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A family of sustainable carbon catalysts with different chemical surface, active and selective for the synthesis of
benzodiazepine 1 (BDZ), from o-phenylendiamine (OPD) 2 and acetone 3, under mild conditions, is reported.
Catalysts were prepared by acids treatments with HaSO4 or H3PO4 of an activated carbon doped with ZnO at 3%
wt (N3Zn) and, subsequently, submitted to additional thermal treatment in air. Simultaneously to the ZnO
leaching, surface C-SO3 groups were generated by treatment of N3Zn with HpSO4 (N3Zn-S) whereas treatment
with H3POy4 led to C-POj3 functions (N3Zn-P sample). The thermal treatment partially removes the C-SO3 groups
(N3Zn-S-C sample) while C-PO3 functions were partially oxidized to C-OPO3 groups (N3Zn-P-C). Our results
suggest that these chemical surface modifications of the catalysts are key on catalytic performance, pointed out
the importance of the nature and distribution of acid sites at the surface. Remarkably, investigated carbon
catalysts (N3Zn-S samples) were more active than the NS catalyst obtained by direct treatment of AC with HySOj4,
this last mainly functionalized with C-OSO3 groups. Although the catalysts resulting of the H3PO4 treatment
showed both a similar activity, some differences on selectivity to BDZ 1 were observed, attributed to certain
specificity of P-functions at the surface depending on the acid strength of active sites and the reaction conditions.
These results were supported by DFT calculations.

relationships in addition to the identification of active catalytic sites as
well as the mechanisms understanding, all of them of capital importance

1. Introduction

Under the Green Chemistry principles, prevention of pollution,
minimization of the use of solvents and replacement of stoichiometric
reagents with catalytic cycles are desirable to develop sustainable,
cleaner and safer pharmaceutical processes [1]. In this sense, Green
Chemistry could represent a key tool for achieving Sustainable Devel-
opment Goals (SDGs), such as clean water and sanitation (SDG 6),
responsible consumption and production of resources (SDG 12), and
actions against climate change (SDG 13) [2].

Carbon-based materials represent a family of promising catalysts in
terms of sustainability and energy efficiency for a greener future. Cur-
rent trends are focused onto the establishment of structure-activity
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for a future catalyst design. Among the most popular carbon-based
materials are the activated carbons (ACs), highly versatile from a
point of view of their applications derived from their high surface area,
chemical and thermal stability, and long-term performance. In addition,
it is widely recognized that the chemical surface, porosity, and pore size
distribution of a catalyst play a crucial role controlling both conversion
and selectivity. In this context, we recently reported different series of
carbon-based catalysts active in the green and selective synthesis of N-
containing heterocycles such as quinolines, quinoxalines and benzodi-
azepines all of them compounds of pharmaceutical interest [3]. Partic-
ularly, 1,5-benzodiazepines are N-heterocycles showing extensive
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applications as biological scaffolds in the field of medicine and phar-
macology, such as anxiolytic, sedative, hypnotic, muscle relaxant,
anti-inflammatory, antiviral and analgesic [4]. In addition, several
commercial drugs are derived from benzodiazepine rings, including
clobazam, lofendazam, arfendazam, triflubazam, cystathionine, nevi-
rapine, and telenzepine [5].

While numerous synthesis methods have been reported, the most
used approach for producing 1,5-benzodiazepines involves the
condensation reaction between diamines and carbonyl compounds.
Several structurally different solid catalysts have been applied to the
synthesis of 1,5-benzodiazepines, such as zeolites [6,7], HMCM-22 [8],
SiOy-supporting acids — HClO4 [9] and HySO4 [10], mesoporous alu-
minosilicates [11], clays — modified bentonite [12], Zinc montmoril-
lonite [13], Fe-containing intercalated montmorillonites [14] —,
nano-y-Feo03-SO3H [15] and Fe-containing microporous nickel phos-
phate molecular sieves and Fe-containing mesoporous mesophase ma-
terials [16], and so on. Much more recently, Godino et al. reported
different series of acidic carbon-based catalysts showing different
structures, morphologies, and compositions, for the synthesis of ben-
zodiazepines, from o-phenylendiamine (OPD) and acetone, under mild
conditions, including ACs treated with HNO3, HySO4 or mixtures of both
[17], supported zirconia or sulfated zirconia composites [18], and
phosphor-doped carbon catalysts from spent tires [19]. These studies
allowed to confirm that both acid sites and porosity of the catalysts in-
fluence both conversion and selectivity. The presence of S-derived
functions anchored either zirconia or at the carbon surface could be
behind the selectivity enhancement, in addition to the high micropo-
rosity of ACs modified with different acids, whereas macroporosity of
carbons from pyrolysis of spent tires avoided the diffusional restrictions.

The present work aims to explore the catalytic performance of a new
family of eco-friendly functionalized carbon materials to synthetize 1,5-
benzodiazepines (BDZ), via condensation reaction of OPD 2 and acetone
3 under mild and solvent-free conditions (Scheme 1). Based on our
previous studies, the goal of this paper is to functionalise the carbon
surface by impregnation with Zn precursor salt followed by thermal
treatment [20] which is subsequently treated with acids, HySO4 or
H3POy, as fast acid-leaching strategy to alter the carbon surface in terms
of both composition and texture. In this context, the influence of the
chemical and textural characteristics of different carbon materials on the
catalytic performance has been investigated. Complementarily, we
report on a computational study analysing the transition structures for
the final cyclization step by using the most probable and reduced models
simulating the catalytic sites.

