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Abstract 

The title complex [PdCl(L)] (1), is obtained from the reaction of SCS pincer ligand HL 

(where, HL = N,N'-di-tert-butylbenzene-1,3-dicarbothioamide) with lithium 

tetrachloropalladate (II) in methanol. The compound 1 is characterized by elemental analysis, 

FTIR, 1H, and 13C-NMR spectroscopy, UV-Vis spectroscopy, powder X-ray diffraction and 

X-ray crystallographic techniques. At room temperature, 1 emits luminescence light of 

wavelength 460 nm in the solid state upon excitation by UV light of wavelength 280 nm. The 

average emission lifetime indicates that, both the ligand and complex emission is 

fluorescence in nature and involves mainly ligand centers π-π* deexcitation. It also shows 

good catalytic activity towards Mizoroki-Heck and Suzuki-Miyaura cross-coupling reactions 

of aryl bromides with tert-butyl acrylate and p-tolylboronic acid respectively. For both type 

of reactions, more than 99% conversion of the substrates is found to occur for electronically 

activated p-nitro bromobenzene using 1 mol % of 1. Further, modern DFT calculations are 

performed to decipher the mechanistic insight on the preferable pathways of the Mizoroki-

Heck cross-coupling reaction. Stepwise free energy of reactions for various probable reaction 

pathways suggest that the catalytic route has profound preference for Pd(0)-Pd(II) over 

Pd(II)-Pd(IV) pathway. 
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1. Introduction 

Palladium pincer complexes are well known for their excellent catalytic activity and some of 

them exhibit good photoluminescence in the glassy frozen state condition and even at room 

temperature [1-3]. The structural and bonding properties of these complexes vary 

significantly with slight modification of the functional group and skeleton of the bonded 

ligand. In some thiocarboxamide based complexes, one of the α-carbon atoms to the amide 

takes part in the bonding with the metal atoms rather than the ortho-carbon of the aromatic 

ring [4,5]. It has also been observed that, the reaction conditions (temperature, solvent etc.) 

render a significant influence on the type of complex formed and metal-ligand stoichiometry 

[4,6]. Extensive studies have been carried out on several pincer ligands with various 

combinations of C, N, S and P donors and related palladium/platinum complexes have been 

investigated for their photophysical and catalytic properties [7-12]. Amongst the well-known 

pincer complexes, the thioamide based ligands with SCS type are relatively less explored 

compared to the others [13,14]. Therefore, in order to examine the binding properties and 

associated photophysical and catalytic properties of these complexes, one of the methyl 

groups of each side of N,N,N',N'-tertamethylbenzene 1,3-dicarbothioamide are replaced by 

bulky tert-butyl group and another by hydrogen atom and employed for the complexation 

with Pd(II). It is worth mentioning that, thiocarbamide group bearing NH moiety can promote 

amino-thione and imino-thiol tautomerism and modulate the electron density on the central 

metal atom as is shown in scheme 1. The ligand can act as mono and dianionic ligand 

depending on the nature of solvent, central backbone and base added into the medium [15]. 

Moreover, the protonation-deprotonation of the secondary thioamide group and the hydrogen 

bonding between NH and any H-bond acceptor have a profound effect on the structure, 

properties as well as reactivities of the related complexes [16-18].  
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Scheme 1. Different canonical structures of free and bound ligand 

 

At low temperature, these types of complexes generally show intense emissions in the solid 

state [19, 20] but room-temperature luminescence particularly that of mononuclear Pd(II) 

complexes are scarcely found [2]. Sometimes these complexes show superior 

photoluminescence properties in solid state either in form of crystal or powder than in 

solution due to aggregation-induced emission. Further, it is found that, the emission intensity 

can be increased many folds by incorporating these in suitable polymer matrix. It is due to the 

increase in structural rigidity through chemical attachment of the co-ligand with the polymer 

by hydrogen bonding. This is expected for secondary thioamide based complexes rather than 

tertiary thioamide based complexes [21]. Therefore, it is essential to investigate the 

relationship between their structure and photophysical properties so that their utilization as 

optical devices could be fulfilled. Apart from that, the pincer types of complexes have shown 

great promise as catalyst for the Suzuki-Miyaura and Mizoroki-Heck cross-coupling reactions 

[18,22,23]. These reactions enable us to have direct carbon-carbon bond formation in the 

aromatic system under mild conditions. In this way, the complexes can be utilized in 

applications towards the synthesis of pure materials via environmental friendly route [24-26]. 

