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In this work, the development of a novel efficient heterogeneous catalytic system capable of driving Knoevenagel
condensation reactions between benzaldehydes and malononitrile was reported. Specifically, we explored a post-
synthetic modification of graphitic carbon nitride (g-CN) through a strong oxidation treatment by acid mixture
(HNO3/H3S04). The as-prepared oxidized CN material (CNO) shows a large number of surface acidic moieties,
that can be easily deprotonated through an aqueous alkaline wash with different bases (NaOH, K2COs, t-BuOK),

to introduce a high density of reactive basic sites. The best catalyst is obtained with NaOH as the base (CNO-
NaOH), and displays high reactivity and good tolerance towards functional group variations of the reagents, thus
emerging as a potential new recyclable carbon nitride-based structure for organic base catalysis.

1. Introduction

Base catalysis for organic reactions represents one of the classical
topics found in all undergraduates’ organic chemistry textbooks. The use
of bases can trigger several carbon-carbon coupling processes of great
importance in organic syntheses, such as the Knoevenagel condensa-
tions, transesterifications, aldol condensations and others.[1-3] The
Knoevenagel condensation is an essential process giving access to a-f
unsaturated products, which are critical for a variety of industrial sec-
tors.[4,5] To circumvent the typical drawbacks of homogeneous catal-
ysis, efforts have been devoted to the development of heterogeneous
Knoevenagel reaction catalysts, where the base catalytic sites are
anchored to solid supports. This strategy, which is of general applica-
bility in organic synthesis, bears several advantages such as the ease of
catalyst recyclability and product separation, the possibility to work
under higher temperatures, and the avoidance of excess solvent and
waste.[6-9] In the wake of the modern policy on implementing sus-
tainability in chemical production, an obvious objective has been to
prepare metal-free heterogeneous catalysts, because of their favorable
production economy and higher environmental compatibility.[10-12]

As a matter of fact, transition metal-based catalytic systems are, gener-
ally, expensive and potentially toxic.[13] On the other hand, graphitic
carbon nitride (g-CN) and its various structural variations have been
proposed as a versatile metal-free heterogeneous catalyst to promote a
variety of base-catalyzed reactions, due to the simplicity of its prepa-
ration and modification, as well as to the presence in its structure of
nitrogen atoms with Lewis base character.[14-17] Use of g-CN in the
Knoevenagel condensation has been proven to be a viable and simple
avenue with a wide scope reaction, although intrinsic low surface areas
of g-CN limit the productivity because of the low density of exposed
catalytic sites.[18,19] Su et al. found that the activity of mesoporous
carbon nitride (mpg-CN) towards Knoevenagel coupling could be
significantly enhanced by treating the mpg-CN with strong bases. This
was explained in terms of a further pre-activation following the depro-
tonation of the mpg-CN, which was protonated during the synthetic
protocol.[20] Krishnan et al. investigated the use of oxidized carbon
nitrides, produced from g-CN, to catalyse in heterogeneous phase the
hydrogen transfer reaction of carbonyl compounds. Interestingly, they
reported that oxidation treatments by strong oxidants KMnOj4, KoCr207
and Hy0, effectively instal oxygenated moieties on the surface of the

* Corresponding authors at: Department of Chemical and Pharmaceutical Sciences, University of Trieste, Via L. Giorgieri 1, Trieste 34127, Italy.
E-mail addresses: gfilippini@units.it (G. Filippini), melchionnam@units.it (M. Melchionna), pfornasiero@units.it (P. Fornasiero), prato@units.it (M. Prato).

Accepted 26 November 2021


mailto:gfilippini@units.it
mailto:melchionnam@units.it
mailto:pfornasiero@units.it
mailto:prato@units.it
www.sciencedirect.com/science/journal/00201693
https://www.elsevier.com/locate/ica
https://doi.org/10.1016/j.ica.2021.120732
https://doi.org/10.1016/j.ica.2021.120732
https://doi.org/10.1016/j.ica.2021.120732
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ica.2021.120732&domain=pdf

material, and upon the addition of a base both the carbonyl compound
and the hydrogen donor are coordinated to the oxidized carbon nitride
allowing for the reaction to take place.[21] Thus, we envisaged that the
introduction of acidic groups on the g-CN by means of facile oxidation
protocols could allow the creation of additional basic sites after depro-
tonation with strong inorganic bases. Here, we employ a well-
established oxidation protocol used in general for nanostructured car-
bon materials, namely oxidation with sulfonitric mixture to insert acidic
oxygenated functional groups. The distribution of the different func-
tional groups includes carboxylic acid and hydroxylic groups, which
could be deprotonated with strong bases such as NaOH, t-BuOK, K,COs3.
Importantly, the strong oxidative protocol also causes an enhancement
of the surface area with respect to the original g-CN, increasing the ef-
ficiency of the catalytic process. As a result, the activity towards Knoe-
venagel coupling is enhanced to a great extent, surpassing by far that of
conventional deprotonated g-CN. Moreover, we discovered that the type
of base is critical for the resulting activity.

