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A B S T R A C T

This work is focused on the synthesis of Pd(II)dipyrrinato complexes and their systematic evaluation as visible- 
light photocatalysts for aerobic oxidative reactions. The Pd(II)dipyrrinato complexes exhibited strong visible- 
light absorption, effective singlet oxygen quantum yields, long-lived triplet excited states, and suitable redox 
potentials for photoinduced electron-transfer processes. Among the Pd(II)dipyrrinato complexes, Pd4 exhibited 
superior photocatalytic performance under visible light irradiation, utilizing either molecular oxygen or atmo
spheric oxygen as the terminal oxidant. These photocatalytic systems efficiently catalyzed Witkop oxidation 
(oxidative cleavage of C2–C3 double bond of indoles with a yield up to 88%) with very low catalysts loading 0.05 
mol%. Computational studies revealed that triplet excited state lifetime of Pd4 is significantly high indicating its 
involvement in reaction process, while energy profile for the Witkop oxidation reaction suggested the dominance 
of the energy transfer pathway over electron transfer process. Good to excellent product yield was achieved for 
photo-oxidative amide synthesis, and oxidative functionalization of tetrahydroisoquinolines with broad substrate 
scope and high functional-group tolerance, under mild conditions and low catalyst loading (0.1 to 0.5 mol%). 
This study establishes Pd(II)dipyrrinato complexes, particularly Pd4, as efficient and versatile photocatalyst for 
sustainable aerobic oxidation chemistry.

1. Introduction

Visible-light photocatalysis has emerged as a powerful and sustain
able strategy for organic transformations under mild reaction conditions 
[1–3]. A photocatalyst creates reactive intermediate species through 
photoinduced electron and energy transfer pathways [4–6]. In case of 
oxidative transformation, use of molecular oxygen as a green, inex
pensive, and atom-economical oxidant has gained significant attention, 
as it avoids the need for stoichiometric oxidants (m-CPBA, 2-iodobenzoic 
acid (IBX), CrO3, or Oxone) [7,8] and minimizes side product formation 
[9–11]. While transition metal photocatalysts based on Ru(II) and Ir(III) 
polypyridyl complexes have been widely explored [12–17]. However, 
the high cost, limited availability, and sustainability concerns associated 
with these noble-metal systems have motivated the search for alterna
tive photocatalysts derived from less expensive or more earth-abundant 
metals. These limitations demand the development of robust and 
tunable photocatalysts with strong visible-light absorption, suitable 
redox potentials, and long-lived excited states.

In this context, palladium dipyrrinato complexes represent an 

attractive platform for photocatalysis, because of palladium’s well- 
established role in homogeneous catalysis [18]. While Dipyrrinato li
gands are highly conjugated, their electronic and photophysical prop
erties can be readily tuned through substitution at the meso position 
[19]. Despite having strong absorption, a long-lived triplet excited state, 
and an excellent singlet oxygen quantum yield, utilization of metal 
dipyrrinato complexes as photocatalysts for various organic trans
formations remains comparatively underdeveloped [20–23]. The strong 
light-absorbing ability of dipyrrin and the redox versatility of palladium 
could serve as efficient photocatalysts for oxidative transformations.

The oxidative photocatalytic transformation of nitrogen containing 
molecules, such as indoles [24,25] tetrahydroisoquinolines [26–28] and 
the formation of amide bonds [29–32] have significant synthetic 
importance due to their presence in pharmaceuticals, natural products, 
and biologically active molecules.

Oxidative cleavage of substituted indoles by Witkop oxidation gen
erates 2-ketoacetanilide derivatives, a key intermediate in the synthesis 
of a wide range of biologically active compounds [33]. Conventional 
Witkop oxidation protocols often require transition-metal catalysts, 
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stoichiometric oxidants, harsh conditions, or toxic reagents, which limit 
their sustainability [7,34,35]. In the case of amide synthesis, traditional 
approaches, including activated carboxylic acid and amine couplings as 
well as the Beckmann rearrangement, Schmidt reaction, and Staudinger 
ligation, often suffer from poor atom economy due to significant waste 
generation [36–39]. More recent aldehyde-based oxidative amidation 
strategies offer attractive alternatives, but they frequently rely on 
expensive catalysts, harsh reaction conditions, or oxidants other than 
molecular oxygen, and exhibit limited tolerance toward secondary 
amines [42–46]. C1-Functionalization of 1,2,3,4-Tetrahydroisoquino
lines derivatives was achieved by various methods, including different 
combinations of catalysts, oxidants, and nucleophiles, but high reaction 
time, harsh conditions, and the use of stoichiometric oxidants limit its 
applicability [40–42].