Although many thioamide based ligands and their pincer complexes with palladium 

and platinum have been previously reported along with their photophysical and catalytic 

properties, but systematic and combined study on the synthesis, luminescence properties with 

TD-DFT analysis for evaluation of electronic transition, and catalytic performance with DFT 

analysis to determine the actual reaction pathway are a handful in literature. Herein, we have 

performed these studies together with additional investigation on the probable generation 

route of elemental Pd from the pre-catalyst 1 in the reaction medium. This indicates that, de-

cordination of one of the thioamide group is essential before the actual reduction of Pd(II) to 

elemental Pd.   
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2. Results and discussion 

2.1. Synthesis and spectroscopic analysis 

The carboxamide, N,N’-ditertiarybutyl 1,3-benzenedicarboxamide is reacted with 

Lawesson’s reagent in similar manner [27], which produced HL (Scheme 2 top) with yield 

more than 85%. The GC-MS spectrum of HL shows the presence of molecular ion peak at 

308 (m/z) (Fig. S1). The reaction of HL with Li2PdCl4 in presence of sodium acetate in 

methanol yielded the pincer complex [PdCl(L)] (1) (Scheme 2 bottom), similar to the 

previous reports [20]. In contrast to HL, N,N’-ditertiarybutyl 1,3-benzenedicarboxamide 

failed to yield the corresponding pincer complex even after refluxing for 10 h. It suggests 

that, the coordination of soft S-atoms of thioamide groups facilitates ortho,ortho-

cyclometallation with soft Pd(II) to form 1. The IR spectrum shows that the stretching 

frequency of C(S)‒N bond in 1 is 16 cm-1 more than in HL (Fig. S2-S3). The similar 

increment of C–N stretching frequency due to cyclopalladation was also observed in the 

previously reported studies [6]. It clearly indicates that the thioamide group is coordinated 

directly to the Pd(II) center through S atoms and resulted in strengthening the C–N bond of 

the ligand through the formation of partial double bond between carbamoyl C and N-atoms. 

The different canonical structures of the ligand HL in free and bound conditions with the 

metal ion are presented in the Scheme 1. It can be clearly seen that structures II and IV show 

partial double bond character for C(S)-N bond and it is responsible for the increase in 

stretching frequency of the C-N bond as observed in the IR spectrum of the complex [13,15]. 

The 1H and 13C- NMR data of HL and 1 are as expected from their molecular structure. All 

protons of both N-tBu groups of the ligand in combination show a single singlet peak in 

original as well as in the complex (Fig. S4-S5). Relative peak integration of aromatic protons 

in 1H NMR spectra of ligand and complex indicates that the number of phenyl ring protons in 

the complex is one less than the free ligand due to deprotonation at C-2 position as a result of 

formation of symmetric complex 1 (Fig. S5). The signals of NH protons of the ligand are 

strongly deshielded upon complexation (Δδ = 2.03 ppm). The 13C NMR spectra of HL and 1 

show significant downshift (Δδ = 44.5 ppm) of the C-2 atom of phenyl ring (Fig. S6-S7) due 

to cyclopalladation. Therefore, 1H and 13C NMR spectra of the complex clearly infer that the 

two thiocarbamoyl groups are equivalent which indicates that the complex formed is 

symmetrical in nature and is in well agreement with single crystal X-ray diffraction data. 
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Scheme 2. Synthesis of ligand HL (top) and complex 1 (bottom) 

 

2.2. Crystal structure of [PdCl(L)] (1) 

Complex 1 has been crystallized from acetonitrile medium and is found to have space group 

P 21 21 21 and orthorhombic crystal system. The ORTEP diagram of complex 1 with the atom 

numbering scheme is shown in Fig. 1a and the three dimensional molecular packing is shown 

in Fig. 1b. Some important bond lengths and angles are given in Table 1 along with DFT 

calculated parameters, which show good similitude between them. X-ray crystallographic 

data reveal that the molecule of [PdCl(L)] constitutes central Pd atom which is coordinated 

by two sulfur atoms S1, S2 and one carbon atom C1 of the chelating ligand, whereas the 

fourth coordination site is satisfied by the terminal Cl atom to form a distorted square plane 

“S1C1S2Cl”. The coplanar structure renders effective conjugation between the thioamide 

moieties and the phenyl ring as shown at structure III and V (symmetric) of scheme 1. The 

observed Pd‒S (2.293(3) Å) and Pd–C (1.932(12) Å) distances agree well with the 

theoretically calculated distances of 2.286 Å and 1.957 Å respectively as well as previously 

reported values [18,20]. The significantly shorter Pd–C1 bond (1.932(12) Å) [28] than the 

Pd–C(aryl) bonds (1.98-1.99 Å) of cyclopalladated thiocarboxamide complexes with similar 

S-C-S donor sets and fused chelate ring system [29] and appreciably long terminal Pd–Cl 

bond length of 2.445 (3) Å (2.354 Å from DFT analysis) reflecting strong trans-influence 

[30] which is also consistent with the previous data [12]. The origin of the short Pd–C1 bond 

may be due to the effective conjugation along the chelate ring and partial double bond 

character in C1-C6-C13-S2 and C1-C2-C7-S1 which provides a rigid conformation to fit the 

Pd atom. The terminal chlorine atom is slightly out of the mean coordination plane of the Pd. 

The deviation of the chlorine atom from the Pd1C1S1S2 plane is 0.338 Å in the crystal 

structure and 0.007 Å as per DFT calculation. In the crystal lattice, neither intercomponent π-

stacking interaction of the centered phenyl ring nor intermolecular d8-d8 interaction is 
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observed with a Pd-Pd distances of 6.573 Å. The C–Pd–Cl is found to be 172.0˚(4)) as per the 

crystal structure and 179.8˚ according to DFT calculation. The deviation from the linearity in 

the crystal structure is may be due to the artefact from crystal packing forces. 

