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ABSTRACT: Two equivalents of L (L = 4-methylthio-2-
thioxo-1,3-dithiole-5-thiolate or Medmit) react with cis-Pd-
(PR3)2Cl2 (R = Ph and Et) to afford Pd(PR3)(η

1-L)(η2-L) (R
= Et: 1 ; R = Ph: 2) complexes, which have been characterized
by X-ray crystallography. These compounds are dynamic in
solution due to an exchange of the thiomethyl groups on
palladium. Variable-temperature 1H NMR spectroscopy reveals
a low coalescence temperature (173 K). Treatment of Pd(diphos)Cl2 (diphos = dppe or dppm) with 2 equiv of L affords thiolato
complexes Pd(dppe)(η1-L)2 (3) and Pd(dppm)(η1-L)2 (4). Whereas 3 is rigid in solution with firm η2-coordination of dppe and
η1-coordination of the thiolate, two linkage isomers Pd(η2-dppm)(η1-L)2 and Pd(η1-dppm)(η1-L)(η2-L) coexist in a solution of
4. L coordinated on PdII undergoes a S-demethylation reaction leading to dithiolene complexes and MeL. This transformation
requires high temperature, and its efficiency depends on the nature of the phosphines as well as the nature of the metal (Pd vs
Pt). DFT calculations reveal that the most likely mechanism depends on the lability of phosphines. Starting from M(PR3)2(η

1-
L)2 (M= Pd and Pt; R = Ph and Et), the favored sequence implies decoordination of one triethyl phosphine (M(PEt3)(η

1-L)(η2-
L)2 as intermediate) or two triphenylphosphines (Pd(η2-L)2 as intermediate) followed by oxidative addition and reductive
elimination (OA/RE) reactions. In the case of PEt3, this OA/RE sequence can also compete with an intramolecular nucleophilic
addition (AN), which can be described as an attack of a thiolate sulfur atom on a CH3

+ carbocation. An intramolecular SN2
process was found to be the most feasible, starting from M(dppe)(η1-L)2 (M= Pd and Pt), with the nucleophile approaching the
thiomethyl group at an angle of 180° with respect to the CCH3

−S bond. The influence of the coligand has also been studied
experimentally. Structurally characterized disulfide L−L dimer has been isolated upon reaction of 2 equiv of L with MCl2 (M =
Pd and Pt).

■ INTRODUCTION

Since the first report on a C−S bond activation, namely, the S-
dealkylkation of dimethylsulfide by PtCl2 dating from 1883,1

this topic is still of interest. Driven primarily by interests in the
hydrodesulfurization of fossil fuels, various aspects of the C−S
activation process have been since extensively studied allowing
the development of new synthetic methods including
stoichiometric as well as catalytic reactions.2 An interesting
class of compounds which undergo S-dealkylation reactions are
the group 10 E∩Sthioether chelate complexes (E = N, P, As, S,
and Se).3 In the latter, the C−Sthioether cleavage may be
homolytic and photochemically induced as in Ni0 complexes of
2-(diphenylphosphino)thioanisole4 and in bis(S-benzyl-1,2-
diphenyl-1,2-ethylenedithiolato)MII (Ni, Pd, and Pt) complexes
(Scheme 1a).5 Dealkylation reactions occur also heterolytically
by reaction with nucleophiles such as amines or chloride. Such
an alkyl transfers to nucleophiles have been characterized as
Menschutkin-type SN2 reactions.6 This substitution is favored

by complexation of the thioether group to the metal center,
imparting a diminution of electron density at the sulfur atom
and consequently an increase of electrophilicity of the C atom
bonded to this sulfur. Moreover, this transformation is driven
thermodynamically by the conversion of a dative Sthioether → M
interaction in a strong covalent M−Sthiolate bond. The nature of
ancillary ligand also impacts the S−C bond cleavage. Goswami
et al. have studied the reaction of 2-methylthioaniline with
Pt(pap)Cl2 (pap = 2-(phenylazo)pyridine) and Pt(bpy)Cl2 (bpy
= 2,2′-bipyridine).7 A rupture of the H3C−S bond was
observed with the strong π-acidic coligand pap to afford
Pt(pap) (HN∩S) (Scheme 1b), whereas the 2,2′-bipyridine
ancillary ligand failed to promote the demethylation of Pt(bpy)
(HN∩SCH3). Recently, the activation of the C−S bond of the
PS3-type tripodal tetradentate ligands, tris(2- tert-
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butylthiophenyl)phosphine and tris(2-isopropylthiophenyl-
phosphine), by group VIII metal compounds has been studied
in depth.8 Reaction of tris(2-tert-butylthiophenyl)phosphine
with PdCl2(PhCN)2 and PtCl2(cod) at room temperature
resulted in the elimination of t-BuCl and formation of
MCl{P(2-SC6H4)(2-t-BuSC6H4)2}(Scheme 1c). In contrast,
the C−S activation in the isopropyl derivatives required more
forcing conditions (333 K). The more facile elimination of t-
BuCl compared to that of i-PrCl was attributed to the higher
stability of the tert-butyl cation vs an isopropyl cation. In the
case of bis(methyl)selenosalen and bis(methyl)thiasalen
podands (Scheme 1d), the mechanistic pathway of the SN2
substitution at the methyl group by chloride (stemming from
the inorganic starting metallic salts) has been theoretically
compared to that of a process implying an oxidative addition of
the chalcogen−Calkyl bond on PdII or PtII followed by reductive
elimination of alkyl chloride. DFT calculations indicated that
the experimentally observed chalcogen−C(alkyl) bond activation
occurred more likely via SN2 mechanism instead of a sequence
implying changes in oxidation state of the metal.9 However, the
oxidative addition of a C−S bond on a PtII has been recently
observed in a PtMe2(RN∩SCH3 (RN∩SCH3 = 1,2-
C6H4(CHNR)(SCH3)), and the resulting dinuclear PtIV

thiolate complex has been characterized (Scheme 1e). Note

that in this case the activation involves an aryl−sulfur bond
instead of an alkyl−sulfur bond.10 We reported previously that
thiolates trans-PtII(PEt3)2(η

1-L)2 and PtII(dppm)(η1-L)2 (L =
4-methylthio-2-thioxo-1,3-dithiole-5-thiolate or Medmit; dppm
=1,1-bis(diphenylphosphanyl)methane) undergo S-demethyla-
tion by heating in acetonitrile or toluene solutions, yielding
dithiolene complexes PtII(PEt3)2(dmit) and PtII(dppm)(dmit)
along with MeL (Scheme 1f).11 A sequence implying S−CH3
oxidative addition followed by reductive elimination driven by
the formation of a stable dithiolene chelate complex was
proposed, although no PtIV intermediate could be evidenced.
The intramolecular C−S oxidative addition on a low-valent
transition metal requires the proximity of the thioether
fragment to the latter.12 With hemilabile L ligand (η1-thiolate
or η2-thiolate/thioether coordination mode), the nature of the
metal and that of the coligands may affect the CH3S → M
dative interaction and consequently the reactivity of coordi-
nated L. Our experimental investigation has been now extended
to the reactivity of L coordinated on PdIIP2 (P2 = (PPh3)2,
(PEt3)2, dppm, and dppe). The experimental conditions of the
demethylation of L on palladium are discussed and compared
to those observed with the platinum analogues. To provide a
detailed picture of the S−CH3 bond activation mechanism in
these thiolate complexes, various possible mechanistic pathways

Scheme 1. Examples of C−S Bond Activation of E∩Sthioether Ligands (E = N, P, S, and Se)
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have been explored by density functional theory (DFT)
(B3LYP), and the influence of phosphines (labile or chelating)
has been assessed in order to examine the impact onto the
privileged pathway of this S−CH3 bond activation (nucleophilic
substitution/addition mechanisms or oxidative addition/reduc-
tive elimination sequence). The influence of the coligand has
also been evidenced experimentally with the formation of L−L
disulfide dimer obtained by reaction of L with MCl2 (M = Pt
and Pd). Note that the reactivity of the dmit dithiolene skeleton
has been extensively studied13 due to the applications of these
systems in conducting materials.14

■ RESULTS AND DISCUSSION

Reactivity of L toward Pd(PR3)2Cl2 and Pd(P∩P)Cl2
Precursors. The reaction of cis-Pd(PR3)2Cl2 (PR3 = PEt3
and PPh3) with 2 equiv of CsL in refluxing MeOH afforded as
main products complexes Pd(PR3)(η