Visible-light-driven aerobic oxidation offers an appealing alterna
tive; however, photocatalysts capable of driving these oxidative re
actions under mild conditions [43–52]. Herein, we report the synthesis 
of a series of Pd(II)dipyrrinato complexes and their photocatalytic 
ability as visible-light photocatalysts for oxidative transformations. 
Detailed photophysical, electrochemical and Computational in
vestigations (such as triplet state lifetime and calculation of 
HOMO-LUMO energy) were performed to evaluate its photocatalytic 
ability of Pd(II)dipyrrinato complexes. Among the examined Pd(II) 
dipyrrinato complexes, Pd4 emerged as a versatile and sustainable 
method for visible-light photocatalysis, by efficiently carrying out 
multiple photo-oxidative reactions with low catalytic loading (0.05–0.5 
mol%) using molecular oxygen or aerial oxygen as an oxidant. In case of 
photocatalytic Witkop oxidation reaction mechanistic studies were also 

Scheme 1. Synthesis of Pd(II)dipyrrinato complexes.
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performed which revealed the dominance of the energy transfer 
pathway over electron transfer pathway.

2. Results and discussions

In this project, a series of Pd(II)dipyrrinato complexes have been 
synthesized and characterized. Further they have been utilized in 
various organic reactions, employing molecular oxygen/arial oxygen as 
the oxidant. The general synthetic pathway for the preparation of Pd 
(II)–dipyrrinato complexes is outlined in Scheme 1. The dipyrrin ligand 
precursors were synthesized by following a standard two-step procedure 
[21] Initially, an acid-catalyzed condensation between pyrrole and the 
corresponding aldehyde was carried out in the presence of trifluoro
acetic acid (TFA) at room temperature for 30–60 min, affording the 
dipyrromethane I. Subsequent oxidation of dipyrromethane I using 
p-chloranil for 6 h at room temperature produced the corresponding 
dipyrrin II. In the final step, coordination of dipyrrin ligands to palla
dium(II) was achieved by treating II with PdCl₂ in dry dichloromethane 
at room temperature for 12 h. This reaction furnished the homoleptic Pd 
(II)–dipyrrinato complexes when identical dipyrrin ligands were used. 
Alternatively, combining two different dipyrrin ligands under the same 
conditions resulted in the formation of heteroleptic Pd(II)–dipyrrinato 
complexes. Using this method a series of Pd(II)–dipyrrinato complexes 
(Pd1–Pd6) were prepared as shown in Scheme 1 by incorporating 
electron-donating and electron-withdrawing substituents at the meso 
position of the dipyrrin ligands to modulate their structural and elec
tronic properties.

The UV–Vis absorption spectra of the Pd(II)–dipyrrinato complexes 
(Pd1–Pd6) are shown in Fig. 1. All complexes display two characteristic 
absorption bands. The dominant band appears in the visible region be
tween 450 and 520 nm, arising from the π–π* transition of the conju
gated dipyrrinato framework. This transition is responsible for the 
intense color of the complexes and shows molar absorptivity values in 
the range of 2.1–2.8 × 10⁴ M⁻¹⋅cm⁻¹. Among the series, Pd4 exhibits the 

most red-shifted absorption maximum (494 nm), while Pd3 shows the 
slight blue shifted peak at 483 nm, reflecting substituent dependent 
electronic effects on the dipyrrinato ligand π-system.

A high energy second band is observed between 381 and 409 nm, 
which is assigned to the S₀₀ → S₂₂ ligand-centered transition as shown in 
Table 1. This band is less intense than the π–π* transition, with ε values 
between 6.0 × 10³ and 8.8 × 10³ M⁻¹⋅cm⁻¹. The normalized fluorescence 
spectra of Pd1–Pd6 (Fig. S1) exhibit systematic blue- and red-shifts due 
to the electronic effects and conformational control of π-conjugation 
imposed by the meso‑substituents. Blue-shifted emission was observed 
for Pd2, Pd4, and Pd5, whereas Pd1, Pd3, and Pd6 displayed relatively 
red-shifted emission as shown in Table 1.

The singlet oxygen generation studies were performed for the Pd4 
complex in acetonitrile and chloroform. The standard protocol was used 
to carry out this assay and Rose Bengal was used as a reference [53]. The 
plots of the singlet oxygen study in acetonitrile are provided in Fig. 2 for 
Pd4 and for other Pd(II)dipyrrinato complexes in Fig. S2. The calculated 
singlet oxygen quantum yield of Pd4 was 37% in acetonitrile and 50% in 
chloroform. Similarly, other Pd(II)dipyrrinato complexes was tested 
singlet oxygen generation studies they are showing good amount of 
singlet oxygen quantum yields in both acetonitrile and chloroform data 
is summarized in Table S1. Electrochemical studies further reveal 
notable reduction potentials for the Pd(II)dipyrrinato complexes, as 
summarized in Table 2. The cyclic voltammograms (CV) of Pd(II) 
dipyrrinato complexes, exhibited well-defined reduction potential in the 
range of − 0.87 V to − 1.13 V versus SCE as shown in Fig. S3, where Pd4 
exhibited a potential of –0.96 V versus SCE. While Ered* was also 
calculated using the Rehm–Weller equation [54], the calculated 
excited-state reduction potentials are positive and quite large (+1.22 to 
+1.32 V vs SCE), indicating that the excited complexes are strong oxi
dants in the reaction medium.

