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The first Pd dithiolene [Pd(Et,timdt),] 4a belonging to the new class of metal dithiolenes deriving from the Ritimdt
(Ritimdt = monoanion of 1,3-dialkylimidazolidine-2,4,5-trithione) ligand has been characterised by X-ray crystal
structure determination on a single crystal [monoclinic, space group P2,/n, a = 9.545(2), b = 5.417(2), ¢ = 20.093(4) A,
£=93.40(2)°, Z=2], UV-VIS-NIR, diffuse solid state reflectance, FTIR, FT-Raman spectroscopies, solid state

13C NMR and cyclic voltammetry and the results have been comparatively discussed with those obtained for the
analogous [Ni(Et,timdt),] 4b. The UV-VIS-NIR spectrum of 4a is dominated by a very intense absorption band

at 1010 nm (¢ = 70 000 dm® mol ! cm™*). The NIR features of 4a and 4b have been examined on the basis of the
electronic structure of their ground-state configurations, investigated by DFT calculations. The co-crystallisation of
4a with I, yielded the [Pd(Et,timdt),]-I,-CHCI; 6 adduct [monoclinic, space group C2/m, a =21.724(9), b = 12.901(4),
c=11.004(6) A, p=102.83(4)°, Z = 4]. No short metal-metal interaction was observed in both 4a and 6 (Pd - - - Pd
5.42 A in 4a and 5.25 A in 6), since each palladium ion is almost ‘sandwiched’ between two imidazolidine rings of

parallel adjacent molecules.

In coordination chemistry metal dithiolenes represent a very
interesting class of complexes. Because of their large © delocal-
ization they exhibit uncommon properties, such as intense VIS-
NIR absorption, high thermal and spectrochemical stability,
and electrical conductivity."® In addition they can exist in well
defined oxidation states, neutral, mono- and di-anionic.* Since
the © electron delocalization involves the organic ligand atoms
as well as the metal centre, these molecules have to be con-
sidered highly aromatic. In particular the frequency of the
intense VIS-NIR absorption is assigned to a 1—— * tran-
sition between HOMO and LUMO? and depends on the nature
of the substituents R! on the carbon atoms of the [S,C,R',]*~
moiety. It has been shown that accepting substituents shift this
absorption to lower energies® compared with the value found
for the so-called parent dithiolene [Ni(S,C,H,),] (720 nm,
£=14000 dm® mol™! cm™")%” where R! = H. Recently, some
neutral Ni complexes belonging to the new class of metal di-
thiolenes [M(Rjtimdt),] (Ritimdt = monoanion of 1,3-dialkyl-
imidazolidine-2,4,5-trithione; R!=Et, Pr', Bu) have been
reported.® These complexes are characterized by a very strong
absorption at 1000 nm with absorption coefficient values up to
80 000 dm® mol™! cm™ for [Ni(Pritimdt),] (R!=Pr', 4c),’ the
highest values ever observed in similar compounds. The close-
ness of this frequency to that of the Nd-YAG laser (excitation
wavelength 1064 nm) makes these complexes very good candi-
dates for technological applications, such as Q-switching'® for
NIR-lasers or NIR dyes.®* With the aim to prepare complexes of
this class having the NIR absorption as close as possible to the
laser excitation energy, we first tried metal substitution as a
synthetic tool. In this paper [Pd(Et,timdt),] 4a, the first Pd
complex belonging to this new class of dithiolenes is fully
characterized together with its analogue [Ni(Et,timdt),] 4b. In

order to obtain mixed-valence compounds of 4a, which might
have interesting conducting properties, we have reacted it with
diiodine in several molar ratios, according to the same method
successfully used for some Ni dithiolenes of the same class.’
Among the products, only [Pd(Et,timdt),]-1,-CHCI, 6 has been
characterized by X-ray diffraction and it is discussed in this

paper.

