7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Using a newly designed porphyrin photocatalyst
based on triptycene to emulate natural
photosynthesis for regioselective fixation of
NAD(P)" to NAD(P)H and synthesis of value-added
chemicalst
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This work explores a novel porphyrin photocatalyst based on triptycene, designed to replicate natural
photosynthesis and facilitate regioselective fixation of NAD(P)* to NAD(P)H and convert organic mole-
cules into value-added chemicals. By leveraging the unique structural characteristics of triptycene, the
photocatalyst amplifies light absorption and expedites electron transfer processes. The system exhibits a
high selectivity for NAD(P)* reduction under visible light irradiation, enabling the efficient production of
NAD(P)H with low by-product formation. Additionally, the photocatalyst effectively catalyses the conver-
sion of a variety of organic substrates into useful, underexplored motifs in medicine, demonstrating
notable increases in yield and reaction efficiency in comparison with those of conventional techniques.
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This study contributes to the development of green technologies that emulate the effectiveness of natural
photosynthesis, highlighting the potential of manufactured photocatalytic systems to promote sustainable
chemical transformations. These results highlight the potential of porphyrin photocatalysts based on trip-
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Introduction

The goal of mimicking natural photosynthesis is to reproduce
the mechanisms that turn sunlight into chemical energy,
thereby offering long-term solutions for the production of
chemicals and renewable energy. This goal is achieved by the
photocatalytic process. Nicotinamide adenine dinucleotide
(NAD(P)H) regeneration from NAD(P)" is one of its many appli-
cations that is of great interest. As an electron donor in a
number of biological processes, such as the reduction of
organic molecules, NAD(P)H is a crucial cofactor in redox
reactions." The creation of sustainable processes for the syn-
thesis of useful compounds from renewable resources would
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tycene for advancing the field of photochemical catalysis and organic synthesis.

be made possible by the capacity to replenish NAD(P)H effec-
tively in the presence of sunlight.** Conventional techniques
for NAD(P)H regeneration generally depend on enzymatic pro-
cesses, which can be efficiently constrained by variables such
substrate supply, reaction conditions, and enzyme stability.”
As a result, there is increased interest in non-enzymatic
methods of NAD(P)H regeneration, particularly those that
make use of photocatalytic systems that are able to use solar
energy to power redox processes.® One of the primary chal-
lenges hindering the industrial use of enzymatic methods for
new energy production is the high cost of commercial NAD(P)
H, which is priced at approximately US$3000 per mole. This is
because NAD(P)H is converted into NAD(P)" during enzymatic
reactions. To advance industrial applications, there is an
urgent need for simple and efficient methods to regenerate
NAD(P)H from the consumed NAD(P)".”* Using triptycene-
based porphyrin photocatalysts, which efficiently absorb light
and aid in the regioselective reduction processes that convert
NAD(P)" to NAD(P)H, is one intriguing approach.’'> Because
of their well-established optical and electrical characteristics,
porphyrins are a great choice for photocatalytic uses.'?
Numerous photocatalytic reactions have extensively investi-
gated their capacity to engage in electron transfer processes
and absorb light across the visible spectrum.'* However, when
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exposed to sustained light irradiation, typical porphyrins fre-
quently experience constraints with regard to their stability
and reactivity.!> Triptycene integration into porphyrin struc-
tures provides a special remedy for these problems. The result-
ing hybrid photocatalysts are more stable and have better elec-
trical characteristics when they contain triptycene, a polycyclic
aromatic hydrocarbon with a stiff three-dimensional
structure.’®'” This change enhances the plant’s capacity to
absorb light while simultaneously promoting effective charge
separation and transfer, which is essential for triggering
photoredox processes.’® In synthetic chemistry, the regio-
selective photoreduction of NAD(P)" to NAD(P)H via a por-
phyrin photocatalyst based on triptycene offers a tactical
advantage. The selective production of important compounds
in organic transformations can be facilitated by controlling the
regioselectivity of reductions, which can have a considerable
impact on product distribution."® Porphyrin photocatalysts
based on triptycene have recently been synthesized, and their
potential for effective electron transfer has been shown. This
electron transfer can promote the reduction of NAD(P)" and
enhance the transformation of different organic substrates.
According to studies, these photocatalysts can produce NAD(P)
H with excellent selectivity and yield, which can help with later
reactions that turn organic molecules into value added
chemicals''?%?*!

