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Recent decades have seen a considerable progress in the 
development of different solvent-free techniques, which are 
gradually expanding into new areas of chemistry, including the 
synthesis of metal–organic and organometallic compounds.1–5 
Solvent-free protocols attract growing interest, first of all, owing 
to their reduced environmental impact. Besides the fundamental 
importance from the viewpoint of green chemistry principles, 
reactions in the absence of an added solvent can also address 
some selectivity, solubility and stability issues, which is 
especially valuable in organometallic chemistry. The synthesis 
and reactivity studies of metal-containing compounds under 
solvent-free conditions are usually performed upon thermal or 
mechanical activation.6–17 Our research group has contributed to 
this field by studying the solid-phase reactivity of tridentate 
pincer systems towards Pdii ions.6,7,10,18 The first example of 
mechanochemical cyclopalladation of a bis(thiocarbamate) 
ligand paved the way to the synthesis of palladium(ii) pincer 
complexes in a highly efficient and ecologically friendly 
manner.19 In this work, the effect of a thiophosphoryl pendant 
arm on the cyclopalladation of both symmetrical and 
unsymmetrical thiocarbamate pincer systems was investigated. 
Particular interest to thiocarbamate pincer systems was caused 
by their catalytic and anticancer potential.10,20,21

At first, it seemed interesting to evaluate the effect of 
supplementing two thiocarbamate flanking units with an 
additional thione donor center. A convenient precursor for such a 
symmetrical bis(thiocarbamate) pincer ligand appeared to be 
(3,5-dimethoxyphenyl)diphenylphosphine, readily derived from 
dimethoxy-substituted bromobenzene upon sequential treatment 

with Mg and Ph2PCl.22 The demethylation of the key precursor 
with HBr followed by the addition of an elemental sulfur to the 
resulting phosphine derivative afforded (3,5-dihydroxyphenyl)
diphenylphosphine sulfide 1 (Scheme 1). The reaction of its 
dipotassium salt (generated in situ upon treatment with ButOK) 
with ClC(S)NMe2 afforded the target P(S)-functionalized 
symmetrical pincer ligand 2 in synthetically acceptable yield 
(see Scheme 1). 
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The modern concept of green chemistry calls for the 
development of more environmentally benign synthetic 
protocols and a reduction in the use of auxiliary substances, 
including solvents. In this work the effect of a thiophosphoryl 
pendant arm on the cyclopalladation features of both 
symmetrical and unsymmetrical thiocarbamate pincer 
ligands was explored. The ligands were 1,3-bis(thio
carbamoyloxy)-5-(diphenylthiophosphoryl)- or 1-thio
carbamoyloxy-3-(diphenylthiophosphoryl)benzenes, the 
palladium source was (PhCN)2PdCl2. 
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Scheme  1  Reagents and conditions: i, Mg, THF, then Ph2PCl; ii, HBr 
(48% aq.), reflux, 8 h; iii, S8, PhMe, room temperature, 5 h; iv, ButOK, THF, 
5–10 °C, 0.5 h; v, ClC(S)NMe2, 60 °C, 3 h; vi, (PhCN)2PdCl2, CH2Cl2, 
room temperature, 15 min; vii, (PhCN)2PdCl2, solvent-free, grinding, 
15 min, then 65–70 °C, 15 min.
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The cyclopalladation of compound 2 in solution was readily 
accomplished upon reaction with (PhCN)2PdCl2 under mild 
conditions: the yellow discoloration of the dichloromethane 
reaction mixture was observed in only 15 min (see Scheme 1). 
The chromatographic purification afforded symmetrical SCS-
pincer complex 3 with the intact thiophosphoryl group in high 
yield. Its structure was confirmed by NMR and IR spectroscopic 
data as well as X-ray crystallography (Figure 1).† However, the 

31P NMR monitoring of the reaction mixture revealed the 
formation of ca. 10% of the P(S)-coordinated product, which we 
presumed to be unsymmetrical Pdii pincer complex 3' combining 
thiocarbamate and thiophosphoryl pendant arms. Although we 
failed to isolate and characterize this complex in a pure form, 
a  strongly deshielded phosphorus resonance (dP = 49.8) 
unequivocally indicated the coordination of the P=S moiety. 
Furthermore, the 13C NMR spectrum of the crude product before 
purification revealed two sets of Me2N carbon resonances for the 
minor component, presumably attributed to the coordinated 
(dC = 40.0 and 43.5) and non-coordinated (dC = 36.5 and 36.8) 
thiocarbamate units.