2. Materials and methods
2.1. Synthesis of catalysts

A series of carbon catalysts were prepared from N3Zn precursor
synthetized by following the experimental protocol previously reported
by Godino-Ojer et al. [20]. Briefly, commercial AC sample from NORIT
Nederland B.V. (Norit RX3, namely hereafter as sample N, 9 g) was
impregnated with concentrated aqueous solution of Zn(NO3)2-6 Hy0 to
obtain a metal loading of 3.0% wt. After drying overnight at 110 °C, the
samples were pre-treated for 2 h under a He flow at 350 °C (N3Zn
sample).

Two independent samples of N3Zn were submitted to acidic
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Scheme 1. Synthesis of BDZ 1 from OPD 2 and acetone 3, at 50 °C, under
solvent-free conditions catalyzed by acid carbon materials.
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treatment in such a manner that N3Zn (3 g) was treated with HSO4 or
H3PO4 solutions (2 M, 30 mL) and the reaction mixture was stirred for
6 h. The solid was filtered, washed with abundant water and dried at
110 °C for 12 h. Subsequently, the carbon samples (1.5 g) were treated,
or not, with air at 300 °C for 3 h.

The catalyst series were denoted as N3Zn, N3Zn-Y and N3Zn-Y-C
where Y indicates the acidic treatment (S= HySO4 and P = H3POy),
and C the final thermal treatment.

2.2. Characterization of the catalysts

The textural properties of materials were determined from Ny
adsorption—desorption isotherms at — 196 °C, obtained in a using a
Quadrasorb SI equipment (Quantachrome). Before the analysis, all
samples were outgassed under high vacuum (10~ mbar) for 8 h at 110
°C. The apparent surface area (Sggr) was determined by applying the
Brunauer-Emmett-Teller (BET) equation at P/Py < 0.10 [21]. The
micropore volume (Wy) and the mean micropore width (Ly) were ob-
tained by applying the Dubinin-Raduskevich and Stoeckli equations,
respectively [22]. The total pore volume (V1) was obtained considering
the volume of N, adsorbed at P/Py = 0.95 and the mesopore volume
(Vimeso) Was obtained from the difference between Vj g5 and the volume
adsorbed at P/Py = 0.40 by application of the Gurvich rule.

The point of zero charge (pHpzc) of materials was determined
following the methodology described elsewhere [23,24]. Solutions were
prepared using 25 mL of NaCl (0.01 mol L1 with HCI (0.1 mol L) or
NaOH (0.1 mol L’l) to obtain pH values between 2 and 12. Each solu-
tion was contacted with 0.10 g of the carbon material and the final pH
was measured after 24 h of continuous stirring at room temperature. The
final pH was plotted against the initial pH, determining by this way the
pPHpzc, i.e. the pH value where initial pH = final pH.

X-ray diffraction (XRD) patterns were obtained with a Bruker D8
Discover diffractometer. The surface chemistry of samples was charac-
terized by X-ray photoelectron spectroscopy (XPS) using a Physical
Electronic spectrometer (PHI 5701 system) equipped with a Mg
1253.6 eV standard source at 300.0 W and hemispherical electron
analyzer.

Elemental analysis of the samples was carried out with an Elemental
Analyser LECO CHNS-932. In addition, the zinc amount was determined
by Atomic Emission Spectroscopy using an ICP-OES PlasmaQuant PQ
9000 (Analytik Jena) spectrometer.

The morphology of selected carbon-Zn composites was analyzed by
high-resolution scanning electron microscopy (HRSEM) with a LEO
(Carl Zeiss) GEMINI-1530 microscope.

Amounts of surface acid groups were obtained by titration with bases
of different strength (NaOH, NayCOs3, and NaHCO3) following Boehm’s
method [25]. Total surface basicity was obtained by titration with HCI
as described elsewhere [26].

Attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectra were collected on a Bruker Tensor 27 spectrometer using dia-
mond as ATR crystal (GladiATR, Pike Technologies, Inc.).

2.3. Catalytic performance

To a mixture of OPD 2 (1 mmol) and acetone 3 (10 mmol) in a three-
necked vessel, equipped with reflux condenser, septum and thermom-
eter, placed on a multi-experiment workstation StarFish (Radleys Dis-
covery Technologies IUK), at 50 °C or 30 °C, the catalyst was added
(50 mg) and the reaction mixture was stirred during 240 min. The
samples were periodically collected at 15, 30, 60, 120, 180 and 240 min,
diluted with acetone (0.5 mL), and the catalyst was filtered off and the
solvent evaporated in vacuo.

The catalysts were milled and sieved to particle size < 0.250 mm, in
order to avoid mass transfer limitations.

The reaction progress was qualitatively followed by TLC chroma-
tography performed on DC-Aulofolien/Kieselgel 60 F245 (Merk) using
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mixtures of CHyCl,/EtOH (98:2) as eluent.

Conversion is defined as the fraction of OPD 2 transformed at each
reaction time into compounds determined by 'H NMR.

The reaction products were characterized by 'H NMR spectroscopy.
NMR spectra were recorded by using a Bruker AVIII spectrometer
(400 MHz for 'H). 1 chemical shifts are referenced to internal tetra-
methylsilane. Characterization data of benzodiazepine 1 are in good
agreement with those previously reported using other catalytic systems
[6].

