthesized using
the Biginelli reaction are bioactive compounds* which can be
used in their racemic form, sustaining their biological
activity.*** To this end, many new catalytic systems, especially
new materials, have been very recently described aiming at
improving DHPM syntheses.>***

In this context, the new materials were tested as heteroge-
neous catalysts for the Biginelli MCR. The model reaction (i.e. a
mixture of 1.00 mmol of benzaldehyde, 1.00 mmol of ethyl
acetoacetate and 1.00 mmol of urea) was conducted under
solvent-free conditions in order to avoid the use of any organic
solvent. Solvent-free conditions for MCRs are a trend®*” and
are in line with the green features of the Biginelli reaction. The
catalytic tests conducted using 2 as the catalyst showed poor
activity for the Biginelli reaction, whereas the use of 1 showed
promising results and, in the first reaction hour at 100 °C, the
Biginelli adduct was obtained in 25% using only 1 mol% of the
catalyst. Considering that Cd is a toxic metal, the use of the Zn-
based CP (1) is by far more attractive from the viewpoint of
ecology and green chemistry. For this reason, we decided to
maintain the catalytic tests only with the 1 and only in solvent-
free versions, which is considered to be a benign pathway to
sustainability.®® The reaction profile (reaction time) and catalyst
amount were evaluated and the results are better visualized in
Fig. 4.

Most Biginelli reports describe the optimized conditions for
new catalytic systems using at least one of the reagents in excess
(see the cited reviews). In the current work, the catalytic system
was optimized for the use of equimolar quantities of the
reagents (no reagent excess at all). As noted in the reviews, only

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Reaction profile (left) and catalyst concentration (right) to
optimize the catalytic system performance. The experiments shown
on the left were conducted with only 1 mol% of the catalyst (1). The
experiments shown on the right refer to 5 hours of reaction. All
reactions were conducted at 100 °C with equimolar quantities of the
three reagents under solvent-free conditions and with 1 as the
heterogeneous catalyst.

a few reports describe the use of equimolar quantities of the
three reagents and, in this sense, the current work is one of
these few exceptions. Reaction conditions using 1-4 mol%
already returned satisfactory results, but considering that the
substrate variation is usually more difficult to conduct for the
Biginelli reaction, we decided to use 5 mol% as the catalyst
amount in the sequence of the reactions. Likewise, Fig. 4
depicts the catalyst-free version, which afforded the desired
DHPM in only 51%; this was therefore a very limited yield with a
huge waste of the starting materials, which is found in contrast
with a expected green system for the Biginelli reaction. After the

Table 2 DHPMs synthesized using the developed heterogeneous
catalytic system (5 mol% of 1 and 5 h) with different substrates at 100 °C
using equimolar quantities of each reagent in solvent-free versions

o R
X 0 o o Catalytic RSJH\/LN’H
+ +
HZNJ\NHZ ron eI _system R2 | Ny
|
H
Product

DHPM (4a-j) R' R® R’ X Yield (%)
4a Ph CH; CH;CH,0 O 91
4b Ph CH; CH;CH,0O S 87
4c 3-OH-Ph CH; CH;CH,0 O 90
ad 3-OH-Ph CH; CH;CH,0 S 92
4e 3-NO,-Ph CH; CH;CH,0O O 95
af H CH; CH;CH,0 O 99
ag 4-OH-3-OCH;Ph  CH; CH;CH,0 O 80

O, (]
4h 3-OH-Ph U S 87
O, o
4i 3-OH-Ph t;/r S 91
o\
o

4 CH; CH;CH,0O S 83
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optimization of the catalytic conditions, several DHPMs were
also synthesized and the results are summarized in Table 2.

It is notable that the known bioactive compounds Oxomo-
nastrol (Table 2, 4c) Monastrol (Table 2, 4d), Enastron (Table 2,
4h), Dimethylenastron (Table 2, 4i) and Piperastrol (Table 2, 4j)
were obtained in a one-pot version with high yields with no
reagent excess in only 5 hours.