Porphyrin photocatalysts based on triptycene have demon-
strated potential not only in NAD(P)H regeneration but also in
a variety of photochemical processes, such as carbonyl com-
pound reduction and the conversion of basic substrates into
more complex, high-value products. This feature highlights
the potential of these photocatalysts as flexible catalysts for
chemical synthesis and instruments for cofactor renewal.
Porphyrin photocatalysts based on triptycene have the poten-
tial to create a sustainable pathway for the production of valu-
able compounds from renewable feedstocks, thereby aiding in
the establishment of a circular economy, by combining
effective NAD(P)H regeneration and cyclization reaction for the
synthesis of 3,4-dihydropyrimidin-2-(1H)-one (DHP) deriva-
tives. DHPs are a significant class of value-added chemicals
that have garnered a lot of interest because of their biological
and pharmacological properties, which include calcium
channel modulators, and anti-inflammatory, antiviral, anti-
hypersensitive, anti-tumour, antimicrobial, and anti-HIV
medicines.”*?° An aldehyde, keto-ester, and urea undergo a
one pot three component reaction under highly acidic con-
ditions as part of the conventional process for creating DPH
derivatives, which was first designated by Pietro Biginelli
(Italian chemist) in 1893.%° Unfortunately, this original process
had lengthy reaction times, poor product yields, and harsh
reaction conditions. Due to the potential significance of DPH
derivatives, a number of enhanced techniques for their syn-
thesis in the presence of different catalysts have been
discovered.*™*> Although the developments were made, a
number of these techniques had drawbacks, including the use
of costly catalysts and hazardous organic solvents, poor yields,
prolonged reaction times, and laborious workup procedures.
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Scheme 1 Diagrammatic representation of photocatalytic NAD(P)H
regeneration via artificial photosynthesis and addition cyclization
reaction.

DHP derivative synthesis is therefore still one of the most sig-
nificant problems in the field of value added DHP derivative
chemical synthesis. To achieve this, we proposed a metal free,
greener approach with a cost effective method by using solar
light as a source of renewable energy. In this work, we investi-
gated the synthesis and characterisation of porphyrin photoca-
talysts based on triptycene with the goal of converting organic
molecules into value-added chemicals and regioselectivity
reducing NAD(P)" to NAD(P)H in the presence of visible light.
To comprehend the photocatalysts’ performance and mecha-
nisms in the regeneration of NAD(P)H and organic transform-
ations for DHP derivatives, a range of characterization
approaches, such as UV-visible spectroscopy, cyclic voltamme-
try, and photochemical analysis, will be employed in a
thorough evaluation. The results of this study will contribute
to our knowledge of artificial photosynthesis and offer gui-
dance for creating sustainable, effective catalytic systems for
organic synthesis (Scheme 1).

Experimental section
Photocatalytic experiment

A photocatalytic NAD(P)H regeneration experiment was con-
ducted using a reaction medium containing NAD(P)', ascorbic
acid (AsA), sodium phosphate buffer (SPB) and a PBT photo-
catalyst. The reaction mixture was placed in a quartz cuvette
and illuminated with visible light (1 > 420 nm) from a xenon
lamp. The distance between the light source and the reactor
was 5.5 cm. The PBT photocatalyst’s efficiency was evaluated
by examining the absorbance at a 340 nm wavelength using an
ultraviolet-visible spectrophotometer.®*® The same experimen-
tation was performed to check the photocatalytic activity of P
in NAD(P)H regeneration. The photocatalytic activity of por-
phyrin (P) and PBT photocatalysts in NAD(P)H regeneration
was assessed by monitoring the absorbance at 340 nm in the
dark and under light at 30 minutes intervals using a

This journal is © The Royal Society of Chemistry 2025
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UV-Visible spectrophotometer. The characteristic absorption
peak of 340 nm, as described by the Lambert-Beer law, was
used for the quantitative analysis of the NAD(P)H cofactor
(molar extinction coefficient, ¢ = 6.22 mM~' ecm™").*”*® This
measurement allowed for the quantification of NAD(P)H pro-
duction over time, providing insights into the photocatalytic
efficiency of both P and PBT photocatalysts.**>°

Green chemistry approach: Biginelli reaction

Aromatic aldehyde (1.0 mmol, 1), urea (1.5 mmol, 2), methyl
acetoacetate (1.5 mmol, 3), and PBT (5 mg) in EtOH (3 mL)
were stirred at room temperature under aerobic conditions.
The progress of the reaction was recorded by TLC. After a reac-
tion period of 5 minutes, the 3,4-dihydropyrimidin-2-(1H)-one
product was recovered by a normal filtration technique and
characterized by "H-NMR and "*C-NMR spectroscopy. The ESI{
contains comprehensive information®" (Fig. $5-S121). The per-
centage yields were calculated by comparing the theoretical
yield with the experimental yield, based on the mass of the
purified product obtained after isolation (Fig. 1).°>°*