3. Theoretical calculations

Theoretical calculations were performed with the Gaussian 09 soft-
ware package [27]. Geometries were optimized using RB3LYP/6-31+G
(d,p). The stationary points were characterized by means of harmonic
vibrational frequency analysis. Thus, the transition structures were
confirmed to be first-order saddle points. The imaginary frequency was
inspected in each to ensure it represented the desired reaction coordi-
nate. For key transition states, the intrinsic reaction coordinate (IRC)
was followed to ensure it connects the reactants and products.

4. Results and discussion
4.1. Characterization of the catalysts

The results obtained by ICP-OES/elemental analysis showed that the
N3Zn sample used as reference, presents a bulk Zn loading of 3.1% wt.
accordingly with the fitted recipe. After acid treatments the Zn-phase is
mainly leached, remaining a Zn content of around 0.5% independently
of the acid nature (P or S). However, during these treatments, the
introduction of S and P groups simultaneously occurs. The Sulfur and
Phosphor contents are around 0.5% and 1.0% wt. respectively.

Table 1 summarized the surface composition of the catalysts deter-
mined by XPS. It is noteworthy that the Zn content is higher than the
bulk loading, indicating the concentration of this phase on the external
surface of the carbon supports. This concentration of metallic particles,
basically as ZnO as discussed below, strongly increased the surface ox-
ygen content decreasing the carbon one. The high ZnO surface content
also suggests a high dispersion of this phase, because the formation of
big crystals will lead to a decrease of the content determined by XPS.
Associated to the ZnO phase, the N3Zn catalyst presents a marked basic
character, with a pHpy( value of 9.4. As commented previously, the acid
treatment clearly induces the Zn leaching. In fact, in spite that ICP
analysis showed a certain Zn content, the surface Zn content is negligible
in all cases, probably because the rest of Zn could remain in a more
internal porosity. Moreover, the results show that the C content
increased, and the O content decreased with the leaching of the Zn phase
(Table 1). Regarding the formation of S or P-groups, it is noteworthy that
the surface P-content (obtained by XPS) clearly fit with the bulk P-
content (obtained by ICP), indicating a homogeneous distribution, while
the S-groups are predominantly located at surface regarding the bulk.
These transformations by leaching and functionalization with P or S also
changes the nature of the catalysts surface from basic to acid character.

Fig. la-e shows the Ny adsorption-desorption isotherms of the car-
bon/ZnO derived catalysts and Table 2 summarizes the textural

Table 1

Surface composition (% wt.) determined by XPS.
Sample PHpzc C (0] P S Zn

(%) (%) (%) (%) (%)

N3Zn 9.4 49.6 33.8 0.0 0.0 16.6
N3Zn-P 3.2 90.4 8.6 1.0 0.0 0.0
N3Zn-P-C 3.3 89.3 10.0 0.8 0.0 0.0
N3Zn-S 3.1 88.3 10.4 0.0 1.3 0.0
N3Zn-S-C 3.2 91.2 8.3 0.0 0.5 0.0
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characterization. The isotherms can be ascribed to type-I, characteristic
of microporous materials, in accordance with IUPAC classification [28].
The isotherm profile of all the samples shows a progressive increase of
the Ny adsorbed volume to higher relative pressures and the formation
of a hysteresis loop also denoting the formation of mesopores. The
deposition of the Zn-phase on the Norit support (sample N3Zn) trigger
the partial blockage of the porosity of the Norit ACs. The results show
that the Spgr decreased in a higher extent than the Sp,;., probably due to
ZnO nanoparticles are mainly located on the external surface (meso-
pores and large micropores) increasing the mean micropore size (Lg)
where Ny-adsorption occurs, also in agreement with the XPS
observation.

After acid treatments (N3Zn-P and N3Zn-S samples) Zn leaching
leads to the recovering of porosity, surface values and micropore volume
(Wp), but the L values do not change significantly, probably because the
remaining rest of Zn (as indicated by ICP) are still blocking the nar-
rowest microporosity. That pore opening also increased with subsequent
thermal treatment (N3Zn-P-C and N3Zn-S-C samples), in this case
associated to gasification (loss of oxygenated groups, Table 1). Thus, the
porosity of samples progressively increased, but never was totally
recovered. The micropore widening is maintained because the narrow
microporosity remains blocked, leading also to smaller Wy or Vr
regarding the original support.

Fig. 2 displays the XRD patterns of the composites prepared with a
metal loading of 3.0% wt. and composites submitted to acidic and
thermal treatment. All the XRD patterns exhibit two broad diffraction
peaks at around 20° and 45°, which are ascribed to the graphitic (002)
and (101) planes, respectively, indicating a certain ordering in amor-
phous carbon. Overlays to these large bands, the diffractogram of the
N3Zn composite shows characteristic peaks of wurtzite hexagonal ZnO
nanoparticles (JCPDS 36-1451) although these peaks are too small
denoting a lack of crystallinity due to a good ZnO dispersion. The
diffraction peaks of ZnO at 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°,
66.4°, 67.9°, and 69.0° can be indexed as the (100), (002), (101), (102),
(110), (103), (200), (112), and (201) crystal planes. No significant
changes on the XRD patterns of the samples after acid/thermal treat-
ments were observed.