The use of a heterogeneous catalyst pointed to an efficient
recycle of the catalytic system. After the completion of the
reactions, the products were extracted with hot DMSO or
ethanol and the catalyst was centrifuged, filtrated and used at
least three times without efficiency loss (98% for both the
second and the third runs) or structural collapse (Fig. S17).
Moreover, the product solution collected at the end of the
catalytic cycles were analysed by ESI(+)-MS(/MS) and none Zn**
was detected, which confirms the non-leaching of the hetero-
geneous metal catalyst. After three runs, however, we noticed
the structural collapse (see Fig. S1t). Most of the synthesized
DHPMs precipitate in the reaction medium thus making the
separation of the Biginelli adduct and the catalyst a laborious
task, but possible, as noted. At this point, we envisaged the
possibility of a more efficient process aiming to overcome this
drawback and considering the possibility of scale-up. The
inherent feature of the catalyst (heterogeneous and insoluble in
most solvents) renders 1 an attractive material for use as a
heterogeneous catalyst under continuous flow conditions.
Therefore, after achieving these excellent results for the Bigi-
nelli reaction under batch conditions, we decided to optimize
the reaction settings in order to develop a continuous flow
protocol. Much attention has been given to continuous flow
reactions in recent years; and the development of a heteroge-
neous catalysis protocol using packed bed reactors is a growing
field of high interest for the chemical community. Continuous
process technology is indeed regarded as a tool for sustainable
production, as very recently reviewed.®® A promising continuous
flow condition for the Biginelli reaction has already been
described by Kappe and coworkers.” This landmark publica-
tion” highlighted the potential of the strategy for the Biginelli
MCR, and a later review by Kappe and Glasnov,” pointed to the
importance of new and efficient catalysts for this trans-
formation under continuous flow conditions and for other
heterocyclic syntheses.

In this context, we have started optimizing the model reac-
tion for a continuous flow protocol using CP 1 as the hetero-
geneous catalyst. Under continuous flow conditions, we could
not run a solvent-free version of the reaction since urea was not
completely soluble in the reaction mixture. Among the tested
organic solvents, DMF proved to be the best choice. The reac-
tion mixture in DMF was then pumped through the packed bed
reactor, filled with catalyst 1, at different temperatures and flow
rates, in order to verify the influence of each variable on reaction
yields, as shown in Table 3.

The results presented in Table 3 show that the continuous
flow protocol can be very effective in reducing the reaction time
from hours to minutes. Temperature has an important effect,
since at higher temperatures (100 °C in this case), higher flow
rates can be used in order to achieve higher yields in shorter

48510 | RSC Adv., 2015, 5, 48506-48515
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Table 3 Optimization tests for the model Biginelli reaction (1.00 mmol
of benzaldehyde, 1.00 mmol of ethyl acetoacetate and 1.00 mmol of
urea, 5 mL DMF) under continuous flow conditions at different
temperatures and flow rates

Catalyst 1

70-100 °C

Flow rate
Entry Temp. (°C) (mLmin ') Yield (%) Residence time® (min)
1 70 0.05 96 34.0

0.10 82 17.0

0.50 70 8.50
2 100 0.05 >99 34.0

0.10 96 17.0

0.50 81 8.50

“ Packed bed reactor filled with 250 mg of catalyst 1 (50 mm x 6.6 mm).

reaction times (Table 3, entry 2). Additionally to these important
features, the catalyst could be efficiently recycled at least three
times (99%, 97% and 98%, respectively) without any notable
change in the reaction outcome and without the laborious
separation process of the catalyst and the Biginelli adduct.

Success in developing this strategy led us to expand the
scope of the continuous flow protocol (DMF as solvent, 100 °C
and flow rate of 0.1 mL min ") to the direct synthesis of other
DHPMs (Table 4), especially for bioactive derivatives.

As shown in Table 4, a variety of DHPMs could be synthe-
sized using the continuous flow protocol with similar yields to
those obtained under batch conditions but with reduced reac-
tion time and with the possibility of recycling (as already

Table 4 DHPMs synthesized using the developed continuous flow
heterogeneous catalytic system (DMF as solvent, reaction at 100 °C
and flow rate of 0.1 mL min~%4

bt i
12! 2 ! ‘ i g
HaN NHO OR H catamvst 1 ._ i J])\/T
+ ) N ’
RZJ\)LRa "

70-100 °C
Product
DHPM R R? R? X Yield (%)
ab Ph CH;3 CH;CH,0 S >99
4c 3-OH-Ph CH, CH;CH,0 (o} 92
ad 3-OH-Ph CH,3 CH;CH,0 S 92
o\
(e
4 CH, CH;CH,0 S 82

“ Packed bed reactor filled with 250 mg of catalyst 1 (50 mm x 6.6 mm).

This journal is © The Royal Society of Chemistry 2015
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demonstrated). The bioactive derivatives known as Oxomonas-
trol (4c), Monastrol (4d) and Piperastrol (4j) were directly
obtained in high yields (typically above 90%).