Experimental

All solvents and reagents were of the best Aldrich quality and
were used as purchased. All operations were carried out under
dry nitrogen atmosphere. Infrared spectra were recorded on a
Bruker IFS55 spectrometer at room temperature. Polythene
pellets with a Mylar beam-splitter and polythene windows
(500-50 cm ™!, resolution 2 cm™!) and KBr pellets with a KBr
beam-splitter and KBr windows (4000—-400 cm ™!, resolution 4
cm ') were used. FT-Raman spectra (resolution 4 cm™!) were
recorded on a Bruker RFS100 FT-Raman spectrometer, fitted
with an In-Ga-As detector (room temperature) operating with
a Nd-YAG laser (excitation wavelength 1064 nm) with a 180°
scattering geometry. Electronic spectra (CHCI, solution; 20 °C)
were recorded on a Cary 5 spectrophotometer. Diffuse reflect-
ance measurements were recorded as KBr pellets. CP MAS
solid state *C NMR spectra were recorded on a Varian Unity
Inova 400 MHz instrument operating at 100.5 MHz with sam-
ples packed into a zirconium oxide rotor. The *C chemical
shifts were calibrated indirectly through the adamantane peaks
(0 38.3, 29.2) related to SiMe,. Cyclic voltammograms were
recorded using an EG&G Model 273 at 25 °C in a Metrohm
voltammetric cell with a combined working and counter
platinum electrode and a standard Ag/AgCl (in 3.5 M KCl)
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reference electrode (anhydrous CH,Cl,; sample concentration
1 x 10~* mol dm%; supporting electrolyte tetrabutylammonium
tetrafluoroborate 1 x 1072 mol dm™?). Cyclic voltammograms
were recorded at scan rates ranging from 0.02 to 0.7 V s
Density functional calculations'** were performed using the
hybrid B3LYP functional '*'* with the Gaussian 94 package '
and the Shafer et al.'”’ VDZ basis set. The SCF procedure was
performed on an optimized geometry starting from structural
data, regularized in order to satisfy the D,, symmetry. Calcu-
lations were performed on an IBM Risc 6000 550H, DECServer

4000 and on a SEH Pentium 133 MHz computer.

Synthesis

The synthesis of 4a and 4b can be accomplished either by
metal halides or by metal powder (Scheme 1) as previously
described.®’
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Scheme 1 Reagents and conditions: i, Metal powder or metal halide,
toluene, heat; ii, R?OH after concentration.

[Pd(Et,timdt),] 4a. Method (a). A mixture of 1,3-diethyl-
imidazolidine-2-thione-4,5-dione ' (1, R = Et; 1 g, 5.38 mmol),
an equivalent amount of Lawesson’s reagent (2) and a little
excess of Pd powder was refluxed in anhydrous toluene (100
mL) for 8 h. The concentrated suspension was poured in about
100 mL of MeOH, from which, after 3 h at 4 °C, the solid was
filtered, dried and extracted for 2 days with CHCI, in a Soxhlet
apparatus (0.274 g, 18% yield).

Method (b). A stirred suspension of 1,3-diethylimid-
azolidine-2-thione-4,5-dione (1, R = Et; 0.50 g, 2.68 mmol),
stoichiometric amounts of Lawesson’s reagent (2), and PdCl, in
40 mL of toluene was refluxed for 30 min, concentrated under a
nitrogen stream and poured in 40 mL of EtOH. The crystalline
precipitate was separated (0.44 g, 61% yield). Needle-shaped
dark crystals suitable for X-ray diffraction analysis were grown
from a CHCI;-Me;CN (2:1 v/v ratio) solution. Mp > 290 °C
[Found (Calc. for C,,H,,N,PdS¢): C, 31.0 (31.0); H, 3.8 (3.7);
N, 10.2 (10.3); S, 35.2 (35.4)%]. Electronic spectrum in
CHCl;: A(e) 274(60 600), 336(55 500), 510(11 440), 534(11 600),
654(4530), 746(4790), 1012nm (69 600 dm* mol™* cm ™). Solid
state. FTIR: viem™ 2973w, 2932w, 2869vw, 1444w, 1413vs,
1389vs, 1375vs, 1351vs, 1294vs, 1258vs, 1177m, 1152m, 1104s,
1081s, 976w, 954m, 807m, 752w, 567w, 428s, 410vw, 392m.
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Raman spectrum (in the range 500-100 cm™'; relative inten-

sities in parentheses, strongest = 10): v/em ™! 431(10), 341(7.2).
Solid state *C NMR (atom labelling according to Fig. 1): § 14.9
[C(12), C(12"), C(32), C(32)], 41.2 [C(11), C(I1), C(31),
C(31)], 166.6 [C(4), C(4"), C(5), C(5")], 172.5[C(2), C(2")].

[Ni(Et,timdt),] 4b. This olive-green compound can be pre-
pared from nickel powder (yield 20%) as previously reported.®’
Mp 270 °C (decomp.) [Found (Calc. for C,,H,,N,NiS¢): C,
33.6 (33.9); H, 4.1 (4.1); N, 11.1 (11.3); S, 38.8 (38.8)%].
Electronic spectrum in CHCI;: 4(g) 262(17 800), 300(31 300),
340(42 110), 434(8660), 462(9165), 996 nm (76 500 dm*® mol ™!
cm ™). Solid state FTIR: viem™' 2972w, 2961vw, 2932w,
2869vw, 1416s, 1391vs, 1376vs, 1350vs, 1288vs, 1255vs, 1180m,
1105s, 1081s, 977w, 953m, 809vw, 795w, 661w, 568w, 435s, 404vw,
390w, 378m. FT-Raman spectrum (in the range 500-100 cm™;
relative intensities in parentheses, strongest=10): v/cm™*
435(6.1), 327(10), 139(3). Solid state '*C NMR (atom labelling
analogue to that used for 4a in Fig. 1): 0 14.8, 14.0 [C(12),
C(12"), C(32), C(32)], 41.8 [C(11), C(11"), C(31), C(31")], 162.5
[C4), C@4"), C(5), C(5")], 169.8 [C(2), C(2")].