Fig. 3a-c shows the deconvoluted Ols, S2p and P2p XPS spectra of
the N3Zn, N3Zn-S, N3Zn-S-C, N3Zn-P and N3Zn-P-C and the proportion
of the corresponding species identified according to their binding en-
ergies are given in Table 3.

The O1s spectrum of N3Zn (Fig. 3a) can be deconvoluted into three
components at around 530.7 eV, 532.3 eV and 533.3 eV, corresponding
to the O-Zn bonds in the crystal lattice, C=0 (either in carbonyl or in
carboxyl groups) and C-O (assigned to oxygen in alcohol, ether and
epoxy groups, oxygen in carboxyl and/or ester groups) [18]. After acid
treatment (N3Zn-S and N3Zn-P samples) the component at 530.7 eV
(Zn-0O bonds) disappears but a new component at higher binding energy
with values of around 536.4 eV, was attributed to P-O or S—-O bonds in
either phosphate or sulfonic groups, respectively. This component re-
mains even after the subsequent thermal treatment (N3Zn-S-C and
N3Zn-P-C samples) although the P- and mainly S-content decrease after
this treatment.

The deconvoluted S2p XPS spectra of N3Zn-S and N3Zn-S-C are
shown in Fig. 3b. Each S2p peak is the resultant of two components (2p;,
2 and 2p3,»2) although only the sum of both peaks was plotted in Fig. 3b.
The spectra showed the presence of two peaks, namely C-S (~164.1 eV)
attributed to S-thiophene-like groups and C-SOy (~168.3 eV) associated
to oxidized forms of sulfur, i.e. sulphonic or even sulphate groups [29,
30]. The predominant S-groups are therefore C-SO3 (sulphonic groups,
Table 3) which slowly decreased after thermal treatment, probably
releasing SO, with the subsequent decrease of S-content (Table 1).
Duran et al. [31] also studied the Norit ACs oxidized with HySO4. They
reported a similar S-loading (1.0% wt.) but a different S-group distri-
bution. Thus, although they identify two peaks to fit the Sy, region of the
XPS spectra, the first one is located at 168.3 eV (0.7% wt.) but the
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Fig. 1. N, adsorption-desorption isotherms at —196°C for investigated carbon materials.
detected by Duran et al. [31].
Table 2 Regarding the analysis of the P2p region, both N3Zn-P and N3Zn-P-C
Textural parameters of the catalysts. . N
samples were deconvoluted in two different components, at around
Sample Seer Wo Lo Simic Vr Vimeso 133.5 and 134.8 eV, which correspond to tetrahedral C-PO3 and C-O-
(m™/8) (em™/8) (nm) (m’/8) (em™/g) (em™/8) POs, respectively (Fig. 3c). Wu et al. [35] reported three bands, the first
Norit 1295 0.52 1.3 647 0.61 0.05 one centred at around 134.0 eV involving C-O-POs3 type groups
N3Zn 840 0.35 L7 414 0.42 0.05 (including i.e. (CO)3PO, (CO)2PO; and (CO)PO3), the second one located
N3Zn-P 995 0.41 1.6 523 0.49 0.06 ) e
N3Zn-P-C 1094 0.46 16 565 0.53 0.06 at 133.4 eV being characteristic of P atom bonded to one or two C atoms
N3Zn-S 993 0.41 15 553 0.48 0.06 and three or two O atoms, as in C-PO3 or Co-PO, groups. Finally, the
N3Zn-S-C 1096 0.45 1.6 576 0.52 0.05 band at 132.3 eV was assigned to reduced phosphorus compound as
C3-PO. The latter contribution seems to be negligible in our series of
samples. It is noteworthy that phosphor groups are more thermally
stable than the sulfur ones showing a smaller removal (Table 1). In fact,
these groups are commonly induced to increase the thermal resistance of
carbon materials [36]. The peak at 133.5 eV (C-PO3 groups) are pre-
N3Zn-S-C dominantly formed during the acid treatment with HsPOy, but they are
clearly transformed into C-O-PO3 groups during thermal treatments in
- air at 300 °C, in parallel to the increased oxygen content detected after
g N3Zn-S thermal treatment (Table 1) and in contrast with the similar S-sample,
‘; where SOy is released. These results are in agreement with those pub-
= N3Zn-P-C lished by Rosas et al. [36] who described a weight gain of activated
2 carbons doped with P-groups when pretreated in air between 300 and
-'g N3Zn-P 450 °C, describing the oxidation of C-PO3 groups into C-OPOg as the
- first step of the oxidation process of ACs treated with phosphoric acid.
/M The investigated materials have been also characterized by SEM
(Fig. 1S) and ATR-FTIR (Fig. 2S). The morphology of the materials
Zn0 (JCPDS 36-1451) consists of heterogeneous and corrugated carbon particles also pre-
| | , | | L1 senting large pores with a wide range of diameter. Considering the ATR-
T T T T T T FTIR spectra of selected carbon-Zn composites, the absorption band
10 20 30 40 50 60 70 80  located at ca. 1100 cm™ is ascribed to C-O stretching vibration from
20 anhydrides and lactones, the wide band at ca. 1220 cm™! is related with

Fig. 2. XRD-patterns of selected carbon-Zn composites.