1-L)(η2-L) (R = Et: 1; R =
Ph: 2) in moderate yields (∼60%). Using the procedure
reported by Olk and co-workers for the synthesis of
Pd(dppe)(η1-L)2 (3) (dppe = 1,2-bis(diphenylphosphanyl)-
ethane),15 chelate compound Pd(dppm)(η1-L)2 (4) has been
synthesized in 75% yield as a red solid (Scheme 2).
These complexes are highly soluble in chlorinated solvents

but poorly soluble in MeOH. The 1H NMR spectra of 1 and 2
reveal the presence of two sulfur-rich ligands for one phosphine

and consequently the substitution of one phosphine by a
thiomethyl group. In all these complexes, the hydrogen atoms
of the thiomethyl groups appear at room temperature as a
singlet. The resonances displayed by 1 (2.66 ppm) and 2 (2.61
ppm) are downfield-shifted with respect to the signals observed
in 3 (2.25 ppm) and Pd(η2-dppm)(η1-L)2 (2.40 ppm). Thus,
the dative S(thioether) → Pd interaction in 1 and 2 exchanges
swiftly in solution between the thiomethyl groups of the two
sulfur ligands present in the coordination sphere of the metal.
This behavior is identical to that observed in the analogues
platinum complexes which exhibit quite the same chemical
shifts for the hydrogen atoms of L (Table 1).16 However,
whereas the nonequivalence of the thiomethyl groups was
established below 240 K in the 1H NMR spectra of the Pt(II)
complexes, the freezing of the dynamic exchange requires much
more lower temperature with the Pd(II) complexes. Using
CD2Cl2 as solvent, the coalescence temperature was estimated
near the freezing point of CD2Cl2 (173 K). This result is in
accordance with the well-established effect of the central metal
ion on the rate of square planar substitutions.17 The molecular
structures of Pd(Et3)(η

1-L)(η2-L) and Pd(PPh3)(η
1-L)(η2-L)

were determined by single crystal X-ray diffraction studies.
Pd(PEt3)(η

1-L)(η2-L) crystallizes in the monoclinic system and
space group P21/c (Figure 1). Pd(PPh3)(η

1-L)(η2-L) crystal-
lizes in the triclinic system and space group P1 ̅, with two

Scheme 2. Synthesis of Complexes 1−4

Table 1. Comparison of the M−P and M−S Bond Lengths (Å) as Well as the Thiomethyl 1H NMR Chemical Shift of
M(PR3)(η

1-L)(η2-L) Complexes (M = Pd and Pt)

compound M−P M−Sthiolate M−Sthioether δCH3
(ppm)a

Pd(PEt3)(η
1-L)(η2-L) (1)

2.2746(14) 2.3179(13) 2.3602(13) 2.66
2.3290(13)

Pt(PEt3)(η
1-L)(η2-L)11

2.2593(11) 2.3052(10) 2.3418(10) 2.68
2.3278(10)

Pd(PPh3)(η
1-L)(η2-L) (2)b 2.2605(9) 2.2978(5) 2.3489(5) 2.61

2.3449(5)
2.2663(5) 2.3040(5) 2.3355(5)

2.3441(5)
Pt(PPh3)(η

1-L)(η2-L)11b 2.2459(10) 2.2892(9) 2.3303(9) 2.60
2.3379(9)

2.2504(10) 2.2937(9) 2.3217(9)
2.3359(9)

aAt 295 K. bTwo independent molecules in the unit cell.
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independent complexes and one CHCl3 molecule in a general
position in the unit cell (Figure 2). In both complexes, the Pd

atom displays a slightly distorted square-planar coordination
with cis angles in the range of 85.65−92.77° and 86.62−92.45°
for 1 and 2, respectively. The Pd−Sthiolate distances (2.317 and
2.329 Å for 1; 2.297, 2.304, 2.344, and 2.344 Å for 2) are
similar to those reported for other Pd−Sthiolate bonds,

8a,17 but of
note is that they are shorter than those measured in the
Pd(dppe)(η1-L)2 complex (2.385 and 2.375 Å).15 This
observation is in agreement with the greater thermodynamic
trans influence of phosphine compared to that of thiolate
ligand. In the Pd(η2-L)-metallacycle, the Pd−Sthioether bond
length is, as expected, significantly longer than the Pd−Sthiolate
one given the different charges of the donor atoms. Note
however that in compound 2 the Pd−Sthioether distance is
comparable to the Pd−Sthiolate bond length of the Pd(η1-L)
fragment. The metric parameters of these palladium complexes
are comparable to those of the platinum analogues (Table 1)
with the M−L distances being slightly longer, in agreement

with the values of covalent radii (1.39 Å for Pd and 1.36 Å for
Pt).18

Lability of the Phosphine Group. The reactivity of L on
cis-[MP2Cl2] (M = Pd and Pt) is sensitive to the nature of the
metal in function of the lability of the phosphine. This latter is
higher in the case of palladium complexes. Whereas the
bis(thiolate) trans-Pt(PEt3)2(η

1-L)2 is the main product
obtained by reaction at room temperature of 2 equiv of L
with cis-Pt(PEt3)2Cl2,

11 the presence of Pd(PEt3)2(η
1-L)2 is

identified only as a minor product in the NMR spectra (δ =
16.6 ppm in the 31P{1H} NMR and δ = 2.48 ppm for the SMe
groups in the 1H NMR) of the crude product obtained by
reaction of 2 equiv of L with cis-Pd(PEt3)2Cl2. As previously
described, the major species is [Pd(PEt3)(η

1-L)(η2-L)] (1).
The evolution of M(PEt3)2(η

1-L)2 toward M(PEt3)(η
1-L)(η2-

L) seems not driven by the strength of the M−Sthiomethyl
interaction since the thiomethyl 1H NMR chemical shifts are
very close in the respective Pd and Pt complexes (Table 1).
With Pd(PPh3)2Cl2 as starting material, Pd(PPh3)(η

1-L)(η2-L)
(2) is the single complex identified in the NMR spectra when
performing the reaction in refluxing MeOH. Addition of 1
equiv of PPh3 to a toluene-d8 solution of 2 leads to broad peaks
centered at 32.6 ppm (2) and −5 ppm (PPh3) in the 31P{1H}
NMR spectrum, whereas no change is observed in the 1H NMR
spectrum (except the increase of the intensity of the signals in
the aromatic range). At 363 K, the exchange between
coordinated and free PPh3 (according to the equilibrium
Pd(PPh3)(η

1-L)(η2-L) + *PPh3 ⇆ Pd(*PPh3)(η
1-L)(η2-L) +

PPh3) is sufficiently fast so that only one “averaged” entity is
observed as a very broad hump. Thus, the dissociation of the
triphenylphosphine ligand of complex 2 is also facile. The
absence of formation of Pd(PPh3)2(η

1-L)2 by addition of PPh3
on 2 is also shown by UV−visible experiments since 2 shows
transitions at 311 and 416 nm which are insensitive to the
addition of an excess of triphenylphosphine (Figure S1). At 363
K, a toluene-d8 solution of 2 exhibits very broad peaks in the

1H
and 31P{1H} NMR spectra (Figure 3). These observations may
indicate that the equilibrium Pd(PPh3)(η

1-L)(η2-L) ⇆ Pd(η2-
L)2 + PPh3 exists in solution at high temperature.
The higher phosphine lability in palladium complexes was

also noticed with the diphosphine dppm ligand. Whereas Pt(η2-
dppm)(η1-L)2 is rigid in solution, an equilibrium between
Pd(η2-dppm)(η1-L)2 and the coordination isomer Pd(η1-
dppm)(η1-L)(η2-L) is observed in solution (Scheme 2). In
the 31P{1H} NMR spectrum at 295 K (Figure 4), the chelating
dppm ligand gives rise to a broad singlet at −38.3 ppm,17a,19

and the dangling dppm is characterized by two broad signals
centered at 27.5 ppm (−Ph2P−Pd) and −23.2 ppm (−CH2−
PPh2).

17a,20 Note that the thiomethyl protons of Pd(η1-
dppm)(η1-L)(η2-L) appear at room temperature as a singlet
at 2.58 ppm suggesting that a dynamic η1-L/η2-L exchange
occurs at room temperature. From the NMR spectra, the
Pd(η2-dppm)(η1-L)2/Pd(η

1-dppm)(η1-L)(η2-L) ratio can be
estimated to be 9:1 at 293 K. In contrast, the five-membered
metallacycle Pd(η2-dppe) seems not to be hemilabile in
solution since only one sharp singlet at 59.6 ppm is observed
in the 31P{1H} NMR spectrum corresponding to compound 3.
No trace of Pd(η1-dppe)(η1-L)(η2-L) is detected by NMR. It is
noteworthy that dissociation of one M−P bond in complexes 1,
2, and 4 is induced by an intramolecular interaction between a
thiomethyl group and the metal. For MP2(dithiolene)
complexes, such phosphine dissociation is sometimes observed
but intermolecular M···S interactions generating dimetallic

Figure 1. ORTEP diagram (50% probability level) of 1. H atoms are
omitted for clarity. Selected bond lengths [Å] and angles [deg]: Pd−P
2.2746(14), Pd−S(5) 2.3179(13), Pd−S(1) 2.3602(13), Pd−S(10)
2.3290(13), P−Pd−S(5) 91.99(5), P−Pd−S(1) 178.20(5), P−Pd−
S(10) 85.71(4), S(5)−Pd−S(1) 89.60(4), S(5)−Pd−S(10) 177.61(5),
S(1)−Pd−S(10) 92.71(4).