The reaction of compound 2 with the same Pdii precursor 
upon grinding in a mortar, unlike the analogous reaction of the 
non-functionalized bis(thiocarbamate) ligand,19 resulted in only 
partial cyclopalladation. Despite this obvious interfering effect 
of the thiophosphoryl group, the energy intensified processes 
(grinding the reactants in a vibration ball mill for 30 min or 
heating the ground sample at 65–70 °C for 15 min) provided a 
significant improvement in the yield of the target pincer complex. 
Furthermore, according to the results of the 31P NMR 
spectroscopic analysis, the solid-phase reactions afforded also 
some new species, which were not observed during the synthesis 
in solution, but, unfortunately, they could not be isolated and 
identified due to the low content in the mixture. Interestingly, 
isomer 3' was not formed in this experiment. Anyway, it should 
be noted that the cyclopalladation of the P(S)-functionalized 
symmetrical system both in solution and under solvent-free 
conditions selectively activates a bis(thiocarbamate) pincer 
pocket.

As for the unsymmetrical thiophosphoryl–thiocarbamate 
pincer systems, earlier we have demonstrated that the C–H bond 
activation of Me2N-substituted ligand 4a under the action of Pdii 
ions readily proceeded both in solution and in the absence of a 
solvent, although required thermal activation in the latter case 
(Scheme 2).10 To explore the influence of the thiocarbamate 
donor group, in this work we obtained the analogs of ligand 4a 
featuring ethyl and n-butyl substituents, using 3-diphenyl
thiophosphorylphenol as a key predecessor.10 

As well as in the case of Me2N-substituted prototype 4a, 
the  cyclopalladation of compounds 4b,c in solution smoothly 
proceeded under mild conditions to yield the target 5,6-membered 
hybrid palladacycles in high yields (compound 5b,c, see 
Scheme 2), whose structures were supported by both spectral 
techniques and XRD (Figure 2).† However, the solid-state 
reactivity of these hybrid derivatives strongly differed. Thus, 
Et2N-substituted ligand 4b readily afforded the target Pdii pincer 

†	 Crystal data for 3 · 0.5 EtOAc. C26H28ClN2O3PPdS3 (M = 685.50), 
monoclinic, space group P21/c, a = 18.6960(18), b = 7.9857(8) and 
c = 20.343(2) Å, a = 90°, b = 105.1570(10)°, g = 90°, V = 2931.6(5) Å3, 
Z = 4, T = 220 K, m(Mo-Ka) = 10.23 cm–1, dcalc = 1.553 g cm−1. Total of 
32940 reflections were measured, and 7065 independent reflections 
(Rint = 0.0893) were used in the further refinement. The refinement 
converged to wR2 = 0.0965 and GOF = 1.019 for all independent 
reflections [R1 = 0.0436 was calculated against F for 5305 observed 
reflections with I > 2s(I )].
	 Crystal data for 5b. C23H23ClNOPPdS2 (M = 566.36), monoclinic, 
space group P21/c, a = 17.117(17), b = 8.993(9) and c = 16.176(16) Å, 
a = 90°, b = 110.580(13)°, g = 90°, V = 2331(4) Å3, Z = 4, T = 220 K, 
m(Mo-Ka) = 11.74 cm–1, dcalc = 1.614 g cm−1. Total of 15325 reflections 
were measured, and 4073 independent reflections (Rint = 0.2165) were 
used in the further refinement. The refinement converged to wR2 = 0.1534 
and GOF = 0.872 for all independent reflections [R1 = 0.0670 was 
calculated against F for 2054 observed reflections with I > 2s(I )].
	 Crystal data for 5c. C27H31ClNOPPdS2 (M = 622.47), monoclinic, 
space group P21/c, a = 13.3562(5), b = 12.9986(5) and c = 15.7305(5) Å, 
a = 90°, b = 103.001(2)°, g = 90°, V = 2661.00(17) Å3, Z = 4, T = 100 K, 
m(Mo-Ka) = 10.36 cm–1, dcalc = 1.554 g cm−1. Total of 25835 reflections 
were measured, and 7079 independent reflections (Rint = 0.0520) were 
used in the further refinement. The refinement converged to wR2 = 0.1117 
and GOF = 1.018 for all independent reflections [R1 = 0.0411 was 
calculated against F for 5118 observed reflections with I > 2s(I )].
	 Single crystals of the compounds explored were obtained by slow 
crystallization from a CH2Cl2–EtOAc (3), CH2Cl2–Et2O (5b), or CHCl3–
hexane (5c) mixture. The data were collected with a Bruker APEXII 
Quazar CCD diffractometer using graphite monochromated Mo-Ka 
radiation (l = 0.71073 Å, w-scans). Using Olex2,23 the structures were 
solved with the ShelXT24 structure solution program using Intrinsic 
Phasing and refined with the XL25 refinement package using Least-
Squares minimization against F 2 in anisotropic approximation for non-
hydrogen atoms. Positions of hydrogen atoms were calculated, and they 
were refined in the isotropic approximation in the riding model. Severely 
disordered molecules of lattice ethyl acetate in 3 · 0.5 EtOAc (its content 
was tentatively assigned to 0.5) were treated as a diffuse contribution to 
the overall scattering by using the Solvent Mask option of Olex.23