2. Experimental Section
2.1. General information

Carbon nitride (g-CN) was prepared in cubic muffle operating under
static air atmosphere, with the sample positioned in the middle. Intrinsic
pH of the materials and surface basic sites were determined using a Hach
pH meter. UV-Vis measurements were carried out on Cary 5000 UV-Vis-
NIR spectrophotometer. All the spectra were recorded at room temper-
ature using 10 mm path-length cuvettes. Thermogravimetric analysis
(TGA) was recorded with a TGA Q500 (TA instruments), under a flow of
N (90 mL min™!), following a temperature program consisting in the
equilibration of the sample at 100 °C followed by a ramp at 10 °C/min
up to 800°C. The sample aliquot ranged from 1 to 2mg, exactly
weighed. NMR spectra were recorded on Varian 400 and Varian 500
spectrometer (‘H: 400 MHz — 499 MHz and 376 MHz for '°F). The
chemical shifts (8) for 'H and '°F are given in ppm relative to residual
signals of the solvents (CHCl3 @ 7.26 ppm 'H NMR). Coupling constants
are given in Hz. The following abbreviations are used to indicate the

Table 1

Optimized reaction conditions and control experiments. Reactions were per-
formed on a 0.1 mmol scale. [a] Yield determined by 'H NMR spectroscopy using
1,1,2-trichloroethene as the internal standard.

Base Catalysis: Knoevenagel Reactions

NC CN
Q CNs (mg mL™")
+ NC CN
H gl CH4CN [0.1 M] H
T (°C), t (hours)
1a 2a
. . 3a
(1 equiv.) (2 equiv.)
Entry CNs (mg/mL) t(h) T (°C) Yield 3a (%)™
1 - 16 70 0
2 g-CN (5) 16 70 0
3 CNO (5) 16 70 0
4 g-CN-K»COs (5) 16 70 0
5 g-CN-NaOH (5) 16 70 0
6 g-CN-tBuOK (5) 16 70 0
7 CNO-K5COs (5) 16 70 >99
8 CNO-NaOH (5) 16 70 >99
9 CNO-tBuOK (5) 16 70 >99
10 CNO-K5COs (5) 16 25 62
11 CNO-NaOH (5) 16 25 83
12 CNO-tBuOK (5) 16 25 63
13 CNO-NaOH (5) 2 70 >99

multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br,
broad signal. NMR yields were calculated by using trichloroethylene as
internal standard. All organocatalytic reactions were set up in glass
vials, unless otherwise stated. Chromatographic purification of products
was accomplished using flash chromatography on silica gel (35-70
mesh). For thin-layer chromatography (TLC) analysis throughout this
work, Merck pre-coated TLC plates (silica gel 60 GF254, 0.25 mm) were
employed, using UV light as the visualizing agent (254 nm), basic
aqueous potassium permanganate (KMnOjy) stain solution or iodine, and
heat as developing agents. Organic solutions were concentrated under
reduced pressure on a Biichi rotatory evaporator. XPS experiments were
performed in a SPECS Sage HR 100 spectrometer with a non-mono-
chromatic X ray source of Magnesium with a Ku line of 1253.6 eV energy
and 250 W. The samples were placed perpendicular to the analyzer axis
and calibrated using the 3d5/2 line of Ag with a full width at half
maximum (FWHM) of 1.1eV. An electron flood gun was used to
compensate for charging during XPS data acquisition. The selected
resolution was 30 and 15 eV of Pass Energy and 0.5 and 0.15 eV/step for
the survey and high-resolution spectra, respectively. Measurements
were made in an ultrahigh vacuum (UHV) chamber. Fitting of the XPS
data were done using CasaXPS 2.3.16 PR 1.6 software. For our data, the
Shirley-type background subtraction was used and all curves were
defined as 40% Lorentzian, 60% Gaussian. Raman spectra were acquired
using an Invia Renishaw spectrometer equipped with a diode laser at
785nm.