Figure 2. ORTEP diagram (50% probability level) of 2. H atoms and
solvent molecules are omitted for clarity. Only one of the two
independent molecules in the unit cell is depicted. Selected bond
lengths [Å] and angles [deg] {equivalent values measured for the
second independent molecule in the unit cell}: Pd(1)−P(1) 2.2605(5)
{2.2663(5)}, Pd(1)−S(1) 2.2978(5) {2.3040(5)}, Pd(1)−S(2)
2.3489(5) {2.3355(5)}, Pd(1)−S(6) 2.3449(5) {2.3441(5)}, P−
Pd(1)−S(1) 92.453(18) {91.348(18)}, P−Pd(1)−S(2) 175.945(19)
{175.033(19)}, P−Pd(1)−S(6) 86.615(19) {89.83(2)}, S(1)−Pd-
(1)−S(2) 90.821(18) {90.453(18)}, S(1)−Pd(1)−S(6) 178.486(19)
{177.891(19)}, S(2)−Pd(1)−S(6) 90.161(19) {88.230(19)}.
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species [MP(μ-dithiolene)]2 appear to be the driving force in
this case.21

Demethylation Reaction. The L ligand coordinated on Pd
is also prone to demethylation (Scheme 3). Indeed, NMR
spectroscopy revealed a partial evolution (13% yield) of
bis(thiolate) compound 3 to the dithiolene complex Pd(η2-
dppe)(dmit) (δ = 56.7 ppm in the 31P{1H} NMR) and
concomitant formation of Me2dmit (δ = 2.49 ppm in the 1H
NMR) after heating in acetonitrile at 345 K for 6 h. Under the
same conditions, a demethylation rate of 82% has been
determined for the Pt derivative, whereas dppm-ligated Pd
complex 4 was reluctant to demethylate. The formation of
Pd(η2-dppm)(dmit) (δ = −39.0 ppm in the 31P NMR) and

Me2dmit however takes place when a solution of 4 in DMF is
heated at 403 K for 6 h. In addition, for comparison we reacted
Pd(PR3)2Cl2 and Pt(PR3)2Cl2 (R = PEt3 and PPh3) with 2
equiv of CsL in acetonitrile at 345 K for 17 h. Analysis of the
reaction mixtures revealed a M(PR3)2(dmit)/M(PR3)(η

1-L)(η2-
L) ratio of 100/0 for M = Pt and R = Ph, 80/20 for M = Pt and
R = Et, 40/60 for M= Pd and R = Et, and 5/95 for M = Pd and
R = PPh3. It should be stressed that in both of these Pd and Pt
complexes the thermally induced demethylation occurs without
the presence of an external nucleophile, contrasting with the
reactivity pattern depicted in Scheme 1b,d.

Reactivity toward MCl2 (M = Pd and Pt). Two
equivalents of CsL were also reacted with MCl2 (M = Pd

Figure 3. 31P{1H} of Pd(PPh3)(η
1-L)(η2-L) (2) in toluene-d8 at 298 K (top) and 363 K (bottom).

Figure 4. 31P{1H} spectrum at 295 K of a CDCl3 solution of Pd(dppm)(L)2 (4).

Scheme 3. Demethylation Reactions Affording Dithiolene Complexes
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and Pt) in refluxing ethanol. A priori, this reaction might lead to
M(η2-L)2 species identified as thermodynamically stable
molecule in the theoretical study (see below). After separation
of a black powder, the workup of the filtrate afforded the L−L
dimer as an orange microcrystalline solid in low yield (Scheme
4). This disulfide, soluble in halogenated solvents, is stable at

ambient temperature. Spectroscopic characterizations reveal
only one singlet at 2.55 ppm in the 1H NMR spectrum and a
strong absorption at 1061 cm−1 in the IR spectrum, associated
with the presence of a CS bond. The Raman spectrum
recorded in CH2Cl2 solution shows two bands in the S−S
stretching region situated at 460 and 508 cm−1.22 The presence
of two bands may result from the coexistence of two rotamers
in solution differing from the relative conformation, cis or trans,
of the Cα atoms linked by a disulfide bridge.
The molecular structure of L−L was determined by X-ray

diffraction. The molecule is symmetric with a C2 axis
perpendicular to the S−S bond which inverts the two L units
(Figure 5). The S−S bond distance of 2.0929(11) Å is slightly
shorter than those reported for the dianions C6S10

2− featuring
two dmit units linked by one S−S bond (2.135(4) Å) and
C12S16

2− in which two 1,3-dithiole-2 thione rings are also
connected by one disulfide bond (2.157(12) Å).23 The S−S
separation in L−L is similar to the value of 2.0757(9) Å
observed in the rigid molecular C6S10 compound whose
structure consists in two dmit units linked by two disulfide
bonds.24 The torsion angle of 101.3° measured by the dihedral
angle of the C−S−S−C linkage is usual. The stabilization
arising from dihedral angles near 90° has been explained by the
overlap of one σ*S−C orbital and the 3p lone pair located on the
other sulfur atom which is maximized in such a conformation.25

In contrast to the compound described here, the dianion
C6S10

2− does not follow this general rule since an unusually
acute dihedral angle of 51.9° was reported.23 In this case, the
twist was not favorable for hyperconjugation but allows
intramolecular π−π interactions between the 1,3-dithiole-2-
thione cores. For L−L, the dihedral angle of 101.3° is not
consistent with intramolecular π stacking, but the packing
diagram in the solid state exhibits intermolecular π−π
interactions with separation of the 1,3-dithiole-2-thione rings
of 3.49 Å (Figure 5).

Due to the cost and the stoichiometric need of PtCl2 or
PdCl2 in the reaction described above, we investigated an
alternative method to synthesize dimer L−L. The oxidative
coupling of thiols to disulfide has been extensively studied, and
besides protocols using iodine or air as oxidizing agents, a wide
range of methods have been developed.26 An efficient and mild
procedure involving 1 equiv of hydrogen peroxide and a
catalytic amount of iodide has been recently reported.27 Using
this method, dimer L−L was synthesized in 40% yield starting
with the CsL thiolate dissolved in water. L−L reacts in CDCl3
by oxidative addition across 1 equiv of the zero-valent
Pt(PPh3)2(PhCCPh) complex to affording as product
[Pt(PPh3)(η

1-L)(η2-L)] identified on the basis of its NMR
spectroscopic data.11 This reactivity is similar to that observed
between tetrathiocines and zero-valent group 10 transition
metal complexes yielding dithiolate complexes.28

We also examined the reactivity of 2 equiv of CsL toward
MII(cod)Cl2 (M = Pd and Pt, cod =1,5-cyclooctadiene) in
refluxing ethanol. In both cases, only insoluble products have
been isolated. The presence of the dmit core was evidenced in
the IR spectra by the signature of the CS bond near 1050
cm−1. No cod could be detected in the IR spectra of the solids.
Elemental analyses indicated a S/C ratio close to 3 in
accordance with the presence of L in this insoluble material.
A similar result was obtained after reaction of CsL with
Pd(SEt)2Cl2. Due to the very low solubility of the isolated
products, it was not possible to obtain information from NMR
spectroscopy, so at this stage, it would be speculative to
conclude on the structure of these compounds. Nevertheless,
these experiences point out the influence of the ancillary ligand
on the reactivity of L toward PdII and PtII.