Results and discussion

In this work, we report the synthesis and characterization of
porphyrin photocatalysts based on triptycene, with the aim of
reducing NAD(P)" to NAD(P)H regioselectively in the presence
of visible light and transforming organic molecules into value-
added chemicals. In order to fully understand the mecha-
nisms and performance of the photocatalysts in the regener-
ation of NAD(P)H and organic transformations for DHP, a
variety of characterization techniques including cyclic voltam-
metry, photochemical analysis, and UV-visible DRS spec-
troscopy were used in an extensive evaluation. The findings of
this research enhance our understanding of synthetic photo-
synthesis and provide direction for the development of
efficient and long-lasting catalytic systems for organic
synthesis.

Because of its extended conjugated structure, tetrabromo-
phenylporphyrin (P), a brominated derivative of porphyrin, dis-
plays unique UV-visible absorption characteristics (Fig. 2a).
Porphyrin derivatives are characterized by strong Soret bands
(B-bands) in the range of 400-450 nm and low-energy Q bands

CHO 0~_ OCH,CH;
[}
Ethanol
+ + CHy —— CO,CH,CH;
N NH, PBT HN
0 photocatalyst I
0”7 N7 “eny
R H

1 2 3 4

Fig. 1 Reaction conditions for green synthesis of DHPs with catalysis
by the PBT photocatalyst under solar light.
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Fig. 2 (a) UV-visible DRS spectrum of the PBT photocatalyst with the
inset showing the Tauc plot and(b) Fourier transform infrared spectra of
T (red), P (green), and PBT photocatalysts (blue).

in the region of 500-700 nm in the UV-visible spectrum."® The
electronic distribution of the porphyrin core is altered by the
presence of bromine substituents, and this can cause red
shifts in the absorption maxima.>® Studies have been shown
that porphyrins influence the reactivity in photocatalytic pro-
cesses and improve photochemical stability."> The polycyclic
aromatic hydrocarbon triptycene (T) is notable by its inflexible
three-dimensional structure. Its UV-visible spectrum (Fig. S31)
typically shows very weak UV absorption bands, peaking at
approximately 300-350 nm, corresponding to =w-7* tran-
sitions.”> As a stand-alone photocatalyst, triptycene is less
effective due to its limited absorption in the visible region. But
when it is incorporated into porphyrin systems, its structural
qualities play a major role in improving the overall photo-
physical properties. Porphyrin photocatalysts based on tripty-
cene combine the benefits of porphyrins and triptycene
(Fig. S3t). Due to the combined actions of the porphyrin core
and the triptycene moiety, these hybrid systems usually exhibit
higher absorption with a redshift in the visible region in their
UV-visible spectra.’® The incorporation of triptycene frequently
results in higher light absorption and enhanced photocatalytic
performance, making these materials appropriate for a range
of uses in synthetic photosynthesis and organic transform-
ations. By altering the porphyrin and triptycene structures,
these catalysts’ redox characteristics can be adjusted to enable
certain photochemical processes.””

Molecular vibrations and functional groups of P, T and PBT
photocatalysts are revealed using FTIR spectroscopy. The FTIR
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spectrum of P corresponds to strong C=C stretches between
1500 and 1670 cm ', C=N stretching vibrations at approxi-
mately 1600-1680 cm™", the pyrrolic ring’s out-of-plane C-H

bending vibrations located approximately at 750-900 cm™*,

and C-Br stretching frequency approximately at 625 cm™'.
These are typically observed in the region between 500 and
700 cm™" and are known to exhibit characteristic absorption
bands.”® Other characteristics brought about by the bromina-
tion include changes in vibrational modes as a result of altera-
tions in the C-H stretching frequencies brought about by the
bromine atoms’ ability to remove electrons.”® Three unique
absorption bands are visible in the triptycene FTIR spectrum
(Fig. 2b). These bands correspond to C-H stretching
vibrations, which are roughly 2950 cm™, and C=C stretching
vibrational modes around 1453 cm™' due to the aromatic
benzene ring.®® The distinct spectroscopic signature of tripty-
cene is influenced by the overall vibrational pattern, which is a
result of its rigidity.'® Porphyrin photocatalysts based on tripty-
cene exhibit a combination of absorption characteristics from
the triptycene and porphyrin components in their FTIR
spectra. It is possible to see characteristic bands that corres-
pond to the triptycene moiety and porphyrin core (C=C,
C=N), showing that the two structures were successfully inte-
grated. The electrical interactions between the two com-
ponents are highlighted by the changes in absorption bands
in comparison with those of pure porphyrins and triptycene,
which may improve the hybrid materials’ photocatalytic qual-
ities. To further enhance their stability and reactivity in photo-
catalytic applications, the emergence of additional bands may
also signal the creation of hydrogen bonds around
2950-3300 cm ™% 7%