The photostability of the Pd(II) dipyrrinato catalyst was evaluated by 
monitoring its absorbance under continuous irradiation over time 
shown in Fig. 3. Only a slight and gradual decrease in absorbance was 
observed, indicating minimal photodegradation and confirming that the 
catalyst maintains good stability under the reaction conditions.

2.1. Computational methodology

The starting molecular structures of the six Pd-based catalysts were 
generated using the Gaussian 09 software package [55]. These geome
tries were used as input for the further density functional theory (DFT) 
level analysis, performed with the ORCA 5.0.3 quantum chemistry 
program [56]. For every atom involved, the ground-state geometry 
optimizations were performed using the B3LYP exchange-correlation 
functional with the def2-SVP basis set. The geometry optimization 
runs were performed without symmetry constraints, ensuring that the 
optimized geometries represent the global minima on the potential en
ergy surface. The electronic structures of the optimized ground-state 
geometries were analyzed by visualizing and estimating the energy 
gap between the highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) in the molecule. The 
Avogadro software package [57] aided the visualization of the 
HOMO-LUMO distribution on the catalysts. The Multiwfn package [58] 
was used to calculate the HOMO-LUMO energy gap. Time-dependent 
DFT (TD-DFT) was used to simulate and analyze the excited-state 
behavior of the catalysts. The frequency calculations using the Num
Freq keyword generated Hessian matrices, which are required for 
evaluating non-radiative decay pathways and triplet-state dynamics. 
These Hessian files served as critical inputs for subsequent calculations 
of excited-state lifetimes. Phosphorescence excited-state decay (PHOSP 
ESD) calculations were carried out using ORCA to estimate the triplet 
excited-state lifetimes of the palladium catalysts. These calculations 
accounted for spin–orbit coupling effects and non-radiative decay pro
cesses relevant to phosphorescent transitions.

Finally, we constructed a reaction energy profile for Witkop 

Fig. 1. UV/Vis absorption spectra of Pd(II)dipyrrinato complexes in toluene.

Table 1 
Photophysical studies of Pd(II)dipyrrinato complexes.

Complex Λ1 (Max) ε (M⁻¹⋅cm⁻¹) Λ2 (Max) ε (M⁻¹⋅cm⁻¹) Λem (Max)

Pd1 488 nm 27,100 395 6100 614
Pd2 486 nm 27,300 409 7580 591
Pd3 483 nm 25,440 399 6040 637
Pd4 494 nm 27,660 395 6120 597
Pd5 484 nm 21,500 381 8520 568
Pd6 485 nm 21,900 401 8820 665
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oxidation with Pd4 catalyst. This profile was generated using the 
computed free energies of all relevant intermediates involved in each 
step of the catalytic cycle, enabling an evaluation of the reaction path
way's energetics and feasibility. The HOMO–LUMO energetics (Fig. 4) of 
the Pd catalysts govern their roles in photocatalytic oxidation and 
reduction cycles. Catalysts with higher-lying HOMOs tend to favor 
oxidative quenching pathways by facilitating electron donation to 
excited-state acceptors, as observed for Pd1. However, excessive HOMO 
destabilization may compromise the stability of Pd1. In contrast, cata
lysts with low-lying, metal-centered LUMOs such as Pd3, Pd4, and Pd6 
are better suited for reductive quenching pathways, enabling efficient 
electron uptake and transfer. The balanced frontier orbital alignment 
and metal-centered charge distribution in Pd4 make it particularly 
effective for both oxidation and reduction cycles under photoredox 

conditions.The triplet excited-state lifetimes of the Pd(II)dipyrrinato 
complexes were calculated, and the results are summarized in Table 3. 

Fig. 2. Singlet oxygen generation experiment, absorption spectra of: (a) Rose Bengal and (c) Pd4 complex upon irradiation of light (λ = 300–650 nm); rate of 
decrease of absorbance of DPBF at 400 nm by: (b) Rose Bengal and (d) Pd4 complex in ACN.

Table 2 
Reduction potential of Pd(II)dipyrrinato complexes.