[Pd(Et,timdt),]-1,-CHCI, 6. A solution of 4a (14 mg, 2.58 X
107° mol) and I, (19 mg, 7.48 x 107> mol) in CHCI, (40 mL)
was slowly air evaporated. After a few days, dark needle-shaped
crystals were separated and washed with light petroleum (bp
60-80 °C). Mp 260 °C (decomp.) [Found (Calc. for C,sH,;-
CLI,N,PdSy): C, 20.1 (19.7); H, 2.2 (2.3); N, 5.9 (6.1); S, 20.8
(21.0)%). The spectroscopic features resemble those of 4a.

Crystallography

A summary of the crystallographic data is given in Table 1.
Data collections were performed on an Enraf-Nonius Cad-4
diffractometer. Lorentz, polarization and empirical absorption
corrections ' were applied to the data. A linear correction for a
slight decay, due to the loss of solvent molecules during data
collection was also applied for 6. All the hydrogen atoms, with
the exception of that of the CHCI; molecule were introduced in
the structure model and not refined. Scattering factors were
taken from Cromer and Waber.?” Anomalous dispersion effects
were included in F; the values for Jf’ and Jf" were those of
Cromer.?! All calculations were performed on a 80486/33 com-
puter using Personal SDP software.?

CCDC reference number 186/1161.

See http://www.rsc.org/suppdata/dt/1998/3731/ for crystallo-
graphic files in .cif format.

Results and discussion

It has already been shown that cyclic pentaatomic vicinal
dithiones are not isolable,®?* therefore any conventional
method of synthesis starting from them is not suitable for the
preparation of [M(Ritimdt),] dithiolenes. To overcome this
obstacle, we have developed a one-step route leading to the
complex 4 based on the sulfuration of 1,3-dialkylimidazolidine-
2-thione-4,5-diones? (1) with Lawesson’s reagent®® (2) in the
presence of a metal halide or metal powder (Scheme 1).%° How-
ever, the yields of these reactions are generally low owing to the
formation of several by-products, among which the tetrathio-
cino derivatives* (3) and the trans-bis[O-alkyl (4-methoxy-
phenyl)phosphonodithioate?® (5) have been identified. In the
synthesis of Ni dithiolenes, the use of Ni powder leads to higher
yields® compared to NiCl, (yield for 4b: 20% from Ni; 10% from
NiCl,). Surprisingly, in the synthesis of 4a a very high yield is
obtained using PdCl, as a starting material (yield 18% from Pd;
61% from PdCl,).

Description of the structures of 4a and 6. Selected interatomic
distances and angles for 4a and its adduct with diiodine 6 are
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Table 1 Crystallographic data for compounds 4a and 6

Compound 4a 6

Formula C,,H,oN,PdSq C;sH,, CLI,N,PdS¢
M 543.13 916.31

Crystal system Monoclinic Monoclinic

Space group P2,/n (no. 14) C2/m (no.12)

alA 9.545(2) 21.724(9)

bIA 5.417(2) 12.901(4)

clA 20.093(4) 11.004(6)

pr 93.40(2) 102.83(4)

VIA3 1037.1(6) 3007(2)

VA 2 4

TIK 293(1) 293(1)

DJgcm™® 1.74 2.02
u(MoKa)/cm™ 14.7 33.3
Data/parameters ratio 1031/115 1272/154

Final R and R,, indices* 0.042, 0.043 0.053, 0.064
Min./max. height in final Ap map/e A~ —0.43(11)/0.61(11) —0.65(13)/1.31(13)

“ R=[X(F, — kIF)/SF,), R, = [Ew(F, — k|F./SwF,.

Table 2 Selected interatomic distances (A) and angles (°) for
compounds 4a and 6

4a

Pd-S(1) 2.295(2) Pd-S(2) 2.294(2)
S(1)-C(4) 1.692(8) S(2)-C(5) 1.687(8)
S(3)-C(2) 1.648(8) C(4)-C(5) 1.39709)
N(3)-C(4) 1.372(9) N(1)-C(5) 1.367(8)
N(1)-C(2) 1.378(9) N@3)-C(2) 1.394(9)
N(1)-C(11) 1.448(9) N(3)-C(31) 1.466(9)
S(1)-Pd-S(2) 92.49(7) S(1)-Pd-S(2") 87.51(7)
Pd-S(1)-C(4) 98.9(3) Pd-S(2)-C(5) 99.4(3)
S(1)-C(4)-C(5) 125.0(6) S(2)-C(5)-C4) 124.2(6)
C(5)-N(1)-C(2) 110.7(6) C(4)-N(3)-C(2) 109.8(6)
N(1)-C(5)-C4) 107.1(7) N(3)-C(4)-C(5) 107.2(7)
S(3)-C(2)-N(1) 127.1(6) S(3)-C(2)-N(3) 127.6(6)
N(1)-C(2)-N(3) 105.3(6)

Symmetry code: ' —x, —y, —z.