 

Table 1. Important bond distances and bond angles (Å, ) for (1) from X-ray crystallography 

and DFT 

 
Parameter                    X-ray data  DFT  Parameter                      X-ray data   DFT  

Pd1-S1                   2.295(3) 

Pd1-S2                   2.292(3) 

 

S1-Pd1-Cl              93.91(13) 

S2-Pd1-S1             169.76(16) 

S2-Pd1-Cl              95.90(13) 

C1-Pd1-S1             85.6(4) 

C1-Pd1-S2             85.1(4) 

2.285 

2.286 

 

94.55 

170.7 

94.75 

85.36 

85.34 

Pd1-Cl                    2.445(3)  

Pd1-C1                   1.932(12)  

 

C1-Pd1-Cl              172.0(4)  

C7-S1-Pd1              101.2(5)  

C13-S2-Pd1            99.4(5)  

C6-C1-Pd1             122.5(9)  

C2-C1-Pd1             120.2(9) 

2.354 

1.957 

 

179.8 

100.4 

100.4 

120.8 

120.8 

 

Similar to the previously reported secondary thioamide based pincer complexes, the 

supramolecular three dimensional crystal structure of 1 consists of intermolecular hydrogen 

bonding interactions between the hydrogen atoms of carbamoyl, the phenyl ring and t-butyl 

groups and the terminal chlorine atom indicated as Hcarbamoyl
…Cl, Hphenyl

…Cl and Ht-butyl
…Cl 

(Table S2, Fig. 1b) [16,21]. These hydrogen-bonding interactions have shown great influence 

on the overall structural and photophysical properties of this type of compounds [31-32]. 

 
 

(a) (b) 
Fig. 1. ORTEP diagram of [PdCl(L)] (1) showing the atoms with numbering scheme (displacement 

ellipsoids are drawn at the 50% probability level) (a) and the three-dimensional structure of 1, 

showing all intermolecular hydrogen-bonding interactions constructed by classical N‒H···Cl and 

C‒H···Cl interactions (b). 

 

2.3. Powder XRD analysis 
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Powder X-ray diffraction analysis (PXRD) was carried out to confirm the phase purity of the 

bulk sample of 1 at room temperature (Fig. S8). The experimental diffraction pattern of the 

bulk sample of 1 is consistent with the corresponding simulated pattern and Bragg position 

obtained from single crystal X-ray diffraction, indicating that the product formed is pure as 

present in the single homogeneous phase. 

2.4. Photophysical properties 

Electronic absorption spectra (Fig. 2) of HL in CH2Cl2, CH3OH, CH3CN and DMSO are 

recorded at room temperature, which showed an intense peak around 282 nm (Table S3 for 

details) and can be assigned to the π-π* transition located on the aromatic ring (see DFT 

calculation). The weak absorption peak at around 391 nm corresponds to the n-π* transition 

originated from the lone pair of electrons of thioamide S-atoms [1,19]. The absorption spectra 

of complex 1 in CH3CN and DMSO showed similar π-π* and n-π* transitions around 325 nm 

and 373 nm respectively. The π-π* transition is red shifted with respect to the free ligand 

indicating lowering in energy of the π* orbital of the aromatic ring because of effective 

conjugation in the pincer ligand by the cyclopalladation. Apart from these two ligand 

centered transitions, around 431 nm one additional peak is observed which can be attributed 

to the spin allowed 4d(Pd)→π*(L) (metal-to-ligand charge transfer, MLCT) transition 

[1,20,33,34] as determined from the DFT based calculation. 

 

Fig. 2. UV-Visible absorption spectra of HL and complex in different solvent  

The UV-Vis absorption spectrum of the ligand in the solid state at 298 K (Fig. S9) displays a 

broad absorption band consist of ligand centered transitions. The absorption spectrum of the 

complex is extended up to 850 nm and exhibits a slight bathochromic shift may be due to the 

bonding and effective conjugation because of cyclometallation of the ligand. This broadness 
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may be due to the overlapping of ligand centered transitions and spin allowed 4d(Pd)→π*(L) 

(MLCT) transition within the complex. 

By irradiating UV light at 280 nm (λex), the solid state luminescence spectra are recorded for 

both ligand and complex at ambient temperature. Ligand showed the main emission peak at 

around 470 nm with a small peak at 355 nm (Fig. 3). The blue emission at 470 nm can be 

assigned as ligand centered π-π* fluorescence transition with an average decay time of 7.1 

nsec (fitted by a triexponential decay, Figure S10). The quantum efficiency for this emission 

was found to be 0.04. On the contrary, neither the ligand nor the complex displayed any 

emission in the solution of organic solvents like (CH2Cl2, CH3CN, DMSO) at room 

temperature similar to the related thioamide and thiophosphoryl based Pd-pincer complexes 

[1,35]. Exhibition of luminescence at room-temperature by the mononuclear Pd(II) 

complexes is not very common. Either by blending these type of complexes with suitable 

organic polymeric matrix or crystallizing in presence of embedded solvent molecules within 

the crystal structure, the emission can be increased many times [21,32]. Therefore, we have 

synthesized the complex in pure state which can able to form a three dimensional network 

through the formation of non-covalent interaction and restrict the molecular distortion. 