Complex Reduction Potential (V vs SCE) E0,0 Ered*

Pd1 − 0.95 V 2.25 +1.30
Pd2 − 1.08 V 2.30 +1.22
Pd3 − 0.97 V 2.21 +1.24
Pd4 − 0.96 V 2.27 +1.31
Pd5 − 1.13 V 2.36 +1.23
Pd6 − 0.87 V 2.16 +1.29

Fig. 3. Time-dependent UV–vis absorption showing photostability of the Pd(II) 
dipyrrinato catalyst under irradiation.
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Fig. 4. HOMO–LUMO energy level diagram with orbital isosurfaces a) Pd1 –Pd2; b) Pd3-Pd4; c) Pd5-Pd6.
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The Pd2 (10,300 ns) and Pd4 (15,729 ns) complexes exhibit excep
tionally long-lived triplet states compared to the other complexes. 
Although the Pd(II)dipyrrinato series exhibits effective ground and 
excited-state redox potentials to carryout photocatalytic transformation, 
Pd4 stands out due to its more red-shifted absorption, longest triplet 
lifetime (15,729 ns), efficient singlet-oxygen generation, and favorable 
HOMO–LUMO gap. These features collectively make Pd4 the most 
effective at activating substrates and molecular oxygen among the 
series.

2.2. Photocatalytic Witkop oxidation

The long triplet excited state lifetime, efficient singlet-oxygen gen
eration, and strong absorption in visible light with an effective reduction 

potential motivated us to utilize these molecules for various photo
catalytic reactions. Therefore, we initially employed these molecules for 
the photo-oxidative cleavage of indole. During catalyst optimization, 
among all Pd(II)dipyrrinato complexes, Pd4 afforded the desired prod
uct in 87% yield, while in other cases, the reaction yield decreased 
(14%− 58%) as shown in Table 4. Solvent screening demonstrated an 
evident influence of the reaction medium on the Witkop oxidation 
(Table 5). Among the solvent systems evaluated, acetonitrile yielded a 
good result (56%), followed by chloroform (43%) and THF (39%). In 
contrast, protic or strongly coordinating solvents such as MeOH, DMF, 
and DMSO resulted in significantly reduced efficiencies (7–30%). No 
product formation was observed in water alone. While, mixed solvent 
systems of ACN and H₂O enhanced reactivity, with ACN:H₂O (10:3) 
improving the yield to 61%, and further dilution of water (10:1) deliv
ering the optimal yield of 87%. Further variation in the solvent 
composition revealed decline in yield, with ACN:H₂O (10:0.5) (10:1.5), 
(10:2), (10:2.5), and affording 63%, 82%, 79%, and 73%, 61% yields, 
respectively. This trend suggests that a adequate amount of water fa
cilitates reagent solubility without compromising the behavior of the Pd 
(II)dipyrrinato catalyst. Overall, the results identify ACN:H₂O (10:1) as 
the most effective solvent system for enabling efficient photocatalytic 
oxidative cleavage under the optimized conditions (Scheme 2).

With the optimized conditions in hand, the substrate scope of the 
Witkop oxidation was explored (Fig. 5). The parent indole derivative 2a 
furnished the corresponding cleavage product in 87% yield, demon
strating the efficiency of the standard substrate. Halogen-substituted 
indoles were well accommodated, with 5-fluoro (2b), 5-chloro (2c), 
and 5-‑bromo (2d) derivatives delivering high yields of 79%, 81%, and 
85%, respectively. Phenyl substituted indole also participated in the 
transformation, though with a comparatively moderate yield 2e (67%). 
Electron-withdrawing groups such as acetyl (2f, 71%) and fluoro (2g, 
83%) were tolerated, and excellent yields were obtained for 5‑bromo 
(2h, 86%) and 5‑chloro (2i, 84%) derivatives.

The 3-substituted indole 2j provided a moderate yield (74%), indi
cating that substitution at this position is compatible with the reaction 
manifold. Strong electron-donating substituents, exemplified by 
methoxy‑substituted 2k, afforded the corresponding product in 88% 
yield, while CF₃-containing substrate 2l also reacted efficiently (83%). 
More sterically demanding frameworks, such as the polycyclic indole 
derivative gave 2m with 52% yield. N-extended indole substrate such as 
N-benzyl 2,3 dimethyl indole gave 2n with 60% yield while, in case of N- 
methyl substituted indole derivative gave respective product 2o-2s with 
65%− 63% yield. Overall, the scope demonstrates that Pd4 enables 
efficient oxidative C–C bond cleavage across a broad range of elec
tronically and sterically diverse indoles.

The role of reactive oxygen species and key reaction components in 
the photo-oxidative cleavage of indoles was investigated through a se
ries of control and inhibition experiments using specific scavengers 
(Table 6). The complete inhibition of product formation in the presence 
of sodium azide, a well-known quencher of singlet oxygen (¹O₂), in
dicates that ¹O₂ plays a crucial role in the oxidative cleavage process. 
The addition of benzoquinone, a superoxide radical (O₂•⁻) scavenger, 
resulted in a significant decrease in yield (17%), suggesting involvement 
of superoxide species. While there was no significant change in the 
presence of isopropanol, excluding •OH radical involvement in the 

Table 3 
Computationally calculated excited state lifetime of Pd(II) 
dipyrrinato complexes.