Theoretical Study. To gain more insight into the
mechanism of the C−S bond activation and the influence of
the phosphine ligands on the nature of the privileged pathway,
DFT calculations were carried out at the B3LYP/SMD-
(CH3CN)/SDD+f(M),6-31G**(other atoms)//B3LYP/SDD
+f(M),6-31G** (other atoms) level of theory (see the
Computational Details section). The solvent effect (CH3CN)
was taken into account by the SMD solvation model. We
examined two specific cases involving either a labile phosphine,
PEt3 or PPh3, for which the intermediates M(PR3)(η

1-L)(η2-L)
have been experimentally isolated and characterized, or a
chelate phosphine (dppe), where no occurrence of M(η1-
dppe)(η1-L)(η2-L) complex was observed by NMR spectros-
copy.
For labile phosphines PEt3 and PPh3, the starting point of the

theoretical study was complex M(PR3)2(η
1-L)2, identified as

minor product when Pd(PEt3)2Cl2 was reacted with two equiv
of L and major product when using Pt(PEt3)2Cl2. The latter

Scheme 4. Synthesis of L−L

Figure 5. ORTEP diagram (50% probability level) of L−L (left) and view of the intermolecular π−π interactions in the solid state (right). Symmetry
transformations to generate equivalent atoms: #, −x + 1, y, −z + 1/2.
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can undergo direct demethylation or demethylation after
predissociation of one phosphine ligand through complex
M(PR3)(η

1-L)(η2-L). From model complex PdII(PEt3)2(η
1-L)2

and its analogue with aryl groups PdII(PPh3)2(η
1-L)2, two

isomers have been localized on the potential energy surface
(PES), according to the position of the phosphine groups (cis
or trans). trans-Pd(PR3)2(η

1-L)2 was found to be around 5.6
kcal/mol (PEt3)/9.2 kcal/mol (PPh3) more stable than cis-
Pd(PR3)2(η

1-L)2. Similar results have been obtained for the
platinum complexes, with an energy difference of around 4.1
kcal/mol (PEt3)/9.3 kcal/mol (PPh3). The privileged trans
configuration is in agreement with experimental observations
since the unique formation of trans-[PtII(PR3)2(η

1-L)2] has

been previously ascertained by the magnitude of NMR JPtP
coupling constants and X-ray structures.11 Moreover, a survey
of structurally characterized PtP2S2 complexes has shown that
the trans configuration is the more common arrangement with
monodentate ligands.29 These theoretical data suggest a poor
probability of having the cis isomer in the mixture, according to
the Maxwell−Boltzmann distribution. Consequently, we
focused calculations on the reactivity of trans-MII(PR3)2(η

1-
L)2 complexes and analyzed the different plausible mechanisms
for the C−S bond activation.

Case of Labile Phosphine PEt3. To rationalize the formation
of square planar dithiolene complex MII(PEt3)2(dmit), we
supposed several mechanistic scenarios (Scheme 5): (i)

Scheme 5. Plausible Mechanisms for C−S Bond Activation in trans-MII(PEt3)2(η
1-L)2 Complexa

aIncluding oxidative addition/reductive elimination sequence, nucleophilic substitution SN2, and nucleophilic addition AN. Pathways A correspond
to direct pathways, and pathways B to pathways involve phosphine predissociation.
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Pathways A: Direct mechanisms from trans-M(PEt3)2(η
1-L)2

complex with the two alkylphosphines coordinated to the metal
center throughout the entire process. Three different pathways
have been considered: (path A-OA/RE) This is a two-step
process with oxidative addition of the S−CMe bond to M(II)
leading to MIV(PEt3)2(η

1-L)(dmit)Me intermediate (1aA),
which can convert by reductive elimination of Me2dmit to
MII(PEt3)2(dmit). This intermediate adopts an octahedral
geometry with the two phosphine ligands at the axial position
of the square plane formed by methyl group and the three
sulfur atoms and may be related to the octahedral
PtIV(PMe3)2(dithiolene)2 complexes, recently described by
Donahue et al.21a (path A-SN2) This pathway corresponds to
an intramolecular concerted SN2 reaction with a thiolate sulfur
atom acting as the nucleophile and MII(PEt3)2(dmit) complex
being the leaving group. The nucleophile approaches the
thiomethyl group at an angle of 180° with respect to the CCH3

−
S bond, thus providing the optimal overlap between the sulfur

lone pair (nS2) and the σ*S3−CH3
orbital. At the transition state,

the 5-partially bonded carbon adopts a trigonal bipyramidal
geometry with S2 and S3 atoms in axial position. (path A-AN)
In this pathway, the C−S bond activation proceeds through a
transition state involving a CH3

+ carbocation equidistant to the
Sthiolate and Sthioether atoms. The sulfur lone pair (p character) of
the thiolate S2 atom and the 2pπ(C) orbital of the carbocation
are correctly oriented to interact, favoring a nucleophilic attack.
For simplicity, this mechanism will be named hereafter
nucleophilic addition (AN). (ii) Pathways B: Mechanisms
involving one phosphine predissociation from trans-M-
(PEt3)2(η

1-L)2 complex. The intramolecular substitution of
one PEt3 ligand by the thiomethyl group SMe affords the
square planar species MII(PEt3)(η

1-L)(η2-L) (1B). As pre-
viously described, several pathways can take place from this
intermediate: (path B-OA/RE) This is a multistep process
implying an oxidative addition/reductive elimination sequence
followed by phosphine recoordination. The penta-coordinated

Figure 6. Energy profiles (ΔGCH3CN in kcal/mol) for direct mechanisms (pathways A) and phosphine-predissociation mechanisms (pathways B) for
C−S bond activation in trans-PdII(PEt3)2(η

1-L)2 complex, calculated at the B3LYP/SMD(CH3CN)/SDD+f(M),6-31G** (other atoms)//B3LYP/
SDD+f(M),6-31G**(other atoms) level of theory. The values in parentheses correspond to the results for the corresponding trans-PtII(PEt3)2(η

1-
L)2 complex.
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oxidative addition product MIV(PEt3)(η
1-L)(dmit)Me (1aB)

can be described as a square pyramidal with the methyl group
perpendicular to the square plane occupied by the P and the
three S atoms. This latter can then undergo reductive
elimination of the C−Sthioether bond and finally form
MII(PEt3)2(dmit) after recoordination of PEt3. (paths B-SN2
and B-AN) These correspond to the SN2 and nucleophilic
addition (AN) mechanisms from MII(PEt3)(η

1-L)(η2-L) spe-
cies.

For the sake of clarity, only the most plausible mechanisms
will be described in detail hereafter. According to DFT
calculations, all energy profiles involving direct pathways
(pathways A, Scheme 5) can be ruled out because the
transition states (TS’s) lie 47.6 to 64.9 above the reactant
trans-PdII(PEt3)2(η

1-L)2 (Figure 6).30 In agreement with the
experimental observations, theoretical results (Figures 6 and 7)
point out that the formation of PdII(PEt3)(η

1-L)(η2-L) (1B) is
kinetically and thermodynamically favored [ΔG#(TSdisso1B) =

Figure 7. Main minima and TS involved in the phosphine-predissociation mechanisms: oxidative addition/reductive elimination sequence (path B-
OA/RE), nucleophilic addition (path-B-AN), and SN2 reaction (path B-SN2) from trans-PdII(PEt3)2(η

1-L)2 complex.
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15.2 kcal/mol and ΔG(trans-PdII(PEt3)2(η1-L)2→1B) = −10.5
kcal/mol].31 This step proceeds through a concerted
dissociative mechanism with a late TS featuring dissymmetric
P−Pd distances (2.316 and 3.198 Å), short Pd−S1/Pd−S2
bond lengths (2.385/2.384 Å), and a quasi-formed Pd−S3
bond (2.583 Å), only elongated around by 0.2 Å compared to
Pd−S1/Pd−S2 ones.
In light of these theoretical data, we have explored more

specifically the three dissociative mechanisms (B-OA/RE, B-
SN2, and B-AN) involving tetra-coordinated square planar
intermediate 1B, which is stabilized by a strong coordination of
the thiomethyl group to the metal center [Pd−S3(Me): 2.425
Å, close to Pd−S1/PdS2: 2.369−2.390 Å, NBO analysis:
LP1(S3) → Pd: 8.6 kcal/mol and LP2(S3) → Pd: 96.2 kcal/
mol, Table S1]. DFT calculations (Figure 6) suggested that the
intramolecular SN2-like reaction (B-SN2, Scheme 5) is the less
feasible process. The TS lies at 43.3 kcal/mol (TSSN21B) above
the initial reactant PdII(PEt3)2(η

1-L)2. The nucleophilic
addition (B-AN) takes place through an activation barrier
(TSAN1B) lower in energy by around 6.2 kcal/mol and is
therefore the most privileged pathway. It can also compete with

oxidative addition/reductive elimination sequence (B-OA/RE
mechanism) since the rate-determining reductive elimination
step appears at almost the same energy as that of AN process
(TSRE1B, 2.5 kcal/mol higher in energy than TSAN1B, Figure 6).
However, in the OA/RE sequence, the oxidative addition step,
whose activation barrier is lower in energy than reductive
elimination by around 10 kcal/mol, can be reversible (penta-
coordinate intermediate 1aB is thermodynamically less stable
than 1B by around 27.3 kcal/mol). Consequently, the feasibility
of demethylation process through this sequence may be
impacted by promoting a competition between reductive
elimination of Me2dmit at palladium (thermodynamic control)
leading to the dithiolene complex PdII(PEt3)2(dmit) or a
backward reaction giving rise to the regeneration of 1B (kinetic
control). The activation barriers of the reductive elimination
step and the nucleophilic addition (AN) mechanism are
significant but accessible under the specific experimental
conditions (heating at 348 K during 17 h) and may explain
why the demethylation process is not effective.
Analysis of the associated transition states (Figure 7)

revealed that in the nucleophilic addition process B-AN, the

Figure 8. Energy profiles (ΔGCH3CN in kcal/mol) for C−S bond activation from trans-PdII(PPh3)2(η
1-L)2 calculated at the B3LYP/SMD(CH3CN)/