The molecular structure of the covalent organic framework
(COF) was optimized by using the B3LYP/6-31G(d) method. All
calculations were performed using the Gaussian16 program.
We selected B3LYP due to its demonstrated effectiveness in
yielding accurate results for organic molecules.®* Given the
substantial size of the molecular systems under investigation,
we employed a 6-31G(d) basis set to facilitate efficient
quantum chemical calculations. The molecular structure tends
to become severely distorted when performing general struc-
ture optimization. To prevent this, the carbon atoms of the
methyl groups attached to the phenyl/aryl rings of the porphyr-
ins were fixed. With this method, the optimized structure
maintained the COF framework. The highest occupied mole-
cular orbital (HOMO), HOMO-n (where n = 1-9), the lowest
unoccupied molecular orbital (LUMO), and LUMO+n (where n
= 1-9) were calculated and are presented in Fig. 3. The HOMO
is localized on the central porphyrin ring, and the subsequent
eight molecular orbitals (HOMO-n to LUMO+n) are each loca-
lized on one of the other eight porphyrin rings. The energies
of these orbitals from the HOMO to HOMO-8 are nearly
degenerate. From HOMO-9 onwards, the lower molecular
orbitals of the porphyrin rings are observed. The molecular
orbital energy levels show a drop in energy starting from
HOMO-9. The LUMO is localized on the central porphyrin
ring like the HOMO, but it is also conjugated with the adjacent
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Fig. 3 Energy of molecular orbitals. The lowest transition from the
HOMO to LUMO, with an energy of 2.25 eV, demonstrates the spatial
change in electron concentrations associated with the charge transfer
feature.

phenyl ring. From the LUMO+1 to LUMO+9, the orbitals are
localized on the nine porphyrin rings, with similar shapes and
nearly degenerate energy levels.®>™®”

XRD patterns were obtained for the structural characteriz-
ation of the P, T and PBT photocatalysts (Fig. 4a). The XRD
pattern of P (Fig. S4at) showed two broad peaks with low
intensity 20 at 14.78 and 22.32°, representing the n—r stacking
distance between nearby porphyrin cores perpendicular to the
tetrapyrrole rings.®® The peak 26 at 22.32° corresponds to a
d-spacing of 0.397 nm. The diffraction peak 26 at triptycene
corresponds a rigid 3-D polycyclic aromatic hydrocarbon
which exhibits unique structural properties due to its three-
bladed propeller-like shape. The XRD pattern of T (Fig. S4bt)

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) XRD and (b) Raman spectra of the PBT photocatalyst.

reveals a highly crystalline nature as it shows multiple high
diffraction peaks mainly with 26 at 11.56, 13.7, 17.46, 19.92,
23.04, 25.72, 28.02, 30.12, 33.78, and 37.35°. The diffracto-
grams of PBT show broad bands around 15-25° which indi-
cates n—x stacking interactions between porphyrin planes and
many sharp peaks around 18.38, 23.88, 28.72, 34.72 and
39.22° represent unique reflections for well-ordered tritycene
(T) crystals. The combination of the broad peak character from
P and some sharp peaks from triptycene (T) in the PBT photo-
catalyst clearly indicates the coupling between P and T.%*%°
Raman spectroscopy is a versatile method for investigating
the covalent modifications in the PBT photocatalyst (Fig. 4b).
As per the reported literature, tetrabromophenylporphyrin
exhibits distinct Raman bands that correspond to various
vibrational modes of the porphyrin ring and bromine substitu-
ents. Key peaks are typically observed in the D band
(1350 ecm™), the G band (1600 cm™), and specific bands
linked to C-N stretching (1100 cm™) and C=C stretching
(1500-1600 cm™")."*7° As per the reported literature,”" the
Raman spectra of T show prominent bands associated with its
inflexible polycyclic structure with aromatic C=C stretching
modes between 1400 and 1600 cm™" and C-H bending modes
at 750 cm™'. The coupling between P and T can enable
effective charge transfer, as seen by the material’s strong

This journal is © The Royal Society of Chemistry 2025
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Raman signals at 1360 and 1800 cm™'. Combined Raman
signals were obtained by n-rn stacking between triptycene and
the tertabromophenylporphyrin core. Improved charge separ-
ation and transfer efficiency, which are essential for photo-
catalytic activity, are frequently indicated by enhanced peaks
in the Raman spectra of the PBT photocatalyst.