Complex Triplet excited state lifetime

Pd1 9.15 ns
Pd2 10,300 ns
Pd3 381 ns
Pd4 15,729 ns
Pd5 190 ns
Pd6 9.91 ns

Table 4 
Catalyst optimization for photocatalytic Witkop oxidationa.

Sl. No. Catalyst % Yieldb

1 Pd1 46
2 Pd2 58
3 Pd3 26
4 Pd4 87
5 Pd5 46
6 Pd6 14
7c - 6
8d Pd4 4

a Reaction conditions: 3-methyl indole (0.25 mmol), ACN 4 mL, H2O 0.4 mL, 
catalyst (0.05 mol%), K3PO4 (0.75 mmol), irradiated with white light (24 W) 
for 8 h under O2 at rt.

b Yield was calculated by 1H NMR using 1,3,5 trimethylbenzene (0.25 mmol) 
as an internal standard.

c Without catalyst;.
d Without light.

Table 5 
Solvent optimization for photocatalytic Witkop oxidationa.

Sl. No. Solvent Yieldb %

1 ACN 56
2 DCM 14
3 MeOH 30
4 CHCl3 43
5 THF 39
6 DMF 15
7 H2O -
8 DMSO 7
9 ACN + H2O (10:3) 61
10 ACN + H2O (10:2.5) 73
11 ACN + H2O (10:2) 79
12 ACN + H2O (10:1.5) 82
13 ACN + H2O (10:1) 87
14 ACN + H2O (10:0.5) 63

a Reaction conditions: 3-methyl indole (0.25 mmol), Solvent 4 mL, catalyst 
(0.05 mol%), K3PO4 (0.75 mmol), irradiated with white light (24 W) for 8 h 
under O2 at rt.

b Yield was calculated by 1H NMR using 1,3,5 trimethylbenzene (0. 25 mmol) 
as an internal standard.

Scheme 2. General scheme of photocatalytic Witkop oxidation of 3- 
methyl indole.
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reaction pathway. Control experiments performed in the absence of 
light, catalyst, or molecular oxygen resulted in no detectable reaction, 
confirming that visible-light irradiation, the Pd(II)dipyrrinato catalyst, 
and oxygen are all essential for the photo-oxidative cleavage of indoles.

According to previous work [43], along with control and inhibition 
experiments, the mechanism of photocatalytic Witkop oxidation is 
illustrated in Fig. S4. Both electron transfer and energy transfer mech
anisms were followed in the reaction. In the case of energy transfer, 
initially, the photocatalyst becomes excited to the singlet excited state. 
Through intersystem crossing, it returns to the triplet excited state, 
which then reacts with the oxygen molecule to produce singlet oxygen. 
The singlet oxygen reacts with the indole molecule, generating inter
mediate III, which, upon further rearrangement, yields our Witkop 
oxidation product. In the case of photo-induced electron transfer, the 
first excited state of the catalyst reacts with indole, generating Inter
mediate I, which then reacts with the superoxide radical to form Inter
mediate II. The superoxide radical was generated by the donation of one 
electron to oxygen by the cationic radical of the photocatalyst. The In
termediate II gave intermediate III, which, upon further rearrangement, 

Fig. 5. Substrate scope of photocatalytic Witkop oxidation.

Table 6 
Control Inhibition experiments in the presence of various scavengers.a.

Sl. No. Scavengersc Inhibited Species Yieldb %

1 NaN3
1O2 Trace

2 Benzoquinone O2 
•- 17

3 Isopropanol •OH 86
4d No Light Light Trace
5e No Catalyst Catalyst Trace
6f N2 O2 Trace

a Reaction conditions: 3-methyl indole (0.25 mmol), ACN 4 mL H2O 0.4 mL, 
catalyst (0.05 mol%), K3PO4 (0.75 mmol).

b Yield was calculated by 1H NMR using 1,3,5 trimethylbenzene (0. 25 mmol) 
as an internal standard.

c Scavengers (0.25 mmol), irradiated with white light (24 W) for 8 h under O2 
at rt.

d No Light.
e No Catalyst.
f N2 in place of O2.
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yields the Witkop oxidation product.
To gain further insight into the reaction mechanism, the energy 

profile for the reaction was calculated using Pd4 as the photocatalyst. 
This energy profile for the reaction was generated using the computed 
free energies of all relevant intermediates involved in each step of the 
catalytic cycle, enabling an evaluation of the reaction pathway's ener
getics and feasibility.