2.2. Materials

Commercial reagents and solvents were purchased Sigma-Aldrich,
Fluka, Alfa Aesar, Fluorochem, VWR and used as received, without
further purification, unless otherwise stated. Melamine, benzaldehyde,
4-iodobenzaldehyde, 4-nitrobenzaldehyde, 4-cyanobenzaldehyde and
4-fluorobenzaldehyde were commercially available.

2.3. General procedures for the preparation of carbon nitrides

A general workflow for the preparation of CNs materials is available
in the supporting information (SI) - Fig. S1.

2.3.1. Preparation of g-CN

g-CN. Melamine (10 g) was transferred in a covered alumina crucible
and heated in muffle furnace at 550 °C for 300 min with a ramping time
of 5°C/min. The final product was milled to have a uniform powder.

2.3.2. Preparation of CNO

g-CN (500 mg) was treated with a mixture of concentrated nitric and
sulfuric acid (2:1 v/v ratio, 100 mL) at room temperature for 16 h. The
resulting mixture was then poured into ultrapure MilliQ water (300 mL)
and centrifugated at 3000 rpm for 5 min. The solid residue was recov-
ered and washed with fresh milliQ water (500 mL). The supernatant was
filtered through a PTFE membrane (0.1 pm). The washing procedure
was repeated four times and each time the supernatant was filtered
through the PTFE membrane. After the washing steps, the solid material
was collected on the PTFE membrane used to filter the supernatant and
the reunited fractions were washed with 2-propanol to remove the
aqueous traces and dried at 80 °C overnight.

2.3.3. Preparation of base treated materials

500 mg g-CN or CNO were transferred into a glass vial along with an
aqueous solution (0.1 M, 10 mL) of the selected base (NaOH, t-BuOK,
K2CO3). The resulting mixture was stirred at room temperature for 16 h.
The solid was collected through filtration using a PTFE membrane
(0.1 pm). The solid was thoroughly washed with ultrapure milliQ water
(3x50 mL) and 2-propanol (10 mL). The so-obtained material was dried
at 80 °C overnight.
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Fig. 1. a) XPS survey spectrum of CNO; b) XPS survey spectrum of g-CN; c) high resolution XPS spectrum of CNO in the Ols binding energy range.

2.4. Determination of the intrinsic pH of CNs in water

The appropriate carbon nitride (10 mg) was dispersed in ultrapure
MilliQ water (4 mL) and filtered through a PTFE membrane (0.2 pm).
The pH of the resulting solution was determined using a pH meter.

2.5. Quantification of the surface basic sites of carbon nitrides

The appropriate carbon nitride (200mg) was treated with an
aqueous solution of HCI (0.1 M, 10 mL) and stirred at room temperature
overnight. The resulting mixture was filtered through a PTFE membrane
(0.1 pm) and a portion of the so-obtained solution (5mL) was titrated
with NaOH (0.1 M). The resulting amount of titrant at the equivalent
point was extrapolated by the linearization of the titration curve and
used to determine the degree of functionalization of the material (See SI,
Section 3).[22]

2.6. General procedure for the organocatalytic Knoevenagel condensation

The appropriate carbon nitride (5 mg, 5mgmL™!) was dispersed in
acetonitrile (1 mL). Benzaldehydes 1a-f (0.1 mmol, 1 equiv., 0.1 M) and
malononitrile 2a (0.2 mmol, 2 equiv.) were added to the dispersion. The
reaction mixture was stirred either at 25°C or 70°C for 2-16 h. The

reaction mixture was filtered through sodium sulfate. The solvent was
removed under reduced pressure. The production yields listed in Table 1
and Fig. 6 and referred to products 3a-f were determined by 'H NMR
spectroscopy in CDCI3 using 1,1,2-trichloroethylene (0.10 mmol, 9 pL)
as the internal standard (I.S.).