XPS is an invaluable technique for probing the element
composition and electronic state of materials. In the case of P
(Fig. 5c—e), deconvoluted XPS analysis reveals the presence of
carbon, nitrogen, and bromine elements, with distinct binding
energy values corresponding to the C 1s, N 1s, and Br 3d
peaks.”” The C 1s peak is typically observed around 284.6 €V,
while the N 1s peak appears around 399.6 €V and the Br 3d
peak around 70.8 eV. The XPS spectra also provide insights
into the oxidation-states of the elements, reflecting the elec-
tronic modifications induced by bromination.”® For triptycene,
XPS studies (Fig. 5f) confirm the presence of carbon and
hydrogen, with the C 1s peak observed at similar binding
energy values to those in tetrabromophenylporphyrin (P).
However, the absence of bromine signals confirms the purity
of the triptycene structure.”* XPS can also be employed to
assess the electronic interactions when triptycene is integrated
into porphyrin systems, revealing shifts in binding energies
that indicate changes in electronic states.'® The XPS analysis
of triptycene-based porphyrin (PBT) photocatalysts shown in
Fig. 5a and b provides insights into the electronic environment
and interactions within the hybrid structure. The presence of
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Fig. 5 XPS deconvoluted spectra of the PBT photocatalyst: (a) C 1s, (b)
N 1sand P (c) C 1s, (d) N 1s, (e) Br 3d, and T (f) C 1s.
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both T and P components can be confirmed by the simul-
taneous detection of characteristic peaks with potential shifts
in binding energies at 284.5, 286.6, and 285.5 eV for C=C,
C=N, and C-C (sp?), respectively, indicating charge transfer or
hybridization effects between the two moieties. This infor-
mation is essential for understanding the electronic properties
that govern the photocatalytic activities of these materials.®"”

Gaining an understanding of the electrical and structural
characteristics of PBT photocatalysts is essential for maximiz-
ing their performance in a variety of applications, namely cata-
lysis and artificial photosynthesis. Because of their distinct
photophysical characteristics, tetrabromophenylporphyrin,
triptycene, and porphyrin-based triptycene photocatalysts have
attracted a lot of attention.

EIS is a powerful technique for assessing the charge trans-
port properties of photocatalysts. The Nyquist plots for tetra-
bromophenylporphyrin typically exhibit semicircular arcs,
indicating the resistance and capacitance behaviour of the
material. The charge transfer resistance can be extracted from
the semicircle, providing insights into the kinetics of charge
transfer processes during photocatalytic reactions.”® Studies
have shown that tetrabromophenylporphyrin exhibits relatively
low charge transfer resistance, suggesting its potential effec-
tiveness as a photocatalyst. The EIS data (Fig. 6a) of T reveal
higher charge transfer resistance compared to those of P due
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Fig. 6 Electrochemical analysis: (a) Nyquist plot and (b) Tafel plot of P
(green) and the PBT photocatalyst (blue).
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to its non-conductive nature. However, when T is incorporated
into porphyrin systems, the charge transfer resistance can
decrease significantly, indicating enhanced charge mobility
and separation efficiency within the hybrid material. EIS
studies of PBT photocatalysts typically demonstrate lower
charge transfer resistance and increased conductivity com-
pared to their individual components. This improvement is
attributed to the favourable electronic interactions between
triptycene and the porphyrin moiety, which facilitate efficient
charge transport and separation. The enhanced conductivity is
crucial for photocatalytic applications, allowing for improved
efficiency in redox reactions under light irradiation. The struc-
tural characteristics, electronic states, and charge transport
characteristics of these compounds are clarified by reviewing
research conducted using Raman spectroscopy, XPS, and EIS.

Fig. 6b shows the Tafel plot of P and PBT photocatalysts.
For electrochemical study, the Tafel slope provides information
about the kinetics and processes of electrochemical reactions.
The Tafel slope is calculated using the Tafel plot, which
depicts the relationship between the overpotential and the
current. It shows how sensitive the current is to changes in
potentials. A lower Tafel slope of the PBT photocatalyst implies
that the reaction is more efficient (i.e., smaller increases in
overpotentials result in bigger increases in current), whereas a
higher Tafel slope of P shows that the reaction is slower and
requires more potential to obtain a higher current. The current
potential is directly related to the charge transfer capability of
P and PBT photocatalysts; the lower the slope, the greater the
photocatalytic activity like NAD(P)H regeneration.””””°