In case of the energy-transfer (EnT) pathway, proceeds through the 
ground-state transformations, as summarized by the reaction profile 
(Fig. 6). The ground-state catalyst (Step 0) is taken as the reference (0.0 
kcal mol⁻¹). Photoexcitation of the catalyst to the singlet excited state 
Step 1 (ΔG = +43.92 kcal mol⁻¹) and the singlet–triplet energy transfer 
leads to the formation of the triplet excited state catalyst step 2 (ΔG =

+42.35 kcal mol⁻¹). This high-energy region at Step 2, represents the 
excited EnT intermediate and constitutes the highest point on the profile 
(ΔG =+42.35 kcal mol⁻¹), identifying it as the rate-determining stage of 
the EnT pathway. After this point, the reaction becomes strongly 
downhill. The Pd catalyst returns to the ground state by generating 
singlet oxygen (1O2) in step 3 (ΔG = − 1.57 kcal mol⁻¹). In step 4 (ΔG =
− 13.44 kcal mol⁻¹) 1O2 interacts with indole 1 and generates interme
diate III.

Subsequent structural reorganization and bond formation to the final 
product further stabilize the system in step 5 resulting in a significant 
overall stabilization of − 95.00 kcal mol⁻¹. In the reaction profile for 
photo-induced electron transfer (PET) pathway (Fig. 7), the ground state 
of Pd4 was taken as reference (step 0). Step 1 corresponds to the 

Fig. 6. Reaction profile and mechanism for EnT pathway.
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formation of the triplet excited state catalyst with an energy of 43.92 
kcal mol-1. After that single-electron transfer from indole 1 to the 
catalyst in Step 2 (ΔG = 122.42 kcal mol-1) to form intermediate I and 
the radical anion of the photocatalyst (PC•⁻) reacts with molecular ox
ygen, generating superoxide species (O₂•⁻) along with the ground-state 
catalyst. In step 3 (ΔG = − 72.53 kcal mol-1), intermediate I reacts 
with O₂•⁻ leading to the formation of a peroxide-type intermediate II. 
The intermediate II then undergoes structural reorganization to yield 
the oxygenated intermediate III in Step 4 (ΔG = − 71.90 kcal mol -¹). 
Finally, further oxidation and rearrangement afford the final product 
Step 5 (ΔG = − 153.46 kcal mol -¹). Compared to the EnT pathway, the 

PET mechanism involves high-energy charged radical intermediates that 
are prone to recombination, making it both thermodynamically and 
kinetically less favorable.

Although EnT is initiated by photoexcitation, it proceeds through a 
smooth and strongly exothermic energy profile without charge separa
tion, leading to a highly stabilized product. In contrast, the PET pathway 
requires higher excitation energy and relies on the formation of unstable 
radical ionic species. Therefore, the EnT pathway can be considered a 
preferred mechanistic route compared to PET for the photocatalytic 
Witkop oxidation reaction.

In addition to photocatalytic Witkop oxidation reaction, photo- 

Fig. 7. Reaction profile and mechanism for PET pathway.
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oxidative amide synthesis was also examined (scheme 3). Notably, the 
Pd(II)–dipyrrinato complexes also proved competent for this trans
formation, under white light irradiation in an oxygen atmosphere. The 
reaction proceeded efficiently even under open air conditions, indi
cating that aerial oxygen is sufficient to sustain the oxidative amide 
synthesis (Table 6a).

To evaluate the catalyst loading, a study was performed (Table 6a), 
and it was found that only 0.1 mol% Pd4 catalyst was needed for the 
photo-oxidative amide synthesis. After catalytic loading studies, catalyst 
optimization for the photo-oxidative amide synthesis was performed 
(Table 7). Among the Pd(II)dipyrrinato complexes, Pd1–Pd3 showed 
only moderate activity, affording yields of 39%, 47%, and 38%, 
respectively. Pd5 and Pd6 were even less efficient, yielding only 29% 
and 30%, respectively. In contrast, Pd4 again emerged as the most 
effective photocatalyst, providing a significantly improved yield of 63%. 

Notably, when the reaction was conducted under open-air conditions 
using atmospheric oxygen instead of an O₂ atmosphere, Pd4 yielded a 
comparable 64%.

Solvent effects on the photo-oxidative amide synthesis were subse
quently examined (Table 8). Among the solvents screened, acetonitrile 
provided the highest yield (68%) and proved to be the most effective 
medium for the transformation. CHCl₃ and DMF also supported good 
reactivity, affording 64% and 62% yields, respectively. Moderate effi
ciencies were observed in THF (50%) and DCM (48%), whereas MeOH 
led to a substantial decrease in product formation (12%), likely due to 
competitive quenching or catalyst deactivation. Overall, these results 
identify ACN as the optimal solvent for achieving efficient photo- 
oxidative C–N coupling under the Pd4 catalytic system.

