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imetallic neutral palladium (II) bis(dithiolene) complex: Unusual
nthesis, structural and theoretical study
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 Introduction

Metal-dithiolene complexes have been extensively
died since many years for the elaboration of molecular

aterials with conducting, magnetic and optical properties
], their peculiarity coming from the non-innocence of the
thiolate ligands. Indeed, the frontier orbitals of such
mplexes develop both on the ligands, especially the sulfur
oms, and on the metal centers [2]. This feature, combined
ith their propensity to engage in intermolecular S���S and
etal���S interactions, thus providing excellent stacking
operties in the solid state, makes them valuable building
ocks for conducting and magnetic materials [3]. In
dition, metal bis(dithiolene) complexes in different
idation states show strong absorption in the near infrared
gion [4] from 700 nm (nickel) up to 1.6 mm (gold)
pending on the nature of the metal and the substitution
ttern of the dithiolene ligand [5]. The group 10 (Ni, Pd, Pt)
uare planar complexes show in the monoanionic or
utral species, very often obtained upon oxidation of the

initially formed dianionic compounds, these low energy
absorption bands, attributed to p-p* transitions of HOMO–
SOMO and HOMO–LUMO types, respectively [6]. Accord-
ingly, such complexes have found applications as near
infrared photodetectors [7], optical switching devices [8],
organic dyes [9], and organic electronics [10].

In the case of the simplest 1,2-dithiolene ligand, e.g. 1,2-
ethylene-dithiolate (S2C2H2), also considered as the
‘‘parent dithiolene’’, the crystal structures of the neutral
bis(dithiolene) complexes [M(S2C2H2)2] (M = Ni, Pd, Pt)
show, interestingly, dimeric units formed through M���M
bonds for Pd and Pt, while the Ni complex consists of
isolated monomers [11]. The low energy absorption bands
for these ‘‘parent complexes’’, in which the oxidation from
the dianion to the neutral species affects mainly the ‘‘non-
innocent’’ ligands, appear at 720 nm (Ni) [5a], 785 nm (Pd)
[5b], and 680 nm (Pt) [5c]. Neutral metal mono(dithiolene)
complexes (M = Ni, Pd, Pt) can be obtained by formally
replacing one dithiolene ligand by two monodentate or
one bidentate neutral ligand, such as the phosphines.
However, in this case there is no ambiguity on the
oxidation state of the components, since the metal is 2+
and the dithiolene 2–. Accordingly, an extensive series of
neutral mono(dithiolene) complexes formulated as
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A B S T R A C T

The unusual synthesis of the dimeric dithiolene complex [(PPh3)Pd(ethylene-1,2-

dithiolate)]2 (1), containing the simplest dithiolene ligand, has been achieved through

the reaction between tetrathiafulvalene (TTF) and Pd(PPh3)4. The complex shows a folded

structure in the solid state, according to single crystal X-ray analysis performed on crystals

grown from two different system solvents and conditions, with a central [Pd2S2] ring

folded about the S���S hinge by 67.98. The optimized geometry at the DFT level is in

excellent agreement with the experimental structure. Moreover, TD-DFT calculations

allowed the assignment of the low energy band arising at 576 nm to the HOMO!LUMO

transition, between frontier orbitals having mixed metal and dithiolene character.
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2)M(dithiolene) (M = Ni, Pd, Pt) have been synthesized,
here P2 stands generally for two PPh3 or one dppe ligands
ppe = 1,2-bis(diphenylphosphino)ethane) [12]. The col-

urs of these complexes when the dithiolene is maleoni-
iledithiolate (mnt) vary from brown-red for Ni to orange
r Pd and, finally, yellow for Pt, yet large variations are

bserved upon changing the substitution pattern on the
ithiolene ligand. For example, the Pd complex formulated
s (Ph3P)2Pd(S2C2(SMe)2), thus containing the bis(thio-
ethyl)dithiolene ligand, for which the single crystal X-ray

tructure was described, was obtained as red-violet crystals
2c]. Note that in all the crystal structures described so far
e complexes appear as monomeric units. Generally, the