Although 1 doesn’t contain any solvent molecule within its crystal structure, it is fairly 

luminescent at ambient temperature in the solid state (Fig. 3). The emission with maxima at 

460 nm is (λex = 280 nm) observed with average lifetime of 5.7 nsec (fitted by a 

triexponential decay, Figure S10), which is in the same range of the decay lifetime of the 

ligand and can be considered as the ligand centered π-π* transition in the complex. The 

fluorescence decay of 1 also follows a triexponential pattern like HL, which may be due to 

the presence of different canonical structure of the ligand (vide supra). Although most of the 

pincer palladium complexes show delayed phosphorescence (in the range of msec to μsec of 

lifetime) due to significant spin-orbit coupling in these complexes, emission lifetimes in nS 

range are also reported previously [36,37]. Moreover, although good quantum yield is 

observed of the similar complexes at low temperature either in the glassy frozen state or in 

microcrystalline state [20,32], the present study reports comparable quantum yield values at 

room temperature and in powder form. The quantum yield of 1 is found to be 0.05, slightly 

more than (0.04) the free ligand. The shifting of this π-π* transition of 1 with respect to the 

free ligand HL may be as a result of coordination of the ligand with the metal ion. This type 

of shifting of π-π* transition due to metal complexation for a thiophosphoryl-thiocarbamoyl 

type pincer ligand was also reported by Aleksanyan et al. [2]. Moreover, one additional peak 



9 

 

is observed at 689 nm in case of the complex which is not present for the bare ligand and may 

be assigned as MLCT transition as reported in earlier studies [20,35]. Therefore, from the 

luminescence spectra and decay lifetimes of the ligand and the complex it can be inferred that 

the emission behavior of the complex is mainly originated from the ligand based fluorescence 

transition with some additional MLCT transition character. The measurable emission from 

complex 1 indicates that the non-radiative decay pathway such as thermal induced 

deexcitaion is minimum which is not very common for mononuclear Pd-pincer complexes 

[38]. 

The luminescence spectra (Fig. S11) of 1 in poly(vinylpyrrolidone) (PVP) matrix at different 

composition indicate that with decreasing the weight percentage of complex in the matrix the 

luminescence intensity increases. This clearly signifies that in presence of polymer molecules 

with H-bond acceptor (carbonyl in the present case), the secondary amide of 1 is chemically 

bonded to the polymer. This also ruled out the possibility of excimer induced luminescence at 

higher concentration, when recorded in pure form. This restricts the molecular motion of 

complex and helps to decrease the non-radiative decay. Similar result is obtained by Ogawa 

et al. for their palladium based pincer complex blended with polymer matrices and maximum 

luminescence intensity was observed for 10 wt % complex-PVP hybrid film [21].     

320 400 480 560 640 720

320 400 480 560 640 720
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Fig. 3. The luminescence spectra of the ligand (top) and the complex 1 (bottom) in solid state 

at room temperature (excitation wavelength: 280 nm) 
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2.4.1 TD-DFT analysis for photophysical studies 

To understand the electronic transition of the ligand and the complex in solid state as well as 

in solution, we have theoretically determined the nature of transition, their oscillation strength 

and their percentage contribution for the transition. Table 2 shows the details of the 

calculated results for HL and 1 in acetonitrile medium. A good agreement between the 

experimental and calculated spectra of the ligand as well as the complex was observed except 

some additional peaks occurred in the theoretical spectra which may be quenched in solution. 

Fig. 4 shows some selected frontier molecular orbitals which are related to the transition with 

high oscillation strength (f ˃ 0.01) and low energy electronic transition in case of ligand as 

well as of complex (isosurface value = 0.05). It can be seen that HOMO-4, LUMO and 

LUMO+1 of the ligand are localized on aromatic phenyl unit and two attached thioamide 

groups with π character. The HOMO-2 of the ligand is located on the sulfur atom of the 

thioamide groups as lone pair of electrons. According to the theoretical calculations, a π-π* 

transition (HOMO-4 to LUMO+1) at 272 nm and a n-π* transition (HOMO-2 to LUMO) at 

373 nm were observed. The strong and weak peaks at 282 and 391 nm respectively in the 

experimentally observed spectrum are in close agreement with the theoretically predicated 

transitions. The HOMO-5 and LUMO+1 of the complex 1 are localized on aromatic unit and 

two attached thioamide groups with π character. The HOMO-4 of 1 is localized on the sulfur 

atom of the thioamide groups as lone pair of electrons. Based on calculations, a π-π* 

transition (HOMO-5 to LUMO+1) at 298 nm and a n-π* transition (HOMO-4 to LUMO+1) 

at 340 nm were observed. The overlapping transition between 325 nm and 373 nm in the 

experimentally observed spectrum is in close agreement with the theoretically predicated 

transitions. The both HOMO-1 and HOMO of 1 are mainly composed of d-orbitals (dx2-y2: 

33.39 %, dxy: 11.20 %, dxz: 1.51 % for HOMO-1 and dxy: 27.33 %, dyz: 10.03 %, dx2-y2: 1.19 

% for HOMO) of the palladium metal center which indicates the involvement of the metal 

orbitals in the excitations higher than 400 nm wavelength. Therefore, the transitions at 404 

and 443 nm can be assigned as symmetry allowed MLCT transitions [13]. The broad 

shoulder peak at around 431 nm in the experimental spectrum of the complex relates to the 

two close lying transitions observed in the theoretical spectrum. 
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HOMO-4 LUMO+1 HOMO-2 LUMO 

Lig HL 

     
HOMO-5 HOMO-4 HOMO-1 HOMO LUMO+1 

Complex 1 

Fig. 4. Frontier molecular orbitals related to the transitions with high oscillation strength (f ˃ 

0.01) (Color code: Brown: Pd, Yellow: S, Light green: Cl, Grey: C, White: H). Molecular 

orbitals are obtained at PBE/TZ2P computational level. 