With the optimized catalytic conditions in hand, the substrate scope 
of the photo-oxidative amide synthesis was evaluated using a variety of 
substituted benzaldehydes and cyclic amines (Fig. 8). Halogen- 
substituted aldehydes under the standard conditions, gave 4a (Cl, 
68%), 4b (I, 58%), and 4c (Br, 61%) in moderate to good yields. 
Electron-donating substituents were also well tolerated, providing 4d 
(Me, 68%) and 4e (OMe, 70%). Strong electron-withdrawing groups, 
such as CN and NO₂, yielded excellent conversion, with products 4f (CN, 
84%) and 4g(NO₂, 90%). Trifluoromethyl-containing substrates also 
gave excellent yields 72% for both 4h and 4i, respectively. Hetero
aromatic and extended aromatic systems were compatible, producing 4j 
(87%), and 4k (75%). Polycyclic derivatives also underwent efficient 
coupling, affording 4l (63%).

Additionally, piperidine, with choro, cyno and nitro substituted 
benzaldehyde as coupling partner, also gave products 4m (60%), 4n 
(65%) and 4o (68%) respectively. While in case of morpholine with cyno 
and nitro substituted benzaldehyde producing 4p (55%) and 4q (53%) 
respectively. Overall, the method exhibits broad functional-group 
tolerance and effective photo-oxidative amide synthesis formation 
under white-light irradiation and ambient oxygen conditions. Photo- 
oxidative functionalization of tetrahydroisoquinoline was also ach
ieved using Pd(II)dipyrrinato photocatalytic system. Initially catalyst 
loading studies identified 0.5 mol% Pd4 as the optimal loading for these 
transformations. After catalyst loading, a systematic catalyst optimiza
tion and control experiment was carried out (Table 9). Among the 
catalyst series, Pd1, Pd3, Pd5, and Pd6 exhibited modest reactivity, 
yielding 7%, 24%, 29%, and 36%, respectively. Pd2 showed improved 
yield of 51%, whereas Pd4 again showed the highest efficiency with a 
72% yield, confirming it as the most effective photocatalyst for this 
transformation. Control experiments confirmed that light, oxygen, and a 
photocatalyst were needed for the reaction. Collectively, these optimi
zations demonstrate that Pd4 (0.5 mol%), molecular oxygen, and pho
toirradiation are essential for the efficient oxidative functionalization of 
tetrahydroisoquinoline (scheme 4).

With the optimized reaction conditions, the substrate scope of the 
photo-oxidative functionalization of tetrahydroisoquinolines was 
examined (Fig. 9). A variety of N-aryl tetrahydroisoquinoline derivatives 
bearing electronically diverse substituents underwent smooth oxidation 
to furnish the corresponding nitro-functionalized products 6a–6g in 
consistently good yields. Unsubstituted N-aryl substrate afforded prod
uct 6a in 72% yield, while substrates bearing electron-donating groups 
such as amino and methyl provided 6b and 6c with 68% and 70% yield, 
respectively. Along with bromo substituents at different positions, 
compounds 6d, 6e, and 6f were obtained with yields of 70%, 71%, and 
69%, respectively.

The reaction was also compatible with malononitrile as an electro
phile in the presence of acetonitrile as solvent, under the same condi
tions. The photo-oxidative functionalization protocol was further 
extended to malononitrile as an electrophile under the optimized Pd4 
catalytic system (Fig. 10). In acetonitrile and under white-light irradi
ation in an O₂ atmosphere, a range of N-aryl tetrahydroisoquinolines 
showed functionalization to afford products 7a–7e in good yields 
(61–75%). Overall, the results demonstrate that the Pd4 catalyzed 

Scheme 3. General scheme of photo-oxidative amide synthesis.

Table 6a 
Catalyst amount optimization for photo-oxidative amide synthesisa.

SL No Catalyst loading Yield %

1 0.5 62
2 0.25 61
3 0.1 63
4 0.05 58
5b - No Reaction

a Reaction conditions: 4-Chlorobenzaldehyde (0.25 mmol), pyrrolidine (0.25 
mmol), DMF 3 mL, Pd4, irradiated with white light (24 W) for 16 h under O2 at 
rt.

b No catalyst.

Table 7 
Catalyst optimization for photo-oxidative amide synthesisa.

Sl No Catalyst Yield %

1 Pd1 39
2 Pd2 47
3 Pd3 38
4 Pd4 63
5 Pd5 29
6 Pd6 30
7b Pd4 64

a Reaction conditions: 4-Chlorobenzaldehyde (0.25 mmol), pyrrolidine 
(0.25 mmol), DMF 3 mL, catalyst (0.1 mol%), irradiated with white light (24 
W) for 16 h under O2 at rt.

b Open air.

Table 8 
Solvent optimization for photo-oxidative amide synthesisa.