The ability to carry current was tested using chronoampero-
metry, which helps explain electron-hole pair separation and
movement, which result in high photocatalytic activity.®° The
high current density of the materials contributes to their
ability to respond to solar light for photocatalytic activity.®"
Fig. 7 shows the current response vs. time graph of P, T and
PBT. On solar light irradiation, the current of the PBT photo-
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-0.0002 +
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0 20 40 60 80 100

Time (sec)

Fig. 7 Chronoamperometry graph of P (green), T (red) and PBT photo-
catalysts (blue).
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catalyst was found to be the highest (1.56 x 10™* mA cm™?), as
compared to those of P and T. Furthermore, the current
response of PBT was reasonably reversible, as the current
increased consistently with each irradiation and recovered
immediately in the dark. The graph shows that PBT has a
better ability to carry current compared to P and T, which indi-
cates its improved conductivity due to the coupling between
porphyrin and triptycene motifs. The enhanced charge trans-
fer mechanism could also contribute to the increased NAD(P)
H regeneration and the synthesis of value-added chemicals by
the photocatalyst.

To provide detailed explanation of the electron transfer
mechanism in the photocatalytic process, we performed cyclic
voltammetry (CV) tests on the P, T, and PBT photocatalysts
(Fig. 8a and b). The reduction peak potential of P, T and PBT
photocatalysts was obtained approximately at —1.08, —1.10,
and —1.06 V vs. Hg/Hg,Cl,, respectively. However, when EM
(with a reduction potential of —0.86 V)**** was added to the
solution containing the PBT photocatalyst, the potential
shifted to around —1.18 V vs. Hg/Hg,Cl,. This shift happens
because electrons are transferred from PBT to EM. According

~
=
~—

Current (pA)

2 -1 0 1 2

E/V vs. Hg/ Hg,Cl,

(b)

Current (LA)

2 4 0 1 2
E/V vs. Hg/ Hg,Cl,

Fig. 8 Cyclic voltammogram of (a) P (green), T (red) and PBT photoca-
talysts (blue) and (b) a mixture of two components PBT and EM with
NAD™* (red) and without NAD* (blue).
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to the literature,® EM speeds up the reduction rate signifi-
cantly in the presence of NAD". The potential increase in the
reduction peak of the PTB photocatalyst at —1.24 V on NAD"
addition implied that the PTB-EM system was capable of cata-
lyzing the photoreduction of NAD". The nonappearance of any
further oxidation peak further showed that the PBT photo-
catalyst followed the electrochemistry of EM.**** From these
observations, it can be concluded that after the photo-exci-
tation of the PBT photocatalyst, the electron is excited from
the valence band/HOMO (E = —5.70 eV vs. vacuum level) to the
conduction band/LUMO (E = —3.42 eV vs. vacuum level). The
calculated energy band gap E, = 2.28 eV, which discloses the
semiconductor nature of the PBT photocatalyst. As shown in
Fig. 3, the calculated E, (HOMO-LUMO gap) value using
B3LYP/6-31G(d) (2.25 eV) perfectly agrees with the experi-
mental value (2.28 eV). However, when comparing the absolute
values of the HOMO and LUMO energies to the experimental
values, significant discrepancies are observed, suggesting that
the agreement in E, is likely coincidental. Therefore, the DFT
calculation presented here provides qualitatively reliable
results rather than quantitatively accurate ones. The proximity
and potential gradient between visible light-responsive PBT
and the electron mediator EM centre facilitate electron transfer
further to NAD". The resulting electrochemically reduced EM
undergoes protonation in the buffer solution (SPB), followed
by catalytic regeneration of enzymatically active 1,4-NADH with
a high yield (73.59%). The same mechanistic explanation
applies for 1,4-NADPH regeneration as described for 1,4-
NADH.

High-resolution scanning electron microscopy (SEM)
investigations, along with EDX elemental mapping, were per-
formed for P, T, and PBT photocatalysts for morphological ana-
lysis. The SEM image of P (Fig. 9a) shows a rod-like, non-
uniform, and irregular bulk morphology, which is attributed
to the n to n* and = to n* charge transitions in the conjugated
backbone of porphyrin rings.®® In contrast, the SEM image of
T (Fig. 9e) exhibits a highly structured, crystalline surface with
well-defined shapes due to its rigid, three-dimensional mole-
cular framework. On the other hand, SEM images of PBT
reveal a porous and smoother morphology compared to its
starting materials, P and T. This change in the morphology of
PBT (Fig. 10a) clearly indicates the coupling (Csp>-Csp®)
between P and T, which is further confirmed by EDX elemental
mapping analysis. The EDX elemental mapping visualizes the
various elements present and their distribution throughout
the constituents. The elemental mapping of the P (Fig. 9b-d),
T (Fig. 9f) and PBT photocatalysts (Fig. 10b and c) shows that
C and N are uniformly distributed and the absence of the Br
element in PBT indicated the successful coupling between P
and T. The EDS spectrum in Fig. 10d further confirms the
elemental composition in the PBT photocatalyst.