SDD+f(M),6-31G**(other atoms)//B3LYP/SDD+f(M),6-31G**(other atoms) level of theory and involving the phosphine-predissociation
pathways B and C: (a) oxidative addition/reductive elimination sequence through 2B, in red (B-OA/RE), (b) nucleophilic addition through 2B, in
black (B-AN), (c) SN2 pathway (B-SN2) through 2B, in blue, and (d) oxidative addition/reductive elimination sequence through 2C, in green (C-
OA/RE). The values in parentheses correspond to the results for the analogue trans-PtII(PPh3)2(η

1-L)2 complex.
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methyl group is quasi-equidistant to S2 and S3 atoms
(CCH3

...S2: 2.682 Å versus CCH3
...S3: 2.794 Å), with a quasi-

planar environment of the carbon center (ΣC: 351.4°). The
oxidative addition proceeds through a late 3-center transition
state involving Pd, S3, and CCH3

atoms. The main geometric

features associated with TSOA1B are a partially formed CCH3
−Pd

bond (2.367 Å versus 2.115 Å in 1aB), an elongated CCH3
−S3

bond (2.498 Å versus 1.842 A in 1B), and a classical Pd−S3
distance (2.367 Å). Likewise, reductive elimination transition
state TSRE1B displays a 3-center structure (Pd, S2, and CCH3

atoms) with quasi-similar Pd−S distance (Pd−S2: 2.455 Å), a
shorter Me−S2 bond (2.316 Å) than the Me−S3 one in
TSOA1B, and a more slightly elongated CCH3

−Pd bond (2.457

Å). Intrinsic reaction coordinate (IRC) calculations confirmed
that these two TS are both connected to the same penta-
coordinated intermediate (1aB), where the methyl group is in
apical position.
Case of the Labile Phosphine PPh3. To evaluate the

influence of monodentate labile phosphines, we have explored
the activation of S−CH3 bond from the hypothetical
PdII(PPh3)2(η

1-L)2 complex, which involves slightly more

bulky phosphine groups (cone angle of 132° for PEt3 and
145° for PPh3).

32 We turn our attention to predissociation
mechanisms since the intermediate PdII(PPh3)(η

1-L)(η2-L) has
also been evidenced by NMR and X-rays. As previously noticed
for PdII(PEt3)(η

1-L)(η2-L), NBO analysis allowed us to identify
a strong nSMe → Pd interaction in the PPh3 complex [Pd−S3:
2.417 Å, NBO analysis: LP1(S3) → Pd: 9.2 kcal/mol and
LP2(S3) → Pd: 97.0 kcal/mol, Table S1]. This interaction,
which is slightly more important than that with PEt3 as revealed
by NBO analysis and the shortening of the Pd−S3 distance
(theoretically and experimentally), is consistent with the
electronic effect of the PPh3 ligand (weaker σ-donor effect
than PEt3 which reduces charge on metal). The PPh3-
predissociation step is even more kinetically and thermody-
namically favored than that with PEt3 phosphine
[ΔG#(TSdisso2B): 8.9 kcal/mol and ΔG(trans-PdII(PPh3)2(η1-
L)2→2B): −19.4 kcal/mol].33 This highly exergonic step is in
line with the nondetection of [PdII(PPh3)2(η

1-L)2] upon
reaction of PdII(PPh3)2Cl2 with CsL and the unique
identification of complex PdII(PPh3)(η

1-L)(η2-L) in the NMR
spectrum at room temperature. Comparison of the energy
profiles depicted in Figures 6 and 8 has shown that all the
different intermediates (2B and 2aB) and transition states are

Scheme 6. Other Mechanism for C−S Bond Activation (Pathway C) in MII(PPh3)2(η
1-L)2 Complexa

aMechanism involves oxidative addition/reductive elimination sequence and going through MII(η2-L)2 (complex 2
C).
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just downhill in energy by around 10 kcal/mol compared with
those of the PEt3 ligand. Thus, the activation barrier of the
oxidative addition step is slightly decreased compared to that of
the alkylphosphine ligand (∼4 kcal/mol). The reductive
elimination and nucleophilic substitution (B-AN) steps are
calculated to be similar to that with PEt3, suggesting that the
steric and electronic properties of the phosphine do not really
affect this demethylation process. Likewise, the detailed
examination of the optimized geometries of TSOA2B, TSRE2B,
and TSAN2B evidences no noticeable difference with their PEt3
analogues (see Figure S3). These preliminary results emphasize
that a competition between oxidative addition/reductive
elimination sequence (B-OA/RE) and nucleophilic addition
(B-AN) may also happen (difference around 0.5 kcal/mol
between the two TS involved in RE and AN reactions), as
previously observed with PEt3 ligand.
In light of the experimental data for PdII(PPh3)(η

1-L)(η2-L)
complex (dissociation of PPh3 at high temperature and
exchange between coordinated and free PPh3), we have
considered another pathway involving decoordination of the
second phosphine group from PdII(PPh3)(η

1-L)(η2-L) and
going through PdII(η2-L)2 intermediate (2C, Scheme 6). The
PdII(η2-L)2 complex (2C) has been found as minimum on the
potential energy surface (PES). The dissociation of PPh3 from
PdII(PPh3)(η

1-L)(η2-L) is straightforward under the exper-

imental conditions (363 K, Figure 3) and can afford easily
PdII(η2-L)2 complex (ΔG = −1.0 kcal/mol; ΔG#: 18.7 kcal/
mol, Figure S4),35 in line with the experimental NMR
observations. The ability of demethylation from this
intermediate (2C) has been studied computationally (Figure
8) to compare with the mechanism (B-OA/RE) in Scheme 5.
The activation barrier of the oxidative addition step was
calculated relatively close with or without dissociation of the
phosphine (ΔG#= 34.4 kcal/mol vs 34.1 kcal/mol from 2C). In
contrast, a higher difference was found for the reductive
elimination step, where a decrease of the activation barrier
around 7 kcal/mol was observed in the case of the mechanism
involving PdII(η2-L).36 Examination of the structures of the two
TS for pathway C indicated (i) the concerted formation of Pd−
CCH3

bond (2.407 Å) and cleavage of S3−CCH3
bond (2.471 Å)

in TSOA2C as well as (ii) cleavage of Pd−CCH3
bond (2.465 Å)

and formation of S2−CCH3
bond (2.365 Å) in TSRE2C.

Comparison of the geometrical features of these transition
states with those associated with pathway B-OA/RE revealed
weak modifications in the oxidative addition step (See Figures
S3 and 9, similar distances and ΣPd: 359.1° in TSOA2C versus
ΣPd: 361.6° in TSOA2B), in agreement with similar activation
barriers. In contrast, the changes are more important in the
reductive elimination step. More specifically, the Pd center is
more distorted in TSRE2B than in TSRE2C (ΣPd: 367.4° in

Figure 9. Main minima and TS involved in the oxidative addition/reductive elimination sequence for mechanism C, going through PdII(η2-L)2
complex (2C).
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TSRE2B versus 359.6° for TSRE2C) because of steric constraint,
which can be one of the reasons of the energy difference around
9 kcal/mol.
Intriguingly, the demethylation reaction was predicted to

preferentially proceed through PdII(η2-L)2 intermediate (path-
way C) rather than directly going through PdII(PPh3)(η

1-L)(η2-
L) complex (mechanisms B). This is pointed out by the
energetic span δE, which has been calculated around 39.3 kcal/

mol for mechanism C versus for 47.6 for mechanism B-OA/RE
and 47.1 for mechanism B-AN.