second one is 169.5 eV (0.3%) associated with sulfate groups. Zhang
et al. [32] identify three peaks at 168.6, 167.0, and 167.8 eV (S 2p3,2)
corresponding to -SO3H, C-SO2-C, and S-O groups, respectively. Luo
et al. [33] describe three sulfur functional groups, including the straight
sulfur chain functional group at 163.9 eV, the thiophene functional
group at 165.1 eV, and the sulfate functional group at 168.2 eV. The
peaks at 164.2 and 169.0 eV are also ascribed to elemental S and sul-
fates, respectively, as reported elsewhere [34]. Although our results, in
agreement with Duran et al. [31], indicate the preferential formation of
C-SOj3 groups, the presence of ZnO seems to induce a partial reduction of
S-groups, including C-S bonds (as in aromatic structures such as thio-
phene) or even to elemental S instead the highly oxidized sulfate groups

breathing vibrations of epoxy groups (-O-) while the band at ca.
1750 cm ™! is characteristic of G=0 vibration in carboxylic groups [37,
38]. The peak at ca. 1600 cm ™! may be also assigned to skeletal vibra-
tions of graphitic domains (C=C). The bands at ca. 500-600 cm~! could
be assigned to vibrational modes of phosphate while both weak bands at
ca. 600 and 1090 cm ™! could be ascribed to stretching vibrations of C-S
and stretching vibrations of S=O, respectively.

It is interesting to note that the intensity of the peak associated to
C-O from anhydrides and lactones is significantly higher for the sample
treated with phosphoric acid, as previously observed by Boehm titration
results (Table 1S).

4.2. Catalytic performance

The performance of carbon catalysts was analyzed using the ZnO-
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Fig. 3. XPS spectra and fitting of the catalysts: (a) Ols region, (b) S2p region
and (c) P2p region.

supported carbon catalyst (N3Zn) and the Norit treated with H,SO4 (NS)
[17] samples as reference materials. The synthesis of BDZ 1 from OPD 2
and acetone 3, under solvent-free conditions at different temperatures,
according to Scheme 1, was carried out. As it can be seen from Fig. 4a

Catalysis Today 432 (2024) 114572

and b, there are significant differences between catalysts regarding both
conversion and selectivity values. Sulfuric acid treated catalysts (N3Zn-S
and N3Zn-S-C) were active in the reaction reaching high conversion
values in comparison with the reference materials. Experiments were
carried out at 50 °C using a catalyst amount of 50 mg (except NS
experiment, where 100 mg of catalyst was used)). Thus (Fig. 4a),
N3Zn-S and N3Zn-P, afforded superior conversion values than N3Zn
(more active than typically used ZnO phases), but mainly, specially
more active than NS catalysts. The total conversion is also achieved even
using 25 mg of catalyst (Fig. 4c). The combination of S-groups generated
during acid treatments in presence of ZnO clearly improve those ob-
tained by directly treating the AC support. They also showed a notably
increased selectivity values to 1 (Fig. 4b) specially regarding the poor
54% obtained with N3Zn after 2h. Both catalysts (N3Zn-S and
N3Zn-S-C) showed a similar performance (Fig. 4) independently of the
weight of catalyst used and the fact of a certain release of S-group after
thermal treatments is produced, but the nature of these groups or even
the pHpzc values does not change. These results strongly suggest that
acid sites at the carbon surface of N3Zn-S and N3Zn-S-C catalysts (pHpzc,
Table 1) are behind the observed reactivity and in accordance with re-
sults previously reported [17]. Note that for all investigated catalysts
compound 4(scheme 1) was the unique intermediate compound
observed.

The performance of phosphoric acid treated catalysts is summarized
in Fig. 5. N3Zn-P and N3Zn-P-C catalysts showed similar catalytic per-
formance in terms of conversion (Fig. 5a) or selectivity (Fig. 5b), in spite
that the nature of P-groups significantly changes after thermal treat-
ment. Nevertheless, the pHpyc remains similar, and the acidity of both
types of P-groups (C-O-POs or C-PO3) should be strong enough to
develop satisfactory this reaction. When compared with N3Zn-S sam-
ples, catalysts are also similar regarding the conversion although N3Zn-
P showed an enhanced selectivity to 1, especially in experiments using a
low charge of catalyst. In these conditions, N3Zn-P reached, after 1 h of
reaction, the highest conversion (95%) and selectivity to 1 (96%)
(Fig. 5¢, d). When comparing both N3Zn-P and N3Zn-P-C, the former
provide higher selectivity values, mainly at short reaction times,
although differences are smaller after reaching in both cases the total
conversion. This fact suggests a higher specificity of C-POs groups
regarding those C-O-POg formed after thermal treatments. Using N3Zn-S
and N3Zn-S-C the selectivity increased only increased up to values
around 80%, clearly bellow those observed for P-doped ACs, however, in
this case, both catalysts show similar selectivity values, because the
nature of the active sites remains unchanged after pretreatment. Clearly,
reaction is controlled by the nature and distribution of acid sites on the
catalyst structure and the subsequent variations that undergoes during
treatments. It seems that the catalytic performance is mainly governed
by S- or P-derived functions, the contribution of other oxygenated sur-
face groups being neglected (see also theoretical calculation section); the
concentration of acid and basic sites was measured through the Boehm’s
method (Table 1S).

Nevertheless, the observed recovering of porosity after the final
calcination is unable to improve the performance of acid treated
samples.