3. Results and discussion

The initial g-CN was obtained by thermally treating melamine at
550 °C, as previously reported (Fig. 3a. Then, g-CN was subjected to a
strong oxidation protocol using a mixture of nitric and sulfuric acid,
affording the oxidized CN material (CNO). A preliminary visual in-
spection of both materials reveals substantial bleaching of the CNO
powder due to the strong oxidative treatment, which likely disrupts the
structural organization of the CN motif. This is also indicated by the UV-
Vis spectra of g-CN and CNO dispersed in water, where it is observed
that the CNO material (black line, left spectrum in Fig. 3c shows a
negligible absorption of visible light (A >400 nm), while the g-CN ab-
sorbs up to 500 nm (orange line in Fig. 3c. As known for other carbon
nanostructures, such as carbon nanotubes,[23,24] oxidative treatments
with sulfonitric mixtures introduce a distribution of oxygenated func-
tionalities including carboxylic acid, hydroxyl, epoxy and ketone
groups. X-ray photoelectron spectroscopy (XPS) analysis compares the
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Fig. 2. a) Raman spectra g-CN vs CNO b) TGA of g-CN vs CNO under N, atmosphere c) N, physisorption isotherms of g-CN and CNO.
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spectra of g-CN and CNO, confirming that the oxidation treatment has
indeed introduced a significant amount of oxygen (7.4 at%). Deconvo-
lution of the O1s core level shows that that O atoms are present as C—O
and C=0O species (Fig. 1. Deconvolution data for the peaks relative to N
and C confirm the typical patterns of CN materials (Fig. S5).
Thermogravimetric analysis (TGA) is in agreement with the
hypothesised functionalized structure, with CNO displaying a multi-step
weight loss at an onset temperature of 150 °C, attributed to the com-
bustion of the oxygen-containing groups, this feature is absent in g-CN.
In particular, the first weight loss may be assigned to the removal of
adsorbed water molecules, more abundant in CNO because of the strong
H-bond interaction with the COOH and OH groups.[21] Additionally,
Raman analysis provided evidenced of the effect of the oxidation: the
heptazine breathing mode, with the characteristic peaks at~480
and ~700 cm™! are much better defined in CNO as compared to g-CN,
this difference being also observed for the peak at 978 cm™!, diagnostic
of the C—N in-plane vibration mode.[21,25] Finally, a new peak
at ~ 1165 cm ™! appears in the CNO materials, which is attributed to the
presence of oxygenated functionalities, possibly the OH bending mode.
[26] All these features, apart from supporting the introduction of
oxygenated groups, suggest that the strong acidic treatment favors an
exfoliation of the bulk g-CN by shuffling the planarity of the poly-
triazine strands, and the improved de-stacking of the CN sheets is
responsible for the improved Raman peak definition. TEM images can be
found in SI, Section 9. In agreement with this hypothesis, the investi-
gation of the textural properties by Ny physisorption shows that the
oxidation process results in a significant increase of the surface area
when compared with g-CN (Fig. 2¢c. This well correlates with the hy-
pothesized disruption of long-range planarity of the triazine motifs.
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Fig. 4. Total number of surface basic sites and intrinsic pH of the studied CNs.

Specifically, the calculated Brunauer-Emmett-Teller (BET) surface area
for g-CN is 17 m?g™!, in agreement with literature,[27] whereas the
surface area for CNO turns out to be 134 m?g~!. Both g-CN and CNO
present type IV isotherms, which indicate presence of mesopores. Fig. 2
shows the comparison of the Raman spectra, TGA and N3 physisorption
analysis for g-CN vs CNO. Supplementary characterization data are
available at Figs. S2 and S3.

To endow the materials with base sites for Knoevenagel reaction, g-
CN and CNO were treated with aqueous alkaline solutions of both
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organic and inorganic bases, namely NaOH, KoCO3 and t-BuOK (Fig. 3b.
It had already been reported by Su et al. that such strong base treatments
are needed to activate the surface basic moieties present on the g-CN
surface, thus allowing its exploitation as heterogeneous base organo-
catalyst.[20] As depicted in Fig. 3c, in all cases the deprotonation of g-
CN leads to a significant decrease in intensity of the absorption band at
325 nm. Conversely, this absorption band increases on CNO materials
upon the alkaline treatment.

a) Proposed Reaction Mechanism

CNO-NaOH

Catalytic Cycle

BT
e On

b Reaction Scope CNO-NaOH

Based on TGA and XPS data, the deprotonation of g-CN proceeds
with removal of the protons on the lattice N atoms, while for CNO, in
addition to the N—H protons, the treatment removes acidic hydrogen
from the COOH and OH groups (SI Fig. S2, thus endowing the CNO with
a higher density of catalytic sites. In agreement with this hypothesis, the
successful deprotonation of the abovementioned functionalities was
confirmed by acid/base titration (Fig. 4, SI Section 3).[28] Indeed, CNO-
NaOH displayed the highest number of surface alkaline sites
(1.78 mmol g’l) and the most alkaline intrinsic pH in water (8.9), sug-
gesting that NaOH is the most suitable base for the deprotonation pro-
cess, presumably removing also the less acidic protons. Conversely, the
intrinsic pH of g-CN was already slightly alkaline, so that treatment with
bases does not introduce any additional basic sites to a significant
extent, and the pH varies only marginally in the three base-treated
derivatives.