ynthesis of these neutral mono(dithiolene) complexes
volves either the reaction between the (P2)MCl2 complex
ith the dithiolate [12e], the displacement of a dithiolene

gand from the neutral bis(dithiolene) complexes by
hosphines [12a,b], or the displacement of a cyclooctadiene
OD) from (COD)Pt(dithiolene) by phosphines [12f,g].
owever, other more specific methods have been also
mployed, such as the direct reaction between the Pd(PPh3)4

omplex and the dimethyltetrathiooxalate in the case of
h3P)2Pd(S2C2(SMe)2) [12c]. To our knowledge, in all but

ne case [12g], the dithiolene ligand was not the parent one.
urprisingly indeed in this series, only the platinum
omplex (Ph3P)2Pt(edt) (edt = 1,2-ethylene-dithiolate) was
escribed as a bright yellow solid, although without any
rystal structure analysis [12g].

We describe herein the unexpected synthesis of the
Ph3P)Pd(edt)]2 dimeric complex 1, together with its

pectroscopic and structural characterization. DFT and TD
FT calculations have been performed in order to support
e experimental geometry and to explain the electronic

tructure of this unprecedented dimeric dithiolene complex.

. Results and discussion

.1. Synthesis and characterization

We noticed initially the formation of the title com-
ound [(Ph3P)Pd(edt)]2 (1), identified after single crystal
-ray analysis (vide infra), as traces of by-product during
ur attempts of Stille type coupling between TTF-SnMe3

nd various halogenated aromatic substrates in the
resence of the standard Pd(0) catalyst Pd(PPh3)4 [13].
uzzled by this observation we decided to rationalize the
rmation of 1 and assumed that the direct reaction

etween TTF and Pd(PPh3)4 would afford 1, in the absence
f any other obvious reaction paths (Scheme 1).

Indeed, after refluxing during 48 h an equimolar
mixture of TTF and Pd(PPh3)4 in toluene, the only product
which has been isolated after chromatographic work-up
was the dimeric dithiolene complex 1. Clearly, the yield of
this reaction is low, yet the unreacted TTF is fully
recovered, while the excess of palladium complex affords
black colloidal palladium together with phosphine and
phosphine-oxide. The complex 1 was obtained as an air
stable dark violet crystalline solid which was first
characterized by spectroscopic methods. 31P NMR spec-
trum shows a sharp single peak at 30.26 ppm, indicative of
PPh3 ligands symmetrically coordinated to a Pd-dithiolate
fragment [14]. 1H NMR is in agreement with a 1:1 ratio
between an edt and a PPh3 ligand, although the chemical
shift of one of the vinylic protons is somewhat puzzling,
since it appears rather shielded, at 4.46 ppm, when
compared with the other proton at 6.28 ppm, the usual
value for this type of proton. The explanation for this
upfield shift lies very likely in the location of the
corresponding proton in the anisotropy cone of one phenyl
ring of the PPh3 ligand. This assumption is supported by
the crystal structure (vide infra) of the complex, showing
clearly the short distance (2.63–2.65 Å) between the
proton and the centroid of one phenyl ring. An important
result was the observation of the molecular peak of the
dimer in MALDI-TOF, indicating the presence and stability
of the species also in solution and not only in the crystal
structure.

At the present stage, the formation of 1 is hard to
explain through a reaction mechanism. One can speculate
that in an initial step the unsaturated Pd(PPh3)2 fragment,
generated by decoordination of two phosphines upon
heating, coordinates to the outer double bond of TTF, as it
was observed for the Pt(PPh3)2 fragment, for which h2

complexes [(PPh3)2Pt(h2-TTF)] and [(PPh3)2Pt(h2-o-
Me2TTF)] have been evidenced, including a single crystal
X-ray structure for the latter [15]. Interestingly, the
coordination of the Pt center took place exclusively to
the unsubstituted double bond, thus suggesting that the
steric hindrance of the Me groups very likely hampers the
h2 coordination. Accordingly, the initial occurrence in our
case of a h2 complex [(PPh3)2Pd(h2-TTF)] (or bis-h2