The influence of the reaction temperature on catalytic performance
was also analyzed by decreasing this parameter until 30 °C. Both con-
version and selectivity values decreased for all samples. The perfor-
mance of samples treated with H2SO4 is compared again with the ZnO
phase supported on the Norit ACs in Fig. 6. It is noteworthy that N3Zn
present in these conditions a performance comparable with N3Zn-S
catalyst and clearly superior to N3Zn-S-C, in contrast with the ten-
dency observed at 50 °C (Fig. 4). Moreover, selectivity showed the
contrary tendency, this is, the more active catalysts the smaller selec-
tivity. Thus, N3ZnS-C present selectivity values reaching 90% after 1 h,
however, with increasing reaction time and conversion, selectivity
decreased again, indicating that the sites producing BDZ 1 are deacti-
vated along reaction. This behavior is not observed for N3Zn-S sample,
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Table 3
Species percentages and corresponding binding energies (in brackets, eV) of the materials determined by XPS analysis.
Sample Ols S2p P2p
o> C=0 Cc-0 S-O or P-O C-S C-SOx C-POs3 C-0-PO3
N3Zn 49 36 15 - - -
(530.7) (532.3) (533.3)
N3Zn-P - 27 53 20 - 80 20
(531.4) (532.9) (536.4) (133.5) (134.8)
N3Zn-P-C - 34 43 23 - 57 43
(531.3) (533.0) (536.4) (133.2) (134.3)
N3Zn-S - 29 49 22 17 83 - -
(531.2) (532.8) (536.5) (164.1) (168.3)
N3Zn-S-C - 31 44 25 21 79 - -
(531.2) (533.0) (536.8) (164.3) (168.3)
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Fig. 4. Synthesis of BDZ 1 from OPD 2 and acetone 3 in the presence of N3Zn-S and N3Zn-S-C catalysts, at 50 °C, under solvent free conditions. Conversion values
and selectivity to 1 by using a, b) 50 mg and ¢, d) 25 mg of each catalyst. NS catalyst (100 mg) [17].

where the concentration of C-SOs is significantly higher, conversion
progressively increased up to total conversion, and the concentration of
active sites is enough to maintain more or less constant the selectivity
values.

When use P-functionalized catalysts (Fig. 7) a different tendency was
observed regarding the performance described for S-treated series. In
this case, conversion values of N3Zn-P and N3Zn-P-C are similar,
because the most stable P-groups avoid a significant loss of active sites,
on the contrary to N3Zn-S. However, the nature of P-groups changes

during thermal treatments, thus, in spite that activity is maintained by
maintaining the active site concentration Fig. 7b showed how C-O-PO3
groups present on N3Zn-P-C are more selective to 1 than those C-PO3
In summary, all these observations offer valuable mechanistic in-
formation useful for future catalyst design. The first imination reaction
followed by intramolecular cyclization to 4, as the unique intermediate
compound observed, is mainly favored in the presence of N3Zn catalyst
but also when using N3Zn-P catalysts at lower temperature (30 °C).
However, the formation of BDZ 1, as resulted of the final cyclization
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Fig. 5. Synthesis of BDZ 1 from OPD 2 and acetone 3 in the presence of N3Zn-P and N3Zn-P-C catalysts, at 50 °C, under solvent free conditions. Conversion values
and selectivity to 1 by using (a, b) 50 mg and (c, d) 25 mg. Blank experiment was carried out in absence of any catalyst.
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Fig. 6. Synthesis of BDZ 1 from OPD 2 and acetone 3 in the presence of N3Zn-S and N3Zn-S-C catalysts, at 30 °C, under solvent free conditions. a) Conversion values
and b) selectivity to 1 by using 50 mg.
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Fig. 7. Synthesis of BZD 1 from OPD 2 and acetone 3 in the presence of N3Zn-P and N3Zn-P-C catalysts, at 30 °C, under solvent free conditions. a) Conversion values

and b) selectivity to 1 by using 50 mg.

step, in the presence of N3Zn-S catalyst is strongly favored although in
lower conversion. In this case a high selectivity entails a diminished
conversion. The obtained results point out that the acid strength of
catalytic sites is key in the progress of the reaction from intermediate 4
(Scheme 2) when working at low temperature (30 °C). Then, —SO3H
functions at the carbon surface in N3Zn-S sample are able to catalyze the
subsequent steps from the intermediate 4 and particularly the final
cyclization step (Scheme 2). In this case the lower conversion values
obtained could be attributed to the high adsorption energy of the desired
product 1 to these oxygenated groups (see computational section). On
the contrary, the weak acidity of —POsHy or —OPO3Hj functions in
N3Zn-P samples makes that the formation of benzodiazepine 1 is slower.

In summary, in this work we report on a series of acid carbon cata-
lysts highly efficient in the synthesis of BDZ 1. Although the formation of
S or P-groups on the ACs surface by acid treatments is well known, our
results demonstrated the influence of the presence of an active metallic
phase (Zn0O) during these treatments, which determine the distribution
and nature of the generated species. Both acid treatments change the
nature of the catalyst from basic to acid in a narrow window of pHp,c
values independently of the degree of release of active sites or their
transformations after a final calcination treatment. While S-groups are
gasified, P-groups change of nature. The concentration and strength of
these acid sites determine the performance of the catalysts. Differences
are only highlighted under the softer experimental conditions, i.e. low
catalysts charge and reaction temperature. In such conditions, it was

observed that C-SO3 groups can be deactivated, while oxidized P-groups,
C-O-POj3 are more selective than those original C-PO3 ones. Anyway, all
these oxygenated groups seem to have the appropriate acid strength to
develops the reaction in a similar extent. The conversion values are in
general quite similar, except in the case of N3Zn-S-C at soft conditions,
where the smaller acid site concentration leads to a smaller conversion
values.