	 CCDC 2408382 (3 · 0.5 EtOAc), 2408383 (5b), and 2408384 (5c) 
contain the supplementary crystallographic information for this paper. 
These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via https://www.ccdc.cam.ac.uk.
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Figure  1  General view of complex 3 in representation of atoms as thermal 
ellipsoids at 30% probability level. The solvate EtOAc molecule is omitted 
for clarity.
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Scheme  2  Reagents and conditions: i, NaH, THF, room temperature, 2 h, 
then ClC(S)NR2, 50 °C, 5 h; ii, (PhCN)2PdCl2, CH2Cl2, room temperature, 
24 h (for 5a), 3 h (for 5b), 12 h (for 5c); iii, (PhCN)2PdCl2, solvent-free, 
75–80 °C, 5 min (for 5a), 85–90 °C, 5 min (for 5c); iv, (PhCN)2PdCl2, 
solvent-free, room temperature, 15 min grinding.
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complex already upon grinding the reactants in a mortar, 
although an analytically pure sample was obtained after 
subsequent short-term heating at 65–70 °C. At the same time, the 
analogous reaction of butyl-substituted derivative 4c upon 
mechanical agitation afforded a mixture of the target Pdii pincer 
complex, unreacted starting compounds, and an additional 
product which was not observed in the solution-based synthesis. 
Based on the results of IR spectroscopic and elemental analyses, 
we assume that this product is a molecular complex of [L · PdCl2] 
composition featuring S,S-bidentate coordination of the non-
metalated ligand. Further heating of this solid residue led to the 
quantitative formation of pincer complex 5c. Differences in the 
samples before and after heating were also evident from the 
results of SEM/EDS analysis (Figure 3). The sample before 
thermal treatment represented a fine powder with a relatively 
monodisperse character of crystals, whereas the sample obtained 
after heating contained larger particles, presumably resulting 
from the crystallization of an amorphous mass, whose formation 
was visually detected during heating. Furthermore, the elemental 
maps of the sample before thermal treatment revealed some 
regions with non-uniform distribution of the composing elements 
(for example, Pd and P, see Figure 3), while the EDS images of 
the sample after heating demonstrated the homogeneity of their 
distribution (see Online Supplementary Materials, Figures S38 
and S39).

To summarize, the thiophosphoryl-functionalized thio
carbamate pincer ligands readily undergo direct cyclopalladation 
both in solution and under solvent-free conditions to form 

palladacycles with either free or coordinated P=S units. 
Therewith, even small changes in a pincer ligand structure can 
alter the cyclopalladation features under solvent-free conditions, 
resulting in more diverse reactivity patterns, especially in 
mechanochemically activated processes.
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Online Supplementary Materials
Supplementary data associated with this article (the 

experimental section, the NMR and IR spectra of the compounds 
explored, the IR and NMR spectra of the residues obtained 
after  solid-phase reactions under different conditions, and 
the EDS elemental maps of the samples obtained from the solid-
phase syntheses) can be found in the online version at  
doi: 10.71267/mencom.7705.
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Figure  2  General view of complexes (a) 5b and (b) 5c in representation of atoms as thermal ellipsoids at 30% probability level; the minor component of the 
disordered NEt2 group for compound 5b is omitted for clarity.
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Figure  3  SEM images and elemental maps of the samples obtained by 
grinding ligand 4c with (PhCN)2PdCl2 in a mortar (a), (c) before and 
(b), (d) after heating (magnification 350×).
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