complex [(PPh3)2Pd(h2-TTF-h2)Pd(PPh3)2]) does not seem
unlikely, all the more since when we heated Me4-TTF
(TMTTF), with both double bonds substituted by methyl
groups, with Pd(PPh3)4 in toluene no dithiolene complex
was formed and only the precipitation of black colloidal Pd
was observed. The same result was obtained when TTF-
tetra(methylcarboxylate) (TTF(COOMe)4), an electron
poorer donor, was heated in the presence of Pd(PPh3)4.
In such hypothesized h2 complex, [(PPh3)2Pd(h2-TTF)], the
Pd center, perpendicular to the TTF mean plane, would be
in favorable situation to interact with the neighboring S
atoms and eventually to migrate on them, followed by the
insertion in one of the C–S bonds. Then a reductive
elimination of a carbene species would generate the
monomeric [(PPh3)2Pd(edt)] complex which further
dimerizes in the reaction conditions, upon loss of a
phosphine ligand, to afford the most stable species 1.

As already mentioned, the complex 1 was obtained as a
dark violet crystalline solid. Solutions of 1 in methyleneScheme 1. Synthesis of 1.
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loride are stable to air and have an intense violet
eenish color. UV-Visible spectra of CH2Cl2 solutions of 1
ig. 1) clearly show a low energy absorption band at
= 576 nm (e = 3270 L�mol�1�cm�1) and a more intense
e at l = 408 nm (e = 10,470 L�mol�1�cm�1).
The lowest energy band thus appears at higher energy

hen compared to the neutral bis(dithiolene) complex
d(edt)2] (l = 785 nm [5b]), for which the nature of the
rresponding electronic transition has been well docu-
ented.

Cyclic voltammetry measurements on 1 show only an
eversible oxidation peak at 0.80 V vs SCE.

. Structural analysis of [(Ph3P)Pd(edt)]2 (1)

The final proof for the dimeric structure of 1 was
ovided by a single crystal X-ray analysis. Suitable
ystals have been grown either by slow evaporation of
luene from a solution of 1, or by slow diffusion of
ethanol onto a solution of 1 in CH2Cl2. In both cases the

complex crystallizes in the monoclinic system, space group
C2/c, with one independent half of molecule of complex in
the unit cell, the other half being generated through the
inversion center, and one molecule of solvent disordered
over the inversion center (Fig. 2). With the exception of the
solvent molecule (CH2Cl2 versus C7H8) the two structures
are identical, therefore only the structural parameters of
the CH2Cl2 solvate will be detailed hereafter.

Each Pd atom is surrounded by one P atom, one m1 S
atom (S2) and two bridging m2 S atoms (S1 and S10) within
a slightly distorted square planar geometry, as shown by
the bond angles around the metal center (Table 1). Pd–S
bond lengths range between 2.30 and 2.36 Å, the longest
one being that with the bridging S atom belonging to the
neighboring dithiolene ligand.

The central [Pd2S2] metallacycle is highly folded about
the S1���S10 hinge, the corresponding torsion angle
amounting to 67.98 (Fig. 3), while the metalla-dithiolene
rings are practically planar. Note the values for the dihedral
angles between the two five-membered metallacycles
(83.58), and also between the least-squares plane 5 atoms
Pd1, S2, C2, C1, S1 and least-squares plane 3 atoms Pd1, S1,
Pd10 (57.38). An interesting feature lies on the very short
distance between one vinylic proton of each dithiolene
ligands (H1 and H7, respectively) and the centroid of a
phenyl ring (as highlighted in Fig. 2), very likely providing a
strong shielding of these protons in the 1H NMR spectrum
(vide supra).