The mechanism of the Biginelli reaction promoted by cata-
lyst 1 has been investigated by electrospray (tandem) mass
spectrometry — ESI-MS(/MS). It is known that at least three
mechanisms are well accepted for the Biginelli reaction, namely
the iminium-, enamine-, and Knoevenagel mechanisms.”
These three mechanisms may be competitive, and the role of
catalysis is also to select the reaction pathway in order to
improve selectivities.” ESI-MS(/MS) has been proved to be an
outstanding tool for reaction mechanism monitoring””* with
impressive results for the Biginelli reaction.”®”” We have already
used ESI-MS(/MS) as an unsurpassed tool in the mechanistic
investigation of the Biginelli reaction.***' ESI-MS(/MS) online
monitoring was therefore used to investigate the mechanism of
the Biginelli reaction using catalyst 1. The model reaction was
monitored in the presence of 1 for 30 min, 60 min, 90 min and
120 min (at 100 °C for all times), and the iminium pathway
(Scheme 2) was the preferred reaction pathway depicted by ESI-
MS(/MS) analyses (Fig. 5).

CP 1 is responsible for activating the 1,3-dicarbonyl deriva-
tive (surface activation) affording the more reactive enol
tautomer (detected in its protonated form of m/z 131). Catalyst 1
is also responsible for facilitating the iminium ion (m/z 149) key
intermediate formation in the acidic sites of CP 1. Once the
iminium and the complex are formed, condensation takes place
(m/z 279) followed by water release to afford the Biginelli adduct
(protonated form of m/z 261). Intermediates from the enamine-

J [ surface
activation

(to favor the enol tautomer)

o H o m/z 131 (detected in its protonated form)

I
)\)\osn

¢ 3 :ﬁ;(f:dlc ~ +
X i el TN S

0
A ®
+ H NH, HN7 NH,
HN7 NH, " =4
* o 9
/ m/z 149 (detected) 07 OEt
0 = m/z 279 (detected)
ald L = ey
NG NH;
W -H:0
OZ\NH;

m/z 209 (not detected)

H H
m/z 261 (detected)

BIGINELLI ADDUCT

Scheme 2 Iminium-like mechanism for the Biginelli reaction cata-
lyzed by CP 1 based on ESI-MS(/MS) analyses. Note the cooperative
effect on the formation of the intermediate of m/z 279. Also note that a
second urea addition (m/z 209) has not been observed, therefore
pointing to the efficiency of the catalytic system towards the Biginelli
adduct formation.
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(m/z 173) and Knoevenagel (m/z 219) reaction pathways have
also been detected, but considering these intermediates are
found in equilibrium with the reagents, that during the time
monitoring their intensities was very low (hard to acquire their
MSMS), and that no further intermediate from these reaction
pathways was observed, they may indeed be considered
dormant intermediates. The iminium intermediate was the only
one detected during the whole reaction time monitoring, with a
relatively high intensity at the start of the reaction, thus point-
ing firmly to its participation in the reaction mechanism. No
intermediate from a second urea addition (m/z 209) was
observed throughout the monitoring of the Biginelli reaction,
indicating therefore the efficiency of the catalyst to further the
reaction through the iminium pathway.

The proposed surface activation of the reagents is respon-
sible for the observed change in the structural features of the CP
(see Fig. S1t), as depicted from powder X-ray analyses. No metal
ion (Zn) could be detected during the ESI-MS(/MS) online
monitoring indicating that indeed no metal leaching is taking
place. This result is in accordance with the powder X-ray anal-
yses which indicated the phase transition but not the structural
collapse of the tested CP in the first catalytic test. Although the
primary structure of the catalyst is modified during the reac-
tion, its catalytic activity does not undergo any significant
alteration, thus indicating that the catalyst is robust as a
promoter of the Biginelli MCR. This observation regarding the
structural modification of the hybrid material is overall
neglected in the CP/MOF literature. In the current study, the
results obtained under flow (or batch) conditions are in accor-
dance with the statement that although the primary structured
of the catalyst is modified, its catalytic activity is sustained for at
least three runs.

Finally, nine DHPMs had their antitumoral activities evalu-
ated against MCF-7 (human breast cancer cells), A549 (human
alveolar basal epithelial cells) and Caco-2 (human epithelial
colorectal cells). First, to address the cytotoxicity on normal
cells (healthy cells), a primary culture consisting mainly of
fibroblasts (healthy cells) was treated with 1.00 mM of the
chosen DHPM (4b-j) derivatives for 72 h (Fig. 6).

Three compounds (4b, 4g and 4h) showed no statistically
significant effect on the normal cells, whereas the other six
compounds (4c, 4d, 4e, 4f, 4i and 4j) presented different degrees
of cytotoxicity in normal cells, but none of them produced cell
viability reduction below 70% (see Fig. 6). Additionally, DHPMs
4b-j were tested at high concentrations, so the concentration
decrease would be even more beneficial for healthy cells.