37 As previously described for the
OA/RE sequence in mechanism B with PEt3 ligand, DFT
calculations indicated that the oxidative step assumes an
important role on the feasibility of the demethylation process.
Indeed, penta-coordinated intermediate 2aC (methyl group in
apical position and the Pd atom surrounded by four sulfur
atoms in a square planar environment) is not thermodynami-

Scheme 7. Privileged Pathways for C−S Bond Activation from M(PR3)2(η
1-L)2

Scheme 8. Plausible Mechanisms from C−S bond activation in PdII(η2-dppe)(η1-L)2 complexa

aIncluding oxidative addition/reductive elimination sequence, nucleophilic substitution SN2, and nucleophilic addition. Pathways A correspond to
direct pathways, and pathways B are those involving phosphine predissociation.
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cally favored. This results in a competition between two
reductive elimination pathways. The first, corresponding to the
reverse oxidative addition step, gives PdII(η2-L)2, which can
then be converted into PdII(PPh3)(η

1-L)(η2-L) complex after
phosphine coordination, and the second one leads to
demethylation product PdII(PPh3)2(dmit). The weak thermo-
dynamic preference for this dithiolene complex (ΔG ≈ −4
kcal/mol from 2C or −5.1 kcal/mol from 2B) and the readily
accessible activation barrier to once again regenerate the kinetic
product PdII(PPh3)(η

1-L)(η2-L) from 2aC perfectly agree with
an inefficient demethylation reaction and are consistent with
the experimental observations, i.e., a ratio of PdII(PPh3)(η

1-
L)(η2-L)/PdII(PPh3)2(dmit) close to 20 upon heating the
reactants Pd(PPh3)2Cl2 and CsL at 348 K during 17 h.
Similarly, the high endergonicity of the oxidative addition

step for the PEt3 ligand tends to show that PdIIPEt3(η
1-L)(η2-

L) species is the kinetically controlled product of the
demethylation process (ΔG# = 11.7 kcal/mol for the reverse
oxidative addition process versus ΔG# = 22.8 kcal/mol for the
formation of PdII(PEt3)2(dmit) by RE from 1aB). On the
contrary, PdII(PEt3)2(dmit) seems to be the thermodynamically

controlled derivative and can originate from nucleophilic
addition reaction from 1B and/or reductive elimination from
1aB. Finally, the improvement of the demethylation process
with alkyl group on phosphorus (40/60 for PEt3 versus 5/95
for PPh3) can be correlated to higher thermodynamic
stabilization of the dithiolene complex bearing a PEt3 ligand
compared to PPh3 (ΔGdithiolene = −9.9 kcal/mol from 1B versus
ΔGdithiolene = −4.7 kcal/mol from 2B).
Thus, all these results highlight that in heteroleptic

monophosphine/L palladium complexes the C−S bond
activation can occur via two competitive pathways: a
nucleophilic addition reaction and/or an oxidative/reductive
elimination sequence (Scheme 7). However, DFT calculations
make a distinction between PEt3 and PPh3 derivatives. With
PEt3, the two reactions take place simultaneously and directly
from PdII(PEt3)(η

1-L)(η2-L), whereas the dissociation of the
triphenylphosphine from PdII(PPh3)(η

1-L)(η2-L) implies that
oxidative addition/reductive elimination mechanism is favored
and occurs preferentially from PdII(η2-L)2 complex. The
thermodynamic stabilization of the final products
[PdII(PR3)2(dmit) + Me2dmit] compared to intermediate

Figure 10. Energy profiles (ΔGCH3CN in kcal/mol) for the direct pathways (nucleophilic substitution SN2, nucleophilic addition AN, and oxidative
addition/reductive elimination) for C−S bond activation from PdII(η2-dppe)(η1-L)2 calculated at the B3LYP/SMD(CH3CN)/SDD+f(M),6-
31G**(other atoms)//B3LYP/SDD+f(M), 6-31G**(other atoms) level of theory. The values in parentheses are those obtained for the analogue Pt
species.
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PdII(PR3)(η
1-L)(η2-L) seems to be the driving force for the

efficiency of the process and suggests that the latter is under
thermodynamic control (better yield with PEt3). However, the
relatively high activation barriers of RE and AN steps are
responsible for the poor yield of demethylation (<50%).
Case of the Chelate Phosphine dppe. To extend this work,

the demethylation process has also been investigated with the
strongly chelating diphosphine dppe, for which a pathway
implying a predissociation of a phosphine arm appears a priori
quite unlikely especially in the case of dppe. Nevertheless, the
opening of a dppe chelate ring has been already proposed in
mechanisms involving dihydrogen complex trans-[FeH(H2)-
(dppe)2]

+.38 Therefore, we have theoretically considered both
direct (pathways A) and indirect pathways (pathways B) from
[Pd(η2-dppe)(η1-L)2] (Scheme 8).
The substitution of one phosphine arm by the thiomethyl

group requires a slightly less accessible barrier than that for the
monodentate phosphines (Figure S2) [ΔG# (TSdisso3B) = 19.7
kcal/mol versus 9−15 kcal/mol]. As expected, greater differ-
ence appears in the thermodynamic feasibility of this
phosphine/thiomethyl exchange. While it was exergonic for
the labile phosphines [PEt: ΔG(TSdisso1B) = −10.5 kcal/mol;
PPh3: ΔG(TSdisso2B) = −19.4 kcal/mol], it is endergonic for
the chelate dppe phosphine [ΔG(TSdisso3B) = 8.3 kcal/mol],
showing that the feasibility of this largely depends on the nature
of the ligand and can be excluded with dppe.39 Looking at the
bonding situation in intermediate 3B, no significant difference is
observed (see Table S1) compared to those of the
corresponding PEt3 and PPh3 analogues, indicating that the
endergonicity of this step seems rather to be correlated to the
higher stability of the chelate PdII(η2-dppe)(η1-L)2 complex. As
might be expected, the oxidative addition step from 3B is uphill
by around 10−20 kcal/mol compared to those calculated for
PdII(PR3)2(η

1-L)2 complexes (ΔG#(TSOA3B) = 44.7 kcal/mol,
Figure S5), and the reductive elimination could not take place
because the activation barrier is unreachable (ΔG#(TSRE3B) =
53.5 kcal/mol). The nucleophilic addition (AN) and sub-
stitution (SN2) are also energetically disfavored (ΔG# > 55

kcal/mol), ruling out any mechanisms involving dissociation of
one phosphine arm (Figures S6 and S7).
Activation barriers for the direct oxidative addition/reductive

elimination sequence and AN pathway were also found very
high in energy (Figure 10) [ΔG# = 52−62 kcal/mol]. By
contrast, the transition state lies around 38.4 kcal/mol over
PdII(η2-dppe)(η1-L)2 for the intramolecular SN2 mechanism.
The barrier presents the same magnitude as that for the
oxidative addition step in the predissociative pathway involving
labile phosphines and can be therefore reached under the
experimental conditions (∼348 K in acetonitrile). It is
noteworthy that SN2 substitution at methyl group by chloride
has also been proposed to account for the cleavage of Se−
C(alkyl) bond in bis(alkyl)selenosalen Pd(II) and Pt(II)
complexes (Scheme 1d),9 but in this latter example, the
nucleophile (Cl−) is an external species.
The main geometric features of transition state TSSN23A

reveal simultaneous formation of a CCH3
···S2thiother bond (2.236

Å) and concomitant displacement of the Me group from S3
sulfur (2.533 Å), with a S2···Me···S3 bond angle being around
160.09°. Plots of the MOs involved in this reaction reinforces
the intramolecular SN2-like process (Figure 11), with HOMO−
1 and LUMO+4 of TS corresponding to the S2 lone pair of the
ligand L in interaction with the σ*S2C orbital of the other ligand.
Examination of the geometric features of the initial reactants

PdII(η2-dppe)(η1-L)2, trans-Pd
II(PEt3)2(η

1-L)2, and their corre-
sponding direct SN2 transition states (TSSN23A and TSSN21A)
reveals strong distortion of the geometry of the TS with PEt3.
In TSSN21A, the metal presents a distorted square planar
geometry compared to trans-PdII(PEt3)2(η

1-L)2 (ΣPd: 374.1°
versus ΣPd: 360.4°, see Figure S7) with a strong decrease of the
S1PdS2 bond angle around 30−40° (173.6° in initial reactant
and 137.21° in TS) and a decrease of P1MP2 around 13°
(172.6° in initial reactant and 159.7° in TS). On the contrary,
with dppe ligand, these main geometrical parameters remain
quasi-similar in the two species (initial reactant ΣPd: 359.9°,
S1MS2: 94.4°, and P1MP2: 86.6° versus TS, ΣPd: 360.0°,
S1MS2: 92.1°, and P1MP2: 86.4°). These data confirm that the
large difference between the direct SN2 activation barriers of the

Figure 11. Main geometrical parameters of TSSN23A (distances in Å and bond angles in deg) and main molecular orbitals (cutoff: 0.04) involved in
direct SN2 mechanism from PdII(η2-dppe)(η1-L)2.
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two systems originates from the bent PPdP (chelate
phosphine) versus linear (trans-PEt3 phosphines) geometry,
pointing out that the chelate effect preorganizes the system for
the SN2 pathway, becoming thus the most favorable. This is
confirmed by the localization of the SN2 transition states from
cis-PdII(PR3)2(η

1-L)2 complexes (R= Et and Ph; see Figures
S10 and S11 for the energy profiles and Figures S8 and S9 for
the geometrical features), which present activation barriers
(ΔG# ≈ 30 kcal/mol) close to that computed from PdII(η2-
dppe)(η1-L), where no strong structural deformation was
evidenced.
Influence of the Metal Center: Pd versus Pt. Finally,

influence of the metal center (Pt versus Pd) was also examined,
especially in the case of labile phosphines where the
[M(PR3)2(dmit)]/[M(PR3)(η