This suggests, together with the single resonance
measured in 31P NMR spectroscopy, that the configuration
observed in the solid state is rigid and very likely preserved
also in solution at room temperature. On the contrary, in
the case of the saturated analogue [(Ph3P)Pd(ethane-
dithiolate)]2 (with dithiolate ligands instead of dithio-
lenes), described by Hong [16], two singlets were observed
in the 31P NMR spectrum in solution in spite of the
symmetrical coordination of the two phosphines, as shown
by single crystal X-ray analysis. The authors suggested that
this behaviour was likely due to an equilibrium between
two conformations in solution. Note that this saturated

. 1. UV-Vis spectra of [(Ph3P)Pd(edt)]2 (1) (lmax = 576 nm, e = 3270

ol�1�cm�1, c = 10�5 M).
Fig. 2. Molecular structure of [(Ph3P)Pd(edt)]2�CH2Cl2 (left) and [(Ph3P)Pd(edt)]2�PhCH3 (right).
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is(dithiolate) complex adopts in the solid state a similar
lded conformation to our complex 1, with comparable

ond lengths and angles around the Pd centers.
The dimeric units in the structure of [(Ph3P)Pd

dt)]2�CH2Cl2 stack in a zipper motif (Fig. 4), with some

short perpendicular CHvinyl���Ph and CHPh���Ph contacts
(3.6–3.8 Å).

2.3. Theoretical study on [(Ph3P)Pd(edt)]2 (1)

In order to investigate on the conformation of 1 in the
gas phase, hence in the absence of any intermolecular or
packing interactions occurring in the solid state, and also to
assign the electronic transitions observed in the UV-Visible
spectrum, theoretical calculations have been performed at
the DFT level, with the PBE0 functional [17] and LanL2dz
for Pd and D95 for the other elements as basis set [18]. The
optimized geometry is in excellent agreement with the
experimental one determined by X-ray analysis, especially
when considering the value of the folding angle about the
central mS���mS hinge (Table 2).

The analysis of the frontier orbitals of the complex 1
reveals that the occupied HOMO and HOMO-1 develop
mainly on the edt ligands (83% and 87%, respectively),
including the participation of the ethylene bridge, with a
significant contribution of the metal centers (14% dz

2

orbital and 10% dxz orbital, respectively), while in the
LUMO and LUMO+1 the contribution of the metal orbitals

able 1

elected lengths (Å) and angles (8) for compound 1.

Distances (Å) Angles (8) Dihedral angles (8)

Pd(1)���Pd(10) 2.9825(6) S(1)-Pd(1)-S(10) 79.99(3) Pd(1)-S(1)- S(10)-Pd(10) 67.9

Pd(1)-S(1) 2.3300(6) S(1)-Pd(1)-S(2) 88.75(3)

Pd(1)-S(2) 2.3001(7) S(2)-Pd(1)-P(1) 90.15(2)

Pd(1)-S(10) 2.3637(6) P(1)-Pd(1)-S(10) 101.30(2)

Pd(1)-P(1) 2.2862(6)

C(1)-C(2) 1.317(4)

S(1)-C(1) 1.759(3)

S(2)-C(2) 1.741(3)

Ph3P)Pd(edt)]2�CH2Cl2 . . .. . .. . .’ = �x + 1, y, �z + 1/2.

ig. 3. The central motif in the structure of [(Ph3P)Pd(edt)]2�CH2Cl2 with

n emphasis on the folding of the [Pd2S2] metallacycle. Phenyl rings have

een omitted for clarity.
Fig. 4. Zipper type stacking in the bc plane in the structure of [(Ph3P)Pd(edt)]2�CH2Cl2.
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x
2
�y

2)is much more important (34% and 36%, respective-
), while that of the edt ligands still remains consistent
8% in both orbitals) (Tables 3 and 4).
Moreover, TD-DFT, despite the relatively small basis set,

produces well the experimental UV-Visible spectrum
ig. 5) and allowed us to identify the orbitals involved in
e corresponding electronic transitions (Table 5).
Accordingly, the major component of the lowest energy

nd is the HOMO!LUMO transition, while the HOMO-
LUMO+1 transition is mainly responsible for the next

nd, in both cases mixed metal-dithiolene ligands being
volved.

In conclusion we have synthesized through an unusual
reaction between TTF and Pd(PPh3)4 the unprecedented
dimeric Pd-dithiolene complex [(Ph3P)Pd(edt)]2, having a
rigid folded structure of the central [Pd2S2] ring, as shown
by single crystal X-ray structure and NMR. In spite of the
fact that neither the metals nor the dithiolene ligands are
oxidized in this complex, it shows a rather low energy
absorption band. Theoretical calculations at the TD-DFT
level support the assignment of this band mainly to the
HOMO!LUMO transition, while the frontier orbitals are
clearly combinations of metal and dithiolene orbitals.