 

Table 2. Details of important UV-Vis transitions of HL and 1 in CH3CN calculated from 

DFT 

Compound Calculated 

transition/nm 

Composition Oscillation 

strength (f) 

Assignment 

HL 272 H-4 to L+1 (40.6%) 0.5208 π-π* 

H-5 to L (12.9%) 

373 H-2 to L (43.4%) 0.0145 n-π* 

H-3 to L (23.4%) 

H-2 to L+1 (17.9%) 

H-3 to L+1 (14.4%) 

1 298 H-5 to L+1 (45.7%) 0.4425 π-π* 

 340 H-4 to L+1 (80.6%) 0.1965 n-π* 

 404 H-1 to L+1 (85.2%) 0.1271 MLCT 

 443 H to L+1 (72.9%) 0.1787 MLCT 
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2.5. Catalytic activity towards Mizoroki-Heck and Suzuki-Miyaura cross coupling reactions 

The catalytic property towards the Mizoroki-Heck reaction has been utilized here for the 

synthesis of arylated olefins. Several organometallic complexes of palladium bearing 

hemilabile ligands have been developed as the efficient catalysts towards direct C−C bond 

construction through different types of cross coupling reaction [39-42]. This is due to the fact 

that hemilabile ligands facilitate the bonding of the incoming ligand or substrate with the Pd 

metal center and sometimes support to generate actual catalyst from molecular pre-catalyst 

[43,44]. Since the structure and reactivity relationship of Pd complexes with thioamide based 

ligands towards Mizoroki-Heck coupling has been relatively less studied [45], catalytic 

performances of complex 1 in Mizoroki-Heck reactions of differently substituted 

bromobenzenes with t-butyl acrylate have been investigated in the present study (Table 3). 

Also, catalytic efficacy of 1 towards Suzuki-Miyaura coupling reaction with the same set of 

bromobenzenes and p-tolylboronic acid was studied, and the results are summarized in Table 

4. N,N-dimethylformamide (DMF) was used as solvent here for both the reactions, which is 

very commonly used solvent for these types of reactions. Potassium carbonate (K2CO3) is 

chosen as base for these catalytic reactions as it is known to be the most commonly used base 

[46]. The entries from 1 to 6 show that loading of 0.1 mol % of catalyst can produce good 

yield (> 90%) of the coupled products in 2 h at 120°C for both the aryl bromides. However, 

catalyst loadings of less than 0.1 mol % result (entries 3 and 6) much lower yields (~ 53%) 

even at higher reaction temperature (150°C) and longer reaction time (5 h). Although good 

catalytic transformation is observed by using complex 1 as catalyst, better reaction yield was 

found by Lin et al. for bromobenzene using a set of palladium N-heterocyclic carbene 

complexes [44]. A similar secondary thioamide based palladium pincer complex showed 

much faster kinetics (only 15 min) when 4-Iodotoluene was reacted with styrene in 

dimethylacetamide [18]. The yields of coupling product in case of activated aryl halide 

(electron withdrawing group) i.e. 4-nitro-bromobenzene are always higher than that of the 

unsubstituted bromobenzene owing to the more favorable oxidative addition (believed to be 

as an initial step) towards the catalyst by the former substrate. This probably allows to leave 

the bromide group from the starting material very easily and get attached with the metal atom 

of the catalyst more efficiently. All the experiments for Suzuki-Miyaura coupling reactions 

are carried out under the same conditions as that of Mizoroki-Heck reaction i.e., heating in 

DMF at 120°C using potassium carbonate as a base. Table 4 shows the reaction conditions 

along with the respective yields of the coupled products. With catalytic loading of 1 mol % 
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(Entries 1 and 4) and 0.1% (Entries 2 and 5), the corresponding yields of the coupled 

products are found to be very good (> 96%) with a slight decrease in case of the latter one (> 

94%). Catalytic loading of 0.01 mol% produces moderate yield (~ 61%) of the coupling 

products even at high temperature (150°C) and longer reaction time (5 h). This shows the 

reaction yield of the cross-coupled products is comparable with other previously reported 

thioamide and thiophosphoryl mixed palladium pincer complexes [1,2,47,48], although 

K3PO4 rather than K2CO3 as base was used and Bu4NBr additive was added for these 

reactions. For the aryl bromide substrates, the normal dependency on the electronic properties 

of the substituent R (R = H, NO2) was observed. Here also electronically activated 4-nitro-

bromobenzene couples more readily than the bromobenzene with the boronic acid. 