1-L)(η2-L)] ratios have been
experimentally determined. In line with the experimental
observation, a lower lability of the phosphine ligand is
computed in the case of the platinum complexes (Figure S2).
The energy profiles of all the plausible mechanisms (Figures 6
and 8) were found to be very similar to those calculated for the
palladium complexes, showing that the metal does not really
impact the nature of the privileged pathway. The only
noticeable differences between the two metal centers rest on
two key points. The first one corresponds to the relative
thermodynamic instability of oxidative addition product (1aB/
2aB and 2aC), which makes this step more or less reversible and
leads to reformation of M(PR3)(η

1-L)(η2-L). Penta-coordi-
nated intermediates 1aB/2aB and 2aC appear to be more stable
by around 8−10 kcal/mol with platinum than with palladium,
consistent with a strengthening of the M−C bond.40

Consequently, the oxidative addition step is facilitated with
platinum center (lower reversibility), which can indirectly
further privilege the formation of the demethylation product, as
experimentally confirmed. The second point relates to the
energy of the demethylation process from key intermediate
[M(PR3)(η

1-L)(η2-L)]. This C−S bond activation is more
thermodynamically favored for the platinum complexes than for
the palladium ones (ΔGrx around −10 to −16 kcal/mol for Pt
compared to −5 to −10 kcal/mol for Pd), indicating a better
efficiency of the overall process for the platinum complexes
(thermodynamic control).

■ CONCLUSION
In this contribution, we studied the coordination of mixed
thiolate/thioether ligand L on PdIIP2 core and evidenced
competition between formation of PdP2(η

1-L)2 and PdP(η1-
L)(η2-L) complexes depending on the nature of the phosphine.
The Sthioether−Pd interaction substituted a P−Pd interaction
with the monophosphines PEt3 and PPh3, whereas Pd(dppe)-
(η1-L)2 was found to be stable at room temperature. With
dppm, the coexistence in solution of both species Pd(η2-
dppm)(η1-L)2 and Pd(η1-dppm)(η1-L)(η2-L) is observed.
Experimental investigations revealed that the H3C−S bond
activation occurred at high temperature leading to heteroleptic
phosphine/dithiolene complexes, PdP2(dmit) and MeL. In
contrast to the other examples of C(sp3)−S bond cleavage
reported in the literature, which are mainly described as
resulting from substitution involving external nucleophile or are
more scarcely photochemically induced, the thermal C−S bond
activation reported in this work did not require the presence of
an external reactant. Theoretical study by DFT calculations
allowed us to establish the mechanism of the intramolecular
C−S bond activation in these complexes. The latter depends on

the nature of the ancillary ligands. With the chelating dppe
phosphine, an intramolecular SN2 process in which a Sthiolate
acts as nucleophile appears as most feasible pathway due to the
cis position of η1-L ligands imposed by the stable Pd(η2-dppe)
metallacycle. With PPh3 ligand, the C−S bond was found to be
activated via an oxidative addition process leading to a penta-
coordinated PdIV intermediate from the thermodynamically
stable square planar PdII(η2-L) species, which after reductive
elimination affords dithiolene complexes PdII(PPh3)2(dmit).
With the alkyl analogue (PEt3), both nucleophilic addition AN
and oxidative addition/reductive elimination sequence may
simultaneously occur through PdII(PEt3)(η

1-L)(η2-L) complex,
leading to the demethylation product. This C−S bond
activation is under thermodynamic control, with the efficiency
correlated with the thermodynamic stabilization of the
demethylation product compared with key intermediate
Pd(PR3)(η

1-L)(η2-L). Theoretical calculations also point out
that the nature of the metal Pt versus Pd does not impact the
privileged pathway. The greater efficiency of the demethylation
reaction generally observed with platinum complexes may
result from the greater stability of the PtIIP2(dithiolene)
products versus their PdII analogues. It should be also
emphasized that the coordination sphere of the PdII/PtII

impacts not only the mechanism of the S−CH3 bond activation
but also the reactivity of L. The coupling of two L ligands by
reaction with PdCl2 or PtCl2 points out the influence of the
ancillary ligands in the reactivity of L coordinated on PdII or PtII

center.

■ EXPERIMENTAL SECTION
General. All manipulations were performed using Schlenk

techniques in an atmosphere of dry oxygen-free argon. Elemental C,
H, and S analyses were performed on a Leco Elemental Analyzer CHN
900. The 31P{1H} NMR spectra were recorded at 121.50 MHz on a
Bruker DRX 300 spectrometer. CsL,15 Pd(PPh3)2Cl2,

41 Pd-
(PEt3)2Cl2,

42 Pd(dppm)Cl2,
43 and Pd(dppe)L2 (3)15 (31P{1H}

NMR-CDCl3: δ 59.6 ppm) were prepared according to the literature.
Samples of Pd(η2-dppe)(dmit), Pd(η2-dppm)(dmit), Pd(PPh3)2(dmit),
and Pd(PEt3)2(dmit) were prepared by reaction of the C3S5

2− ligand
(dmit) with the appropriate [PdCl2P2] precursor

44 and their 31P{1H}
NMR spectra were recorded (a singlet was observed at 56.7, −39,0,
26.9, and 18.5 ppm, respectively). The bulk purity of new compounds
was established by NMR spectroscopy (1H, 13C, and 31P) and
elemental analyses.

Synthesis of Pd(PEt3)(η
1-L)(η2-L) (1). To a methanol (25 mL)

solution of cis-Pd(PEt3)2Cl2 (0.041 g, 0.1 mmol) was added cesium
1,3-dithiole-2-thioxo-4-methylthio-5-thiolate (0.076 g, 0.22 mmol).
The solution was refluxed for 5 h. After cooling to room temperature,
the reaction mixture was filtered and the dark brown precipitate was
extracted into dichloromethane. The extract was concentrated in vacuo
to afford 1 (0.037 g, 57%). Single crystals of complex 1 were grown by
keeping a solution of 1 in chloroform/hexane mixture for 2 days at 4
°C. Anal. Calcd for C14H21PPdS10 (M = 647.4) C, 25.97 H, 3.27 S,
49.53; found: C, 26.17 H, 3.39 S, 49.23. 1H NMR (295 K, CDCl3, δ)
2.66 (s, 6H, CH3), 2.02 (m, 6H, P−CH2−), 1.23 (m, 9H, CH2−CH3)
ppm. 13C{1H} NMR (CDCl3, δ) 8.3 (2JC−P = 2.9 Hz), 15.9 (1JC−P =
31.1 Hz), 22.9(−CH3), 121.9 (C4), 152.2 (C5,

3JC−P = 4.4 Hz), 214.6
(CS). 31P NMR (295 K, CDCl3, δ) 35.7 ppm. IR (KBr disk, cm−1):
1058 (νCS), 743, 628, 511 (νPEt3). UV/vis (CH2Cl2, λmax, nm (ε, M−1

cm−1): 306 (32857), 414 (20952).
Pd(PPh3)(η

1-L)(η2-L) (2). Complex 2 was prepared by using
precursor Pd(PPh3)2Cl2 following the same procedure as that for
complex 1 (70% yield). Anal. Calcd for C26H21PPdS10 (M = 791.5)
calcd C, 39.46 H, 2.67 S, 40.51; found: C, 39.68 H, 2.67 S, 40.17. 1H
NMR (295 K, CDCl3, δ) 7.69−7.48 (m, 15 H, Ph), 2.61 (s, 6 H, CH3)
ppm. 13C{1H} NMR (CDCl3, δ) 23.0 (−CH3), 121.5 (C4), 127.7
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(1JC−P = 54.0 Hz), 128.6 (2JC−P = 11.2 Hz), 131.8, 134.4 (3JC−P = 10.9
Hz), 153.1 (C5), 214.6 (CS). 31P NMR (295 K, CDCl3, δ) 32.6
ppm. IR (KBr disk, cm−1): 1057 (νCS), 741, 692, 517 (νPPh3). UV/vis
(CH2Cl2) λmax nm (ε, M−1 cm−1): 311 (39762), 415 (21714).
Synthesis of Pd(dppm)L2 (4). Pd(dppm)Cl2 (0.056 g, 0.1 mmol)

and cesium 1,3-dithiole-2-thioxo-4-methylthio-5-thiolate (0.069 g, 0.2
mmol) were stirred in acetone (10 mL) at room temperature for 6 h.
After evaporation of the solvent, the orange residue was extracted with
CH2Cl2 (2 × 7 mL). Ecaporation under reduced pressure afforded 3 as
a red solid (0.068 g, 75%). Anal. Calcd for C33H28P2PdS10 (M = 913.6)
calcd C, 43.38 H, 3.09 S, 35.10; found: C, 43.62 H, 3.17 S, 34.78. 1H
NMR (295 K, CDCl3, δ) 7.66−7.45 (m, 20 H, Ph), 4.15 (br s, 2 H,
PCH2P), 2.58(s, CH3 (η