3. Experimental

3.1. General

Reactions were carried out under Argon and using
toluene HPLC. Nuclear magnetic resonance spectra were
recorded on a Bruker Avance DRX 500 spectrometer
(operating at 500.04 MHz for 1H, 125 MHz for 13C and
202.39 MHz for 31P). Chemical shifts are expressed in parts
per million (ppm) downfield from external TMS. The
following abbreviations are used: s; singlet and m;
multiplet. MALDI- TOF MS spectra were recorded on
Bruker Biflex-IIITM apparatus; equipped with a 337 nm N2
laser. Elemental analyses were recorded using Flash 2000
Fisher Scientific Thermo Electron analyzer. IR spectra were
recorded on Bruker FT-IR Vertex 70 spectrometer equipped
with a Platinum diamond ATR accessory.

3.2. Synthesis of [(Ph3P)Pd(edt)]2 1

To a degassed solution of tetrathialfulvalene (102 mg,
0.5 mmol) in 10 ml of toluene, Pd(PPh3)4 (600 mg,

ble 2

perimental and calculated geometrical parameters for compound 1.

arameter Exp. (Å) Calc. (Å)

(mS-Pd) 2.330

2.364

2.412

2.467

(S-Pd) 2.300 2.388

(P-Pd) 2.286 2.377

(Pd���Pd) 2.983 3.015

S-Pd-mS 80.08 79.68
d-mS-mS-Pd 67.98 73.08

ble 3

lculated energies of frontier orbitals and their composition according to

ulliken population analysis.

O eV %Pd %dt %PPh3

UMO+1 �1.89 36 48 17

UMO �2.37 34 48 18

OMO �5.23 14 83 2

OMO-1 �5.39 10 87 3

ble 4

presentation of selected molecular orbitals with an isovalue of 0.05.

O MO

UMO LUMO+1

OMO HOMO-1
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.5 mmol) was added and the mixture was stirred at reflux
r 48 h. After cooling the solution was filtered over a path

f silica and washed with dichloromethane. After the
emoval of the solvents the crude was purified by
hromatography using as eluent a mixture of hexane/
ichloromethane 1/1 followed by dichloromethane. Black
hombohedral crystals were obtained by slow diffusion of

ethanol in a dichloromethane solution of the compound,
r by slow evaporation of toluene.

Yield: 5%. 1H-NMR (500 MHz, CDCl3) d/ppm: 4.46 (m,
H), 5.30 (s, 0.7 H, CH2Cl2), 6.28 (m, 2H), 7.37 (m, 12H, HPh),
.43 (m, 6H, HPh), 7.67 (m, 12H, HPh).

13C-NMR (125 MHz, CDCl3) d/ppm: 53.43 (CH2Cl2),
12.62 (-S-CH-CH-S-), 128.25, 128.29, 128.33, 130.47,
30.85, 134.57 (CPh), 147.80 (-S-CH-CH-S-).

31P-NMR (202 MHz, CDCl3) d/ppm: 30.26.
MS (MALDI-TOF): m/z: 917.60 (Mth = 917.75).
Elemental analysis calcd. (%) for C40H34P2Pd2S4: C,

2.35; H, 3.73; P, 6.75; Pd, 23.19; S, 13.98; found: C, 51.69;
, 3.65; S, 13.99.

IR (ATR) cm�1: 1516, 1479, 1433, 1094, 997, 802, 745,
87, 524, 505, 436.