 

Table 3. Mizoroki−Heck reaction of aryl bromide and t-butyl acrylate 

Br

R O

O

Pd Catalyst

K2CO3, DMF

R

O

O

 
Entry aryl halide amount (mol %) Time (h) Yield (%) Product 

 

1 Br

 

1 2 95.7  

 

O

O

 

 

2 
Br

 

0.1 2 93.1 

 

3 Br

 

0.01 5 53.3 

 

4 NO2
Br

 

1 2 99.8  

O

O

O2N  

 

5 
NO2

Br

 

0.1 2 98.1 

 

6 
NO2

Br

 

0.01 5 69.5 

 

Table 4. Suzuki-Miyaura reaction of aryl bromide and p-tolylboronic acid 
Br

R

Pd Catalyst

K2CO3, DMF
B(OH)2

R

 
Entry aryl halide amount (mol %) Time (h) Yield (%) Product 

1 
Br

 

1 2 96.2  
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2 
Br

 

0.1 2 94.6 

 
3 

Br

 

0.01 5 61.6 

4 
NO2

Br

 

1 2 99.6  

 

 

5 
NO2

Br

 

0.1 2 97.1 

6 
NO2

Br

 

0.01 5 73.4 

 

2.5.1 DFT analysis for catalytic studies 

Previous studies on the Pd-catalyzed Mizoroki-Heck reaction indicate that two reaction 

pathways, Pd(0)-Pd(II) and Pd(II)-Pd(IV) [49,50] are possible for the catalytic process. In the 

former case, the molecular Pd(II)-complex (pre-catalyst) is first reduced to generate activated 

Pd(0) nanoparticles, which further act as actual catalyst and follow a Pd(0)-Pd(II) pathway 

through oxidative addition [51-54]. While in the latter case, Pd(II) complex acts as true 

homogeneous catalyst and get involved in Pd(II)-Pd(IV) pathway by the same oxidative 

addition method. Keeping this in mind, we have studied both the mechanisms theoretically to 

trace out the most favourable path for the present case. The catalytic cycles with all 

intermediates and products are schematically presented in Fig. S12-S16. 

In case of Pd(II)-Pd(IV) pathway, the first step i.e., oxidative addition proceeds through the 

insertion of complex 1 to aryl bromide (Fig. S12). Such insertion leads to a change in 

coordination number of Pd and its oxidation state to form intermediate 2. Next, the olefin 

addition step further strains the coordinating environment of Pd to form the π-complex, a 

prerequisite for Pd-Colefin bond formation. The free energies of these consecutive steps are 

found to be unfavourable by +27.9 kcal mol-1 and +11.5 kcal mol-1. The highly favourable 

final reductive elimination step (-100.7 kcal mol-1) releases the strain associated with the 

sterically crowded environment of Pd to yield the desired product. Interestingly, other than 

this neutral pathway, an alternative pathway involving cationic intermediate PdL+ is also 

known. A recent DFT study by Bäcktorp et al. [55] suggests both the approaches are 

competitive to each other. This pathway requires an initial detachment of Cl- from complex 1 

in a highly polar solvent (DMF here) to form a positively charged species (1 in Fig. S13) in 

order to follow the subsequent reactions. However, in presence of K2CO3 as base, PdL+ can 

be deprotonated at one of the two secondary amide sides and form neutral complex PdL 
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[15,16,18,56-61]. According to our calculation, the free energy of deprotonation of PdL+ in 

DMF is found to be -36.7 kcal mol-1. This PdL may also have separate catalytic ability 

although we have not examined this aspect in the present study. In contrary to the neutral 

pathway, oxidative addition for the cationic reactant changes the coordination number from 3 

to 5, which is energetically less demanding (+11.9 kcal mol-1) and thus reduces the 

unfavourability of the first step to an extent of ~16 kcal mol-1. Unlike the neutral pathway, 

starting species 1 in the cationic pathway can participate in oxidative addition to generate 

three conformational isomers. These isomers differ structurally with respect to the position of 

aryl and bromide as shown in Fig. S13 (2a-c). We have noted that, while 2c retains its 

original trigonal bipyramid conformation, 2b reverts to 2a during the geometry optimization 

process. Among these, 2a is found to be the most stable intermediate and thus it is used for 

the reaction free energy calculations. Evidently, our DFT investigations suggest that the 

majority of the involved steps in the Pd(II)-Pd(IV) pathway (both neutral and cationic) are 

unfavourable and thus diminishes their possibility to emerge as a dominant reaction pathway.          

In order to follow the Pd(0)-Pd(II) catalytic cycle, the complex 1 (as pre-catalyst) is to 

be reduced to elemental Pd(0) (actual catalyst) first. The generation route of elemental Pd is 

shown in Fig. S14. Complex 1 upon reaction with ArBr first generates hexa-coordinated 

Pd(IV) intermediate through a transition state. Then a reduced four coordinated intermediate 

is generated through the release of both the halides in highly polar DMF medium. Next, one 

intermediate (4) is formed in which one of the sulfur atoms get detached from Pd which assist 

the next reductive elimination process. This type of ligand lability in pincer complexes is 

shown by Spencer and co-workers although they have investigated the catalytic pathway for 

Suzuki coupling reaction [62]. It proves that ligand lability in pincer complexes is very 

supportive and important for catalytic reaction and strengthens our previously mentioned 

statement. We have investigated the Pd(0)-Pd(II) cycle with two possibilities, one without 