SL No Solvent Yield %

1 ACN 68
2 DCM 48
3 MeOH 12
4 CHCl3 64
5 THF 50
6 DMF 62

a Reaction conditions: 4-Chlorobenzaldehyde (0.25 mmol), pyrrolidine 
(0.25 mmol), Solvent 3 mL, catalyst (0.1 mol%), irradiated with white light 
(24 W) for 16 h in open air.
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photo-oxidative protocol accommodates a wide range of functional 
groups, highlighting its robustness and broad synthetic applicability.

The comparative Tables 10–12 indicate that the Pd(II)dipyrrinato 
catalyst is highly competitive with established homogeneous photo
catalysts. In the Witkop oxidation, although Rose Bengal provides 
slightly higher yield (92%), it requires higher loading (3 mol%) and 
longer time (45 h), whereas Pd4 catalyst achieves 87% yield at only 0.05 
mol% within 8 h under white LED irradiation. It also significantly out
performs Ru(bpy)3Cl2, Eosin Y, and Methylene blue. For photo-oxidative 
amidation and tetrahydroisoquinoline functionalization, the Pd4 cata
lyst affords high yields (90% and 75%, respectively) under additive-free, 
white LED conditions, with shorter reaction times and low catalyst 
loading. Although some systems such as Ir(ppy)2(dtbbpy)PF6 deliver 
comparable yields, they often require higher loadings or specialized 
light sources [59–61]. Overall, the operational simplicity, low catalyst 
loading, and broad reactivity profile make this Pd system superior or 
strongly competitive among reported photocatalysts.

3. Conclusion

In summary, a series of Pd(II)dipyrrinato complexes were success
fully synthesized and characterized. The Pd(II)dipyrrinato complexes 
exhibited strong visible-light absorption, high singlet oxygen quantum 
yield, and suitable redox potential. Among all the catalyst, Pd4 exhibi
ted the highest long-lived triplet excited state, followed by Pd2. These 
Pd(II)dipyrrinato complexes have been utilized as a photocatalyst under 
white light irradiation, for various oxidation reactions. Pd4 gave supe
rior photocatalytic performance and efficiently promoted Witkop 
oxidation, photo-oxidative amide synthesis, and oxidative functionali
zation of tetrahydroisoquinolines using molecular oxygen or aerial ox
ygen as an oxidant. In comparison to the reported photocatalysts, Pd4 
delivered comparable yields with significantly lower catalyst loading, 
shorter reaction times, and simple white-LED irradiation conditions 
across multiple oxidative transformations. The established protocol 
operates under mild conditions, displays broad substrate scope and good 
functional-group tolerance in these cases. Overall, this work establishes 
Pd4 as a versatile and effective class of photocatalysts for sustainable 
aerobic oxidation reactions.

Fig. 8. Substrate scope of photo-oxidative amide synthesis.

Table 9 
Reaction optimization for photo-oxidative functionalization of 
tetrahydroisoquinoline.a.

Sl No. Catalyst Yieldb %

1 Pd1 7
2 Pd2 51
3 Pd3 24
4 Pd4 72
5 Pd5 29
6 Pd6 36
7c Pd4 Trace
8d - Trace
9e Pd4 Trace
10f Pd4 13
11 g11g Pd4 27

a Reaction conditions: N-phenyl-tetrahydroisoquinoline (0.25 mmol), Nitro
methane 1 mL, catalyst (0.5 mol%), irradiated with white light (24 W) for 6 h in 
O2.

b Yield was calculated by 1H NMR using 1,3,5 trimethylbenzene (0.25 mmol) 
as an internal standard.

c No Light.
d No catalyst.
e Inert atmosphere.
f Nitromethane (0.5 mol) 2 ml ACN.
g Nitromethane (1 mol) 2 ml ACN.

Scheme 4. General scheme of photo-oxidative functionalization of tetrahy
droisoquinoline synthesis.
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Fig. 9. Substrate scope of photo-oxidative functionalization of tetrahydroisoquinolines by nitromethane.

Fig. 10. Substrate scope of photo-oxidative functionalization of tetrahydroisoquinolines by malonitrile.

Table 10 
Comparative table for Witkop oxidation between different homogenious photocatalyst.

Catalyst Light Mole % Time Additive Yield % TON TOF Ref

Rose Bengal Blue (LED) 3 45 h K3PO4 92 30.66 0.68 [51]
Ru(bpy)3Cl2 Blue (LED) 2 14 h - 20 10 0.71 [11]
eosinY White (LED) 5 24 h - 17 3.4 0.14 [50]
Methylene blue White (LED) 5 24 h - 15 3 0.125 [50]
Crude chlorophyll White (LED) 0.003 24 h SDS 79 26,333.33 1097.22 [50]
meso-tetrakis-p-cyanophenyl Porphyrin Blue (LED) 0.1 5 h K3PO4 78 780 156 [52]
Re(I) Complex Blue (LED) 0.25 4 h K3PO4 79 316 79 [37]
Pd4 catalyst White (LED) 0.05 8 h K3PO4 87 1740 217.5 This work
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