The feasibility of our hypothesis was tested by reacting benzaldehyde
(1a) and malononitrile (2a) in acetonitrile over 16 h at 70 °C (Table 1. A
control experiment confirmed the catalytic nature of the model reaction,
since the starting substrates were completely recovered in the absence of
any material (entry 1, Table 1. In addition, the use of the pre-catalysts,
namely g-CN and CNO, did not lead to the formation of 3a (entries 2-3,
Table 1. Interestingly, we did not observe any reactivity when
employing the materials obtained through the alkaline treatments of g-
CN (entries 4-6, Table 1. This indicates the absence of reactive basic
sites on the surface of these carbon-based nanostructures. On the other
hand, the utilization of CNO-K,COs, CNO-NaOH and CNO-tBuOK
(5mgmL™!) gave 3a in quantitative yield (entries 7-9, Table 1. This
suggests that the strong oxidative treatment (HNOs/H3SO4), that is
needed to produce CNO, results in the presence of a high number of
surface acidic sites. Then, these sites can be easily deprotonated in the
presence of a suitable base, therefore producing efficient heterogeneous
basic nanocatalysts. To discern the effect of the specific string base used,

B: Basic Site

1 mmol scale 3a: 99% yield

:/Né:IN NC._CN NC:: CN
3a:99% 3b:99% 3c¢: 99% 3d: 99% 3e: 99% ; 3f: 99%

Fig. 6. a) Proposed reaction mechanism which drives the formation of product 3a. b) Scope: reactions were performed on a 0.1 mmol. Yields determined by "H NMR

spectroscopy using 1,1,2-trichloroethene as the internal standard.



the catalytic tests were run under milder conditions, namely by running
the model reaction at 25°C (entries 10-12, Table 1. As expected on
account of the titration experiments, the best performing catalytic sys-
tem is CNO-NaOH, which can form the coupling product with a
remarkable 83% yield. Following an optimization study (solvent, time
and catalyst loading), section S4 of supporting, the optimized reaction
conditions with CNO-NaOH as the catalyst were then found (entry 13,
Table 1.

We evaluated the recyclability of the CNO-NaOH catalyst under the
optimized reaction conditions. The abovementioned material was
recovered after each run by centrifugation, washed with acetonitrile and
used again over five cycles without important loss in reactivity (Fig. 5).

The catalytic cycle that drives the formation of compound 3a is
depicted in Fig. 6a. The mechanism of the Knoevenagel condensation
proceeds via the generation of the anion I by deprotonation of 2a by the
surface basic sites of the catalytic system. The condensation between I
and 1a gives the intermediate II, which eventually decomposes to afford
the final product 3a and the regenerated catalyst. Moreover, the catalyst
proved to be effective in catalyzing the selected organic transformation
even at a 1 mmol scale with a quantitative conversion of reagent 1a into
3a. The synthetic potential of this catalytic approach was then evaluated
by reacting different para-substituted benzaldehydes (1a-f) with 2a.
Importantly, in all cases we observed the formation of the final products
(3a-f) in excellent yields, thus showing the high catalytic activity of
CNO-NaOH (Fig. 6b).

4. Conclusions

In this work, we developed a strategy to make carbon nitride efficient
base catalyst, able to drive heterogeneous Knoevenagel couplings be-
tween benzaldehydes and malononitrile with quantitiative yield under
conventionally adopted conditions and turned out to be highly per-
formant even at lower mg ml~! loading or at lower temperature. The
heterogeneous catalytic materials were obtained by a two-step proced-
ure, where g-CN was first strongly oxidized and then treated with strong
bases (NaOH, K2COs3 and t-BuOK). The best catalyst turned out to be
CNO-NaOH, which is also the one with the highest density of surface
basic functionalities, presumably because NaOH is most efficient in
deprotonating even less acidic hydrogen. Moreover, the so-designed
catalytic system was found to be stable under the reaction conditions
and recyclable over five independent cycles. The present study will
potentially allow the exploitation of oxidized CN catalyst as pre-catalyst
for performing other heterogeneous base catalysis for organic synthesis.
For instance, CNO-NaOH could also be applied to catalyze trans-
esterification reactions. Alternatively, its precursor, namely CNO, could
find application as an heterogenous acid catalyst capable to drive the
effective functionalization of carbonyl compounds, olefins, aromatics
and so on.[29-31]
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