The primary objective of this research work was to compare
the photocatalytic activity of the light responsive PBT photo-
catalyst with those of the monomers P and T. As a result,
visible light-driven 1,4-NADH and 1,4-NADPH regeneration
was examined. Over the course of 90 minutes, monomer P gen-
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Fig.9 (a) The SEM image of P and the corresponding elemental
mapping image (b—d) consisting of C, N, and Br and (e) the SEM image
of T with the corresponding elemental mapping image of (f) C.

7 oGm  omol OEenenc

Fig. 10 (a) SEM of PBT with the corresponding elemental mapping of
elements (b) C and (c) N, and (d) EDX of the PBT photocatalyst.

erated 6.27% NADH and 9.44% NADPH. In contrast, when the
PBT photocatalyst was examined for photocatalytic activity, it
caused 73.59% NADH and 76.08% NADPH regeneration
(Fig. 11). In other words, the PBT photocatalyst regenerated
roughly 10 times as much NAD(P)H as the monomer P in the
same duration. In contrast, the monomer T had very low
photocatalytic activity, which can be clearly attributed to its

17212 | Nanoscale, 2025, 17,17205-17216

View Article Online

Nanoscale

80 - 76.08%

70 - 73.55%

%NAD(P)H Cofactors
'S
=
R

Time (min)

Fig. 11 In 3.1 mL of SPB (100 mM, pH 7.0), the photocatalytic activities
of P and PBT photocatalysts for NAD(P)H regeneration cofactors
[B-NAD*/NADP* (1.24 mmol), AsA (1.24 mmol), EM (0.62 mmol) and
photocatalyst (0.5 mg)]. Note: blue/red line and black/green line for
NADH and NADPH regeneration via newly designed porphyrin and PBT
photocatalysts.

limited visible light absorption and poor charge transfer capa-
bilities, as reported in the literature.”® The cycling stability and
reusability of the PBT photocatalyst were analysed by five con-
secutive photocatalytic experiments for NAD(P)H regeneration
(Fig. S14%). Furthermore, the chemical stability of the PBT
photocatalyst was examined by XRD analysis before and after
photocatalytic experiments (Fig. S15t). Scheme 2 shows the
plausible photocatalytic pathway for NADH regeneration
derived with the help of cyclic voltammetry studies.®”**®

Mechanistic explanation of Biginelli reaction for the synthesis
of value-added chemicals

Scheme 3 shows a detailed possible mechanistic pathway
based on a literature survey.**°* By employing the PCET strat-
egy, the PBT photocatalyst utilizes visible light as a renewable
energy source. On irradiation, the PBT photocatalyst under-
goes a rapid transition from the ground state (PBT) into the

-3.42

-3.96

-4.20

-5.25

-5.70

Scheme 2 Potential energy diagram of the photocatalytic pathway.
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Scheme 3 Proposed mechanism for the Biginelli product under visible
light irradiation.

excited state (PBT*), initiating electron transfer to generate a
PBT radical anion and activating aromatic aldehydes to form
radical anion species (1). The nucleophilic addition reaction of
urea (2) and radical anions (1) leads to the formation of a reac-
tive iminium intermediate (a). Meanwhile, the cation-radical
(d) is generated from PBT* using the PCET method. The
cation-radical (d) attacks the iminium intermediate (a) to form
intermediate (c). A rapid cyclization reaction of (c) followed by
dehydration gives the Biginelli product 3,4-dihydropyrimidin-
2-(1H)-one (DHP) derivative (4). Under visible light irradiation,
the bond with the PBT photocatalyst undergoes extremely
rapid oscillation, facilitating efficient photocatalysis. The
synergistic actions of the PBT photocatalyst and visible light
radiation may be the cause of the increased chemical reaction
rates and yield.

Control experiments

With optimum circumstances established, we decided to study
the scope and limitations of the approach. Preliminary control
experiments were conducted in the presence of different
photocatalysts. Table S11 and Table 1 show the control experi-
ments performed in different solvents and with different
photocatalysts, respectively, for the synthesis of DHP. These
substances comprised P, T, and PBT photocatalysts. In Table 1,
the DHP synthesis without any photocatalyst in 30 minutes
resulted in a trace amount of 4a at room temperature (entry 1).