.3. X-ray structure determinations

Details about data collection and solution refinement
re given in Table 6. X-ray diffraction measurements were

performed on a Bruker Kappa CCD diffractometer, operat-
ing with a MoKa (l = 0.71073 Å) X-ray tube with a graphite
monochromator. The structures were solved (SHELXS-97)
by direct methods and refined (SHELXL-97) by full matrix
least-square procedures on F2 [19]. All nonhydrogen atoms
were refined anisotropically. Hydrogen atoms were intro-
duced at calculated positions (riding model), included in
structure factor calculations but not refined. Crystallo-
graphic data for the two structures have been deposited
with the Cambridge Crystallographic Data Centre, deposi-
tion number CCDC 866362 ([(Ph3P)Pd(edt)]2�PhCH3) and
CCDC 866363 ([(Ph3P)Pd(edt)]2�CH2Cl2). These data can be
obtained free of charge from CCDC, 12 Union road,
Cambridge CB2 1EZ, UK (deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk).

3.4. Theoretical calculations

An optimized geometry, starting from the X-Ray data,
has been obtained with the Gaussian09 [20] package at the
DFT level of theory. The PBE0 functional [17] with the
LanL2dz for Pd and D95 for the other elements basis set has
been used [18]. Vibrations frequency calculations per-
formed on the optimized structures at the same level of
theory yielded only positive values. TD-DFT calculations
for the first 50 singlet excited states have been performed
at the same level of theory on the equilibrium geometry.

3.5. Cyclic voltammetry measurements

Cyclic voltammetry measurements were carried out
with a Biologic SP-150 potentiostat under nitrogen by
using a three-electrode cell equipped with a platinum
millielectrode of 0.126 cm2 area, an Ag/Ag+ pseudo-
reference electrode and a platinum wire counter electrode.
The potential values were then re-adjusted with respect to
the saturated calomel electrode (SCE). The electrolytic
media involved a 0.1 mol/L solution of (nBu4N)PF6 in

Fig. 5. Experimental (black) and theoretical (red) absorption spectra.

able 5

D-DFT calculated energies and assignment of the most pertinent

lectronic excitations over 300 nm.

Excited

state

Wavenumber

(cm�1)

l
(nm)

Osc. Transition

1 14,660 682 0.017 HOMO!LUMO (82%)

6 21,933 456 0.084 HOMO-1!LUMO + 1 (68%),

HOMO-4!LUMO (14%),

HOMO!LUMO (10%)

10 26,810 373 0.075 HOMO-6!LUMO (64%),

HOMO-19!LUMO + 1 (6%). . .

11 28,966 345 0.040 HOMO-3!LUMO + 1 (21%),

HOMO-19!LUMO (18%). . .

Table 6

Crystallographic data, details of data collection and structure refinement

parameters.

[(Ph3P)Pd(edt)]2�CH2Cl2 [(Ph3P)Pd(edt)]2�PhCH3

Formula C20.50 H18 Cl P Pd S2 C23.50 H17 P Pd S2

M [gmol�1] 501.29 500.86

T [K] 293 (2) 293 (2)

Crystal system Monoclinic Monoclinic

Space group C2/c C2/c

a [Å] 27.042 (5) 27.6952 (13)

b [Å] 9.4680 (14) 9.6533 (9)

c [Å] 16.2415 (9) 16.2542 (17)

a [8] 90.00 90.00

b [8] 94.757 (7) 95.387 (6)

g [8] 90.00 90.00

V [Å3] 4144.0 (10) 4326.4 (6)

Z 8 8

rcalcd [gcm�3] 1.607 1.538

m [mm�1] 1.305 1.131

Goodness-of-fit

on F2

1.065 1.090

Final R1/wR2

[I > 2s(I)]

0.0333/0.0762 0.0233/0.0485

R1/wR2

(all data)

0.0646/0.0903 0.0387/0.0554

mailto:deposit@ccdc.cam.ac.uk
http://www.ccdc.cam.ac.uk/
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chloromethane/acetonitrile 4/1. All experiments were
rformed at room temperature at 0.1 V/s.
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[13] F. Riobé, N. Avarvari, P. Grosshans, H. Sidorenkova, T. Berclaz, M.
Geoffroy, Phys. Chem. Chem. Phys. 12 (2010) 9650.

[14] R. Cao, M. Hong, F. Jiang, B. Kang, X. Xie, H. Liu, Polyhedron 15 (1996)
2661.

[15] M.N. Jayaswal, H.N. Peindy, F. Guyon, M. Knorr, N. Avarvari, M. Four-
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