The encouraging results prompted us to test the nine
DHPMs against tumoral cell models. We started the tests with
MCF-7 breast cancer cells. After 24 h and 48 h of treatment,
some derivatives produced a statically significant reduction in
MCF-7 cell viability (Fig. 7), in accordance with previous
results.” After 72 h of treatment, all compounds caused a
statistically significant reduction in cell viability in all tumoral
cell samples for MCF-7. For this reason, the DHPM (4b-j)
activities were also tested (for 72 h) against A549 and Caco-2
cancer cell lineages (Fig. 7).
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Fig. 6 Cytotoxicity assays after 72 h of normal cells (fibroblast cells)
treatment with DHPM 4b—j. Compounds 4b, 4g and 4h were not
cytotoxic for normal cells. The remaining compounds produced
cytotoxicity for normal cells at different ranges, but never below 70%.
No compound induced more than 40% of cell death. Monastrol (4d)
was used as a positive control, and culture medium with diluents
(DMSO) was used as negative control. p Value: *p < 0.05, **p < 0.01,
***p < 0.001.
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Three DHPM derivatives (4c — Oxomonastrol, 4h - Enastron,
and 4i - Dimethylenastron) displayed high cytotoxic effects, that
is, they induced death in more than 50% of the cells. These
derivatives were therefore tested in intermediate concentration
from 100 mM to 1 mM in cell models which were susceptible to
their effects (A549 and Caco-2 cells) for 72 h of treatment
(Fig. 8).

All three compounds showed highly statistically significant
cytotoxicity effects against Caco-2 cells in all tested concentra-
tions (Fig. 8). DHPM 4c (Oxomonastrol) was the only one that
reduced A549 cell viability (statically significant result) in
concentrations above 400 mM (Fig. 8). Compounds 4h (Enas-
tron) and 4i (Dimethylenastron) showed cytotoxic effects in all
tested concentrations (Fig. 8). DHPM 4h was also highly effec-
tive against all tested cancer cells (Fig. 8) and no cytotoxic effect
over normal cells was noted (Fig. 6).

Time-dependent experiments were also conducted and all
tested compounds showed activity against A549, Caco-2 and
MCEF-7 cells (Fig. 9), with a more pronounced effect after 48 h of
treatment for A549 and Caco-2 cell models, whereas 72 h of
treatment was required to observe similar effects on MCF-7
cells.

120-
. Caco-2,72 h : :J:haaladcarmol g A349,72h B Unireated Cantrol
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Fig. 8 Cell viability tests with intermediate DHPM concentrations for
72 h of treatment. The three compounds (4c — Oxomonastrol, 4h —
Enastron, and 4i — Dimethylenastron) were effective against Caco-2
and A549 cell lineages. p Values: **p < 0.01, ***p < 0.001.
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Conclusions

In summary, we have described the synthesis, characterization,
photophysical properties and catalytic application of two novel
and robust CPs (1 and 2) as heterogeneous catalysts for the
Biginelli synthesis under solvent-free conditions and heteroge-
neous catalysis. The reaction conducted under continuous flow
conditions (with DMF) returned very promising results toward a
scale-up of the reaction. Furthermore, three bioactive DHPMs
have been obtained by this methodology with high yields and
short reaction times. The synthesized DHPMs were tested with
success with impressive results for Oxomonastrol (4¢c), Enastron
(4h) and Dimethylenastron (4i), which were efficiently used as
antitumoral agents against MCF-7, Caco-2 and A549 tumoral
cell lineages. In all, the current manuscript provides the base-
lines for the development of more efficient CPs/MOFs for MCRs,
therefore opening up a wide range of opportunities for scale-up
processes using continuous flow conditions, and allowing one
to envisage new applications for this class of promising mate-
rials. In other words, we have described the happy marriage of
CPs/MOFs with MCRs.

Experimental section
General

Chemicals and solvents were purchased from commercial
sources. Liquid reagents and solvents were distilled prior to use.

General procedure for the metal-organic framework (CP 1
and 2) synthesis. An equimolar mixture of 4,5-dichlorophthalic
acid (DCPHA, 0.5 mmol), Zn(OAC,)-5H,0, or Cd(SO,), (0.5
mmol) was dispersed in H,O (ca. 12 mL), mixed for 10 minutes
and transferred to 23 mL teflon-lined stainless steel autoclaves.
The reaction was then carried out at 160 °C for 72 h. The final
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Fig. 9 Time-dependent effects for three cell lineages (Caco-2, A549,
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and MCF-7 cells). p Values: *p < 0.05, ***p < 0.001.
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materials (CgH,Cl,0,Zn and CgH,Cl,0,Cd, herein designated
as CP 1 and CP 2) were obtained in an average yield of ca. 80%
after the material had been washed, respectively, with water,
ethanol and acetone, and then air-dried.
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