Table 1 Optimization table for the photocatalyst for 4a synthesis.
Reaction conditions: aromatic benzaldehyde (1.0 mmol, 1), urea (1.5 mmol,
2), and methyl acetoacetate (1.0 mmol, 3) are utilized together with several
photocatalysts

S.no. Photocatalyst Light Solvent Time (min) Yield (%)

1 — Blue light EtOH 30 Trace
2 PBT (3mg)  Bluelight EtOH 5 90
3 PBT (5 mg) Blue light EtOH 5 97
4 PBT (7 mg) Blue light EtOH 5 97
5 PBT (5 mg) — EtOH 5 Trace
6 P (5 mg) Blue light EtOH 5 45
7 T (5 mg) Blue light EtOH 5 15

This journal is © The Royal Society of Chemistry 2025
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Similarly, a control test performed without a light source also
led to the detection of 4a in trace amounts (entry 5). Using this
approach, 4a could be synthesized with yields from 20 to 97%.
These outcomes demonstrated that PBT (5 mg) was signifi-
cantly more effective for the synthesis of DHP. Table 1, entry 3,
indicates that utilizing 5 mg PBT resulted in a yield of 97%.
Table S11 demonstrates that product yields were much lower
when using solvents like DMF, DCM, THF, and DMSO. In con-
trast, solvents like H,O, CH3;CN, CH30H, and CH3;CO,CH;
caused fast reaction time and better yield. Notably, in the pres-
ence of ethanol solvent, the product yield was 97% (entry 3)
with no byproducts. The photocatalytic performance of the
PBT photocatalyst was further examined using various substi-
tuted aromatic aldehydes (Table S2t). The results illustrate
that both EWG and EDG on the aromatic aldehydes were syn-
thesized effectively to obtain their corresponding products
with excellent yield (up to 97%) and the observed melting
points of the products were in good accordance with the
literature,**°1,92:93

A plausible mechanistic pathway for 1,4-NAD(P)H
photogeneration

The plausible mechanism for the photogeneration of the
enzyme cofactor 1,4-NAD(P)H through an electron mediator
organometallic rhodium complex (EM-complex) is delineated
in Scheme S1,T which was performed as reported in the litera-
ture. On absorption of solar light by the donor-acceptor PBT
framework photocatalyst, an electronic excitation takes place,
leading to the transport of two photoexcited electrons through
pi-channels of the PBT photocatalyst to an electron mediator
cationic rhodium(m) complex, which subsequently reduced
into a rhodium() complex. The cationic rhodium complex
[Cp*Rh(bpy)Cl]" hydrolyses in the presence of buffer solution
into the water-coordinated oxidized rhodium complex, [Cp*Rh
(bpy)H,0]**(a). This rhodium complex (a) readily reacts with a
hydride source methanoate ion (HCOO™) to form the rhodium
complex (b), which further undergoes decarboxylation to give
the [Cp*Rh(bpy)H]" complex (c). This complex (¢) undergoes
reductive elimination to produce the rhodium complex (d).
The natural enzyme cofactor NAD(P)" directly coordinated with
the reactive complex (d) to form the rhodium complex (e). This
resulted in the coordination of the oxygen from the amide
group of NAD(P)’, followed by selective hydride transfer
forming complex (f). Finally, in situ formation of the regio-
selective cofactor 1,4-NAD(P)H takes place with the loss of the
rhodium complex.

Conclusion

In summary, we report the enrichment of the library of
materials that exhibit strong interactions between porphyrin
(P) and triptycene (T) and possess an architecture with a large
porous surface, which may have useful applications in NAD(P)
H regeneration, and the synthesis of value-added chemicals
like 3,4-dihydropyrimidin-2-(1H)-ones (DHP). The photocata-
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lysts have been characterized by using various spectroscopic
techniques, including UV-visible DRS, FTIR, XPS, Raman,
SEM, EDX and 'H-NMR. Furthermore, photoelectrochemical
studies combined with DFT calculations have made it possible
to analyse the photocatalyst’s properties and understand the
source of its photocatalytic activity. The presence of a bulky
aryl substituent coupled with the triptycene unit reduces the
axial n-r stacking and enhances the inter-layer spacing, result-
ing in extremely effective highly efficient photocatalytic
activity. Thus, the present work successfully demonstrates a
new and promising porphyrin photocatalyst based triptycene
for the ultimate goal of regioselective NAD(P)H regeneration
and one-pot Biginelli reaction for the synthesis of value-added
chemicals.
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