DMF and another involving DMF (Fig. S15-S16) because of direct or indirect involvement of 

solvent molecules as evident from the previous reports [63-66]. It is important to note that in 

the absence of DMF, the oxidative addition occurs at Pd(0) center (d10 configuration) with no 

ancillary ligands. Whereas, in presence of two molecules of DMF, an unsaturated 14-electron 

intermediate as active species (Pd0(DMF)2) is formed. Further, the presence of DMF as a 

coordinating ligand ensures the most stable square planar geometry for the intermediates. The 

major advantage of Pd(0)-Pd(II) cycle is that the destabilizing steric factor (prevalent for 

intermediates in the aforementioned Pd(II)-Pd(IV) pathway) remains minimal due to the low 
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coordination number of Pd in all the intermediates. This is evident from the highly favourable 

reaction free energy values for the oxidative addition, irrespective of the involvement of 

DMF in the reaction mechanism (-22.8 kcal mol-1 and -60.9 kcal mol-1 with and without 

DMF involvement respectively. Considering these aspects, it can be inferred that the Pd(0)-

Pd(II) cycle acts as the most possible pathway to result in the catalytic activity of complex 1 

towards Mizoroki-Heck reaction. 

3. Experimental 

3.1. Materials and techniques 

All chemicals are purchased from commercial sources and used as received without further 

purification. Solvents are distilled by their conventional methods before using. All the 

syntheses are carried out under nitrogen atmosphere. IR spectra are obtained with a ‘JASCO 

IR-610 spectrophotometer’ using a diamond ATR assembly, for the range 4000-400 cm-1. 

The 1H and 13C-NMR spectra are recorded using either a ‘Bruker AMX-200 or 300 

spectrometer’ at the operating frequencies of 200 and 300 MHz respectively with respect to 

1H. Chemical analyzes for C, H and N are determined on a ‘Elementar vario EL cube 

analyzer’. Powder XRD of the sample is analyzed with the help of ‘Rigaku Mini Flex 600 X-

ray diffractometer’. Diffuse reflectance UV-Vis spectra are recorded in the 200-900 nm 

region, employing a ‘JASCO V-670 spectrometer’, using BaSO4 as a reference material. The 

steady-state photoluminescence data are recorded on an FS-5 spectrofluorimeter (Edinburgh 

Instruments, UK). Both the suitable excitation and emission filters are used while measuring 

the luminescence data. Fluorescence lifetimes (at 467 nm) are measured using a time-

correlated single photon counting (TCSPC) set-up from Horiba Scientific (UK). For the 

present work, a 292 nm diode laser (~ 800 ps, 1 MHz repetition rate) is used as the excitation 

source. The goodness of fit is evaluated from the reduced χ2 values and visual inspection of 

the decay and fitted function. Quantum yield of HL and 1 are measured by absolute method 

using integrating sphere of diameter 15 cm where BaSO4 is used as reference material. 

Absorbed number of photons by the samples is obtained from the difference of diffuse 

reflectance scan of BaSO4 and sample. Finely powdered samples are placed in a quartz 

sample holder having thickness of 1 mm for recording emission scans. The error in quantum 

yield values is in the range of 3 to 5%. Luminescence quantum yield (η) is related to number 

of photons absorbed (α) and number of photons emitted by the sample (ε) as, 
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where, Iemission is total area of sample emission spectrum, Iref is the scattered intensity for 

BaSO4, and Isample is the scattered intensity for sample. Therefore, difference between areas of 

Iref and Isample will give the photons absorbed by sample. 

3.2. Crystal structure determination 

Crystal data for 1 is measured on an Agilent Super Nova system equipped with a Titan CCD 

detector at 293(2) K using Cu-Kα radiation (λ = 1.5418 Å). The crystals are positioned 101 

mm from the CCD. Data analysis is carried out with the CRYSALIS program [67a]. The 

structures are solved using direct methods with the SHELXT program [67b]. All non-

hydrogen atoms are refined with anisotropic thermal parameters. The hydrogen atoms bonded 

to carbon atoms are included in the geometric positions and given thermal parameters 

equivalent to 1.2 times those of the atoms to which they are attached. The structures are 

refined using SHELXL [67b] refinement package using Least-squares minimization. Selected 

crystallographic data for 1 is given in Table 5. CCDC 2018422 contains the supplementary 

crystallographic data for 1. These data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic 

Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336-033; or e-mail: 

deposit@ccdc.cam.ac.uk. 

 

Table 5. Crystallographic details. 
 