In addition, we carried out additional experiment concerning the
reuse of the N3ZnP sample, at 50 °C and using 50 mg of the catalyst,
after 2 h of reaction time. In this case, the catalyst can be reused during
at least two consecutive cycles with both conversion and selectivity
maintained (99 and 95% of conversion and 95 and 93% of selectivity).
Unfortunately, it was observed a notable decrease of both conversion
(37%) and selectivity (62%) after the third cycle, probably due to the
interaction of the BDZ 1, exhibiting basic character, with the acid cen-
ters at the catalyst surface. Finally, it was selectively synthetized the
corresponding benzodiazepine 1 from OPD 2 and cyclohexanone in
80%, after 4 h of reaction time, in the presence of N3Zn-P catalyst.

4.3. Theoretical calculations

In order to rationalize the obtained results, we also carried out a
theoretical study concerning the final cyclization step of intermediate 5
(Scheme 2), since this step is key in the selectivity to desired product.
Considering the composition at the surface of the investigated carbon-
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Scheme 2. Reaction mechanism accepted for the synthesis of benzodiazepines.
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based catalysts, we selected the models depicted in Fig. 8, which could
simulate the acidic catalytic sites at the carbon surface not reflecting the
confinement restrictions if any. Considering that the investigated cata-
lysts, particularly N3Zn-S or N3Zn-S-C samples, do not contain C-OSO3
groups, the Model a was selected for comparison purposes with NS
catalyst.

A preliminary inspection of the optimized TS revealed that all the
investigated models similarly interact with reagents. This fact seems to
be in agreement with the similar conversion behavior observed for the
different catalysts in most of the experimental conditions, associated to
acid sites with sufficient strength in all cases. Then, the Bronsted acid
sites activate the electrophile (imine group in intermediate 5) promoting
the cyclization. Comparing the computed TS, it was observed that while
the acidic proton in TSpg (Model a) or TSs (Model b) is almost totally
transferred to the imine group, in the case of TSpp (Model c) or TSp
(Model d) that proton is only partially transferred to electrophile, in
accordance with O---H.--N—C distances (Table 4), pointing out the
relevance of the acid strength of the active sites. Taken into account
these observations it could be considered that the acid strength for the
selected models could follow the order: PhOSO3H > PhSO3H > PhO-
PO3H; > PhPOsHj; in accordance with the pKa values reported for both
PhSO3H and PhPO3H, (not found for the others models) i.e. —2.7 and
1.83 (pKal), respectively (Table 4) [39].

From a thermodynamic point of view, the free-energy values (AG)
for all optimized TS were significantly lower than that for the TS in
absence of any catalyst (Table 4). TSs and TSp were the most advanced
ones exhibiting the lowest free-energy values. Comparing each type of
acid site, the lowest AG values correspond to S-derived TS — 34.3 and
24.2 kcal/mol for TSps and TSs, respectively —. The same trend was
observed for the TSpp and TSp. Similarly, the activation barrier followed
a similar behavior being notably decreased for TS in which S-catalysts
are involved.

Considering both the experimental and theoretical results, we can
conclude that the surface chemistry is determinant for the observed
reactivity, particularly the type and concentration of active sites.
Remembering, while N3Zn-S and N3Zn-S-C catalysts presented the same
distribution of C—SOx species (between 79% and 83%) but in smaller
concentration by releasing of SOy, (Table 3), however, the P-content is
maintained after calcination, the predominant C—POgs groups repre-
senting the 80% of the P-groups on N3Zn-P, which were partially
transformed into C-O-POs3 (up to 43% of the P-species) in N3Zn-P-C
sample. Comparing the catalytic behavior for N3Zn-S and N3ZnS-C
samples, the differences in terms of selectivity to 1 could be due to the
high concentration of C—SOy centers working through the TSg (Figs. 4, 6
and 9). However, when using the N3Zn-P and N3Zn-P-C samples, which
contain similar concentration of P but different distribution of C—POs3
and C—O—POs sites, the selectivity differences could be attributed to a
compromise between the acid strength of active sites and the reaction
conditions (Figs. 5, 7, and 9). In spite that the AG increased from 30
(TSp) to 42 kcal/mol (TSpp), it was found that the activation barrier
follows the inverse order, being 5.4 Kcal/mol smaller than that for TSp.

(a) ®) o0
O\s//:o S\OH
OH
(c) (d o oH

(@] NW;

B on P on
OH

Fig. 8. Reduced models simulating the possible acidic sites tethered at the
carbon surface for (a, b) N3Zn-S, (c, d) N3Zn-P catalysts. Models were denoted
as (a) 0S, (b) S, (c) OP and (d) P as subscript.
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Table 4
Optimized TS for the cyclization step to benzodiazepine 1 in the presence of
selected models.