1-L)2), 2,40 (s, CH3 (η
1-L)(η2-L)) ppm. 31P

NMR (295 K, CDCl3, δ) −38.3 ([Pd(η2-dppm)(η1-L)2]), 27.5
(−Ph2P−Pd in [Pd(η1-dppm)(η1-L)(η2-L)], −23.25 (Ph2P−CH2 in
[Pd(η1-dppm)(η1-L)(η2-L)]) ppm. IR (KBr disk, cm−1): 1061 (νCS).
UV/vis (CH2Cl2) λmax, nm: 308, 412. Note that due to an equilibrium
between Pd(η2-dppm)(η1-L)2 and the coordination isomer Pd(η1-
dppm)(η1-L)(η2-L) identification of all C signals was not possible in
the 13C{1H} NMR (see Supporting Information).
Synthesis of L−L. Method A. To a solution of CsL (34 mg, 0.1

mmol) in ethanol (15 mL) was added 0.5 equiv of MCl2 (M = Pd or
Pt) under inert atmosphere. The resulting suspension was refluxed for
5 h. Then, the mixture was cooled at room temperature and was
filtered off. The dark residue was further dissolved in dichloromethane
to obtain a clear yellow solution of the disulfide compound.
Evaporation of the solvent afforded an orange colored powder
which was recrystallized in dichloromethane-hexane mixture to get
single crystals for X-ray diffraction (4.6 mg, 22% with M = Pd).
Method B. A batch of CsL (0.34 g, 1.0 mmol) was dissolved in 15

mL of distilled water to obtain a red solution in a Schlenk tube. Then,
0.01 mmol of sodium iodide (1.5 mg, 1 mol %) and 1.0 mmol of 30%
H2O2 (0.11 mL) were added directly, and the mixture was stirred at
room temperature for 24 h. Next day, a saturated aqueous solution (20
mL) of Na2S2O3 was added to get an orange precipitate of the disulfide
compound. The mixture was filtered off and washed thoroughly with
water and cold methanol. The precipitate was dried under vacuum
(0.085 g, 40%). Anal. Calcd for C8H6S10 (M = 422.7) calcd C, 22.73
H, 1.43 S, 75.85; found: C, 22.85 H, 1.47 S, 75.48. 1H NMR (CDCl3,
300 MHz, δ) 2.55 (s) ppm. 13C{1H} NMR (CDCl3): 19.3 (−CH3),
128.8, 147.6, 209.8 (CS) ppm. IR (KBr disk, cm−1): 1061 (νCS).
UV/vis (CH2Cl2) λmax, nm (ε, M−1 cm−1): 275 (13786), 384 (15714).
Mp: 123 °C.
Crystal Structure Determinations. The crystal structure

determinations were effected at 173.15(2) K on a Xcalibur, Sapphire3
diffractometer. The crystal was kept at 173.15 K during data collection.
Using Olex245 the structure was solved with the ShelXT46 structure
solution program using Direct Methods and refined with the XL47

refinement package using Least Squares minimization. Crystallo-
graphic parameters are listed in Table S2. CCDC-1489553 (1),
1489549 (2), and 1489552 (L−L) contain the supplementary
crystallographic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif.
Computational Details. All calculations were performed using the

Gaussian 09 package48 and the B3LYP hybrid functional. B3LYP49 is a
three-parameter functional developed by Becke which combines the
Becke gradient-corrected exchange functional and the Lee−Yang−Parr
and Vosko−Wilk−Nusair correlation functionals with part of exact HF
exchange energy. Palladium and platinum atoms were described with
the relativistic electron core potential SDD and associated basis set,50

augmented by a set of f-orbital polarization functions51 and 6-31G**
basis set were employed for other atoms.
Optimization of the different minima and TS were carried out

without any symmetry restrictions in gas phase. All total energies and
Gibbs free energies have been zero-point energy (ZPE) and
temperature corrected using unscaled density functional frequencies.
Frequency calculations were undertaken to confirm the nature of the
stationary points, yielding one imaginary frequency for transition
states, corresponding to the expected process, and zero for minima.

The connectivity of the transition states and their adjacent minima was
confirmed by intrinsic reaction coordinate (IRC) calculations.52 In
addition, single-point calculations were carried out on the geometries
obtained in gas phase, including the solvent (acetonitrile, CH3CN) by
means of the SMD implicit solvation model.53 The electronic energies
were then ZPE and temperature corrected based on full gas-phase-
optimized geometry in order to obtain ΔHCH3CN and ΔGCH3CN values.
Natural bond orbital54 analyses (NBO, 5.9 version)55 have been used
to describe the bonding situation in the intermediates 1B, 2B, and 3B.
Molecular orbitals were plotted with Molekel 5.4.56 The energetic span
(δE) has been calculated in the case of the reactivity of trans-
PdII(PPh3)2(η

1-L)2 in order to discriminate between mechanisms C
and B-OA/RE. It corresponds to the energetic difference between
TOF-determining intermediate (TDI) [PdII(PPh3)(η

1-L)(η2-L) for
mechanism B-OA/RE and PdII(η2-L)2 for mechanism C] and the
TOF-determining transition state (TDTS, reductive elimination
TS).29
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2002, 2002, 856−858. (e) Khazaei, A.; Zolfigol, M. A.; Rostami, A.
Synthesis 2004, 2959−2961. (f) Bao, M.; Shimizu, M. Tetrahedron
2003, 59, 9655−9659. (g) Uemura, S. In Comprehensive Organic
Synthesis; Trosty, B. M., Fleming, I., Eds.; Pergamon Press: Oxford,
1991; Vol. 7, p 757. (h) Tam, J. P.; Wu, C.-R.; Liu, W.; Zhang, J.-W. J.
Am. Chem. Soc. 1991, 113, 6657−6662.
(27) Kirihara, M.; Asai, Y.; Ogawa, S.; Noguchi, T.; Hatano, A.; Hirai,
Y. Synthesis 2007, 2007 (21), 3286−3289.
(28) Wrixon, J. D.; Hayward, J. J.; Raza, O.; Rawson, J. Dalton Trans.
2014, 43, 2134−2139.
(29) The structural parameters of PtP2S2 complexes in which P-
donor ligands are only organomonophosphines have been recently
analyzed. With monodentate thiolates, 21 of the 31 examples exhibit a
trans configuration: Melnik, M.; Mikus, P. Rev. Inorg. Chem. 2016, 36,
43−51.
(30) Recoordination of the phosphine (1bB + PEt3→MII(PEt3)2dmit
+ Me2dmit) requires a barrier around ΔG# = 18.5 kcal/mol (ΔH#: 6.7
kcal/mol) for Pd complex and ΔG# = 30.9 kcal/mol (ΔH# = 18.5
kcal/mol) for the Pt one.
(31) Even if there is a possible overestimation by our calculations of
the entropic effect, the formation of 1B remains favorable (ΔH = 2.3
kcal/mol, Figure S2).
(32) Tolman, C. A. Chem. Rev. 1977, 77, 313−348.
(33) ΔHCH3CN values are also consistent with this experimental
observation: ΔHCH3CN

PPh3 = −3.8 kcal/mol < ΔHCH3CN
PEt3 = 2.3 kcal/

mol (Figure S2). Consequently, even if entropic effects are
overestimated, they do not alter our conclusion (easier dissociation
of the phosphine with PPh3 ligand).
(34) For the palladium complex, recoordination of the first
phosphine (2bC + PPh3→2bB, ΔG# = 22.3 kcal/mol; ΔH# = 9.5
kcal/mol) requires an activation barrier similar to the second one (2bB

+ PPh3→PdII(PPh3)2dmit + Me2dmit, ΔG# = 18.7 kcal/mol; ΔH# =
10.4 kcal/mol).
(35) The TS associated to the phosphine decoordination from
PdII(PPh3)(η

1-L)(η2-L) is a late transition state with a Pd−P distance
around 2.918 Å and a Pd−S(Me) of 2.477 Å quasi-formed (other Pd−
S distances: 2.37−2.41 Å).
(36) The TS corresponding to a AN mechanism is high in energy
(ΔG# = 52.9 kcal/mol) and is consequently unlikely.
(37) (a) Kozuch, S. WIREs Comput. Mol. Sci. 2012, 2, 795−815.
(b) Kozuch, S.; Shaik, S. Acc. Chem. Res. 2011, 44, 101−110. (c) Uhe,
A.; Kozuch, S.; Shaik, S. J. Comput. Chem. 2011, 32, 978−985.
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