Crystal data  

Chemical formula [Pd(C16H23N2S2)Cl] 

Mr 449.33 

Crystal system, space group Orthorhombic, P 21 21 21 

Temperature (K) 293(2) 

a,b,c (Å)  9.8233(5), 13.0882(6), 

15.2787(6) 

V(Å3) 1964.38(15) 

Z 4 

Radiation type Cu Kα 

 μ (mm-1) 10.829 

Data collection  

Diffractometer Supernova 

Absorption correction multi-scan  

Tmin, Tmax 0.01430, 1.00000 

No. of measured, independent and 4338, 2960, 2532 
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observed [I > 2σ(I)] reflections 

Rint 0.057 

θmax (
O) 70.0 

Refinement  

R[F2> 2σ(F2)], wR(F2), S 0.068, 0.177, 1.005   

No. of  reflections 2960 

No. of  parameters 205 

H-atom treatment H-atom parameters 

constrained 

Δρmax, Δρmin (e Å -3) 1.087, -0.922 

 

3.3. Catalytic activities 

3.3.1. General procedures for the Suzuki-Miyaura cross coupling reaction 

A mixture of aryl bromide (2.0 mmol), p-tolylboronic acid (0.272 g, 2.0 mmol), the 

palladium complex 1 (0.01-1 mol %) and potassium carbonate (0.232 g, 4.0 mmol) in dry 

DMF (2 mL) is refluxed at 120oC for 2 h. Then the solvent is evaporated and the reaction 

mixture is extracted with diethyl ether. The ether solution is dried over anhydrous sodium 

sulfate, filtered and passed through a 12" silica column (60–120 mesh). After evaporation of 

the ether, solid pure products are obtained. The yields of the products obtained from all the 

reactions are determined after isolation and the products are characterized by 1H NMR 

spectroscopy. 

3.3.2. General procedures for the Mizoroki-Heck reaction 

A mixture containing aryl bromide (5.0 mmol), t-butyl acrylate (5.0 mmol), the palladium 

complex 1 (0.01-1 mol %) and potassium carbonate (1.06 g, 10.0 mmol) in dry DMF (2 mL) 

is refluxed at 120oC for 2 h. After the reaction, the solvent is evaporated. The contents are 

poured into water, extracted with diethyl ether, dried over Na2SO4 and passed through a 12" 

silica column (60–120 mesh). Upon evaporation of the ether, solid pure products are 

obtained. The yields of the products obtained from all the reactions are determined after 

isolation and the products are characterized by 1H NMR spectra. 

3.3.3. Computational details (DFT and TD-DFT) 

The geometry of the ligand and complex are optimized in the gas phase by using PBE density 

functional with def2-TZVP basis set [68] as implemented in TURBOMOLE 6.6 [69] program 

suite. To get the local minimum energy in the potential energy surface, subsequent analytical 

frequency calculations are performed. The absence of imaginary vibrational frequencies 

indicated that the optimized structures are at their potential minima. To determine the excited 

state energy levels of the ligand and complex time dependent density functional theory (TD-
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DFT) calculations are performed with only singlet state energy levels, where PBE functional 

[70] and TZ2P basis set [71] are used as implemented in ADF 2017 [72]. To obtain 

absorption spectra of ligand and complex in CH3CN, calculations are performed applying 

COSMO (COnductor-like Screening MOdel) [73] with dielectric constant (ɛ) 37.5. 

In order to determine the catalytic pathways of Mizoroki-Heck reactions theoretically, 

all the starting, intermediate and final products are optimized for geometry using 

TURBOMOLE 6.6 with PBE functional and TZVP basis set. Tight convergence criterion 

(energy change < 10-8 Hartree) is opted and analytical frequency calculations are performed 

to ensure all the structures are stable intermediates with real frequencies. To incorporate the 

solvent effect in all the calculations, COSMO is applied with DMF as solvent (ɛ = 36.7). 

Stepwise binding energy for every reaction involved in the probable catalytic pathways of 

Mizoroki-Heck reaction was mentioned in the supporting information (Fig S12-S16). 

Conclusion 

In conclusion, cyclometallation reaction of SNS pincer ligand, N,N'-di-tert-butyl-benzene-

1,3-dicarbothioamide with lithium tetrachloropalladate(II) results {N,N’-di-tert-butyl-1,3-

dicarbothioamide-S,C,S}benzene palladium(II) chloride. The central palladium atom adopts a 

slightly distorted square planar geometry and surrounded by two sulfur atoms, one carbon 

and one chlorine atom. The compound showed good catalytic activity towards Suzuki-

Miyaura and Mizoroki-Heck cross coupling reactions. The reaction time is relatively less 

compared to the previously reported thioamide based complexes and the reaction yield is 99.8 

% in presence of 1 mol % of catalyst in case of Mizoroki-Heck reaction and 99.6 % for 

Suzuki-Miyaura reaction. DFT based investigations on the possible reaction mechanism 

towards Mizoroki-Heck catalysis suggest that Pd(0)-Pd(II) pathway possibly acts as the 

dominant pathway rather than Pd(II)-Pd(IV) pathway. The prevalent steric effect hinders the 

oxidative addition steps for Pd(II)-Pd(IV) pathway, where Pd(II) in the complex remains in 

square planar arrangement. Whereas, Pd(0)-Pd(II) pathway does not involve such sterically 

strained intermediates makes it a favourable pathway for catalysis reaction and possibly 

explains the superior performance of complex 1 as a catalyst for Mizoroki-Heck reaction. The 

compound emits blue light upon excitation of UV light of 280 nm with lifetime of 5.7 nS and 

quantum yield of 0.05. Therefore this complex could be considered as a luminophore for 

optical and electroluminescence devices. DFT study indicates the involvement of ligand 

center and metal to ligand charge transfer type of luminescence in the overall 

photoluminescence properties of the complex. 
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