TS TSos TSs TSop TSp TS*
Modela  Modelb  Model ¢ Model d
O--H:--N=C distance 1.6572 1.6218 1.5816 1.5438 -
) )
C-C distance (A) 2.2017 2.1895 2.1999 2.1705  1.9940
AG (kcal/mol) 34.3 24.2 42.3 30.0 52.1

Note that, in all the cases, it was observed relative strong interactions X=0 (X: S
or P)---HCH=C (shown in Fig. 9), shortened distances for P-derived TS (TSop and
TSp), which facilitate the approximation between reagents and catalytic centers.
Both interactions condition the advancement of the TS which can be indicative
that the acidity of catalytic sites is determinant in the reaction (Fig. 9). Although
in all the computed TS the pyramidization of the electrophilic carbon was
observed, TS in the absence of any catalyst (not shown) was more advanced than
those in the presence of the selected models. The increment of the C-C distances
in optimized TS could be mainly due to the interactions with the catalyst pre-
sumably more hindered (Table 4.)
" Without catalyst

Remarkably, both samples present similar activity, even at 30 °C,
although showing significant differences regarding selectivity to 1,
N3Zn-P-C catalyst being the most selective. This feature reinforces our
initial hypothesis concerning the importance of acidity, playing an
important role at low temperature. Then, while C-PO3 functions in
N3Zn-P could constitute the active sites working thought TSp, at 50 °C,
C-OPOg3 groups in N3Zn-P-C would be responsible of the enhanced
selectivity to 1 at 30 °C, via TSpp. In addition, we also computed the
optimized TS when using Ph-CO5H (TS, not shown), as reduced model
simulating the most acidic functions at the carbon surface among the
others oxygenated surface groups anchored to the catalyst surface,
reaching a AG around 1 Kcal/mol lower than TS in absence of any
catalyst. It is in good agreement with the experimental results which
suggest that the catalytic active sites are mainly S- or P- functions.

On the other hand, it was observed a decreased conversion but
increased selectivity to 1 in the presence of N3Zn-S catalyst when the
reaction proceeds at 30 °C (Fig. 6). In order to explain this, we analyzed
the optimized geometries of BDZ 1 interacting with active sites (Fig. 10).

As an example, the adsorption of BDZ 1 on acid sites is an exothermic
process, however, the adsorption on -SO3H centers (AG = —2,3 kcal/
mol) is more favored than for -OPO3H; sites (AG = —1.2 kcal/mol),
these results in accordance with experimental results in terms of con-
version and selectivity. This adsorption of the product 1 on the C-SOsH
sites would avoid the desorption of the product at low temperature,
which provokes the deactivation of these sites and could justify the
selectivity decrease observed at 30 °C with increasing reaction time.

5. Conclusions

We report herein a series of sustainable carbon-based catalysts
functionalized with S- or P-oxygenated groups able to efficiently cata-
lyze the synthesis of BDZ 1, from OPD 2 and acetone 3, under mild
conditions. Catalysts were easily prepared by following a fast acid-
leaching strategy from ZnO-supported carbon sample (N3Zn) using
HySO4 or H3PO4, and subsequent thermal treatment or not, which
changes the nature of the catalysts surface from basic to acid character.
Interestingly, the HoSO4 treatment selectively modified the catalyst
surface depending on the carbon precursor. While when using N3Zn
sample the selective formation of C-SO3 functions was observed, the
direct HySO4 treatment of AC generated C-O-SO3 groups.

Catalytic performance is mainly governed by the chemical surface of
the catalysts. The treatment of N3Zn with HySO4 produced the modifi-
cation of the external carbon surface mainly functionalized with C-SO3
groups (N3Zn-S sample), these groups are partially gasified, leading to
lower concentration after the corresponding thermal treatment (surface
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Fig. 9. Optimized TS in the presence of (a, b) N3Zn-S (Models a and b), (c, d) N3Zn-P catalysts (Models c and d) for the cyclization of 5 to 1. Relevant distances are

expressed in A.

BDZ 1-PhSO,H
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9

Fig. 10. Optimized geometries comprising the interactions of BDZ 1 with reduced models of active sites. (a) BDZ 1-Model b and (b) BDZ 1-Model c. Relevant

distances are expressed in A.

groups -C sample). Treatment with H3PO4 generated highly stable C-PO3
groups (N3Zn-P sample) which are, however, partially oxidized to C-
OPOj3 functions during calcination (N3Zn-P sample). Interestingly, these
acid carbon catalysts resulted on superior catalytic performance than its
precursor (N3Zn), but also the NS sample obtained by direct treatment
with HySO4 of commercial Norit AC. The main differences on catalytic
performance were observed especially in experiments using either low
charge of catalyst (25 vs 50 mg at 50 °C) or when working at lower
temperature (30 °C vs 50°C). Our results suggest certain specificity of C-
0-POs functions in N3Zn-P-C regarding those C-PO3 groups in N3Zn-P
sample, responsible of the increased selectivity. In the case of N3Zn-S
and N3Zn-S-C samples, both catalysts reached similar selectivity
values due to the unchanged nature of the active sites after the final
thermal treatment. In conclusion, the reaction is governed by the nature
and distribution of acid sites on the catalysts whereas porosity does not
influence the catalytic performance.

In addition, the experimental results are theoretically supported by
DFT calculations concerning the final cyclization step to yield BDZ 1.

10

The optimized TS derived from the most reduced models simulating the
active sites for each catalyst suggests that the selectivity differences
could be attributed to a compromise between the acid strength of active
sites and the reaction conditions.
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