6

I(1)-1(2) 2.811(2) 1(2)-S(2a) 2.875(5)
Pd-S(1a) 2.287(3) Pd-S(1b) 2.286(3)
S(la)-C(1a) 1.697(9) S(1b)-C(1b) 1.689(9)
S(2a)-C(2a) 1.740(15) S(2b)-C(2b) 1.626(12)
N(la)-C(la) 1.382(10) N(1b)-C(1b) 1.339(10)
N(la)-C(2a) 1.327(10) N(1b)-C(2b) 1.388(9)
C(la)-C(1a") 1.343(19) C(1b)-C(1b") 1.403(18)
S(2b)---1(2") 4.004(4) I(1)---1(1") 3.978(3)
S(la)-Pd-S(1a’) 93.0(1) S(1b)-Pd-S(1b") 92.1(1)
S(1a)-Pd-S(1b) 87.4(1) S(la)-Pd-S(1b") 179.4(1)
Pd-S(1a)-C(la) 97.9(3) Pd-S(1b)-C(1b) 99.9(3)
S(la)-C(la)-C(la’)  125.6(3) S(1b)-C(1b)-C(1b")  124.0(3)
N(la)-C(la)-C(la’)  107.5(5) N(1b)-C(1b)-C(1b")  106.9(6)
C(la)-N(la)-C(2a)  107.5(9) C(1b)-N(1b)-C(2b)  111.3(9)
N(la)-C(2a)-N(la') 109.9(12) N(1b)-C(2b)-N(1b")  103.6(10)
S(2a)-C(2a)-N(la) 125.0(6) S(2b)-C(2b)-N(1b)  128.1(5)
I(1)-1(2)-S(2a) 179.6(1) 1(2)-S(2a)-C(2a) 98.3(5)
1(2") - - - S(2b)-C(2b)  174.6(5) I(1")-1(2") - - - S(2b) 88.3(1)
I(1")---1(1)-1(2) 178.50(8)

Symmetry codes: ' x, =y, z;" 1 —x, =y, —z;" 2 —x, =y, 1 — z.

given in Table 2. The molecular structure of 4a is shown in
Fig. 1. The molecule, which has an idealised C,, symmetry, is
located about a crystallographic inversion centre. The Pd atom
displays a square planar coordination, which involves the two
vicinal sulfur atoms of each of the two chelating ligands. The
interatomic distances of the ring, compared with those previ-
ously reported for 4¢,” are almost unaffected by the change of
the metal. Differently from some other Pd and Pt dithiolenes,
such as [Pd(S,C,H,),] and [Pt(S,C,H,),],??® where short metal—
metal distances are found,®! no interaction is observed here

C(2b) _S(2b) 129 1)

Fig. 2 View of compound 6 showing the soft interaction with the
iodine of another adduct. The chloroform molecule has been omitted.

(Pd---Pd 5.42 A), but each Pd atom is almost ‘sandwiched’
between two imidazolidine rings of parallel adjacent molecules,
with a metal-ring distance corresponding to an interplanar
spacing of about 3.6 A. The adduct 6 (shown in Fig. 2) has
crystallographic C; symmetry, with the Pd, C(2a), C(2b), S(2a),
S(2b) and the diiodine atoms lying on the mirror plane. With
the exception of the ethyl groups, the Pd complex is essentially
planar; the Pd atom is only 0.008(1) A out of its coordination
plane, whereas the two pentaatomic metallacycles and the imid-
azolidine rings are exactly planar. The ethyl substituents in 6 are
arranged in the same way as for 4a. The complex molecule
interacts with diiodine through the exocyclic sulfur atom
S(2a) with an S(2a)-I(2) distance of 2.875(5) A and induces a
lengthening of 0.16 A in the I-I bond with respect to solid L.
This is a value similar to those found in the charge-transfer
complexes of thiones with diiodine. In fact, the d[S(2a)-
1(2)] and d[1(2)-I(1)] bond distances fit the correlation found
for many charge-transfer complexes between sulfur donors and
diiodine.** The S(2b) atom, instead, is only involved in a soft
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Fig. 3 Crystal packing of compound 6 seen along [010].

interaction with the iodine of another adjacent adduct
[S(2b) - + - 1(2") 4.004(4) A]. As a result of the asymmetric inter-
actions, the two imidazolidine moieties are significantly differ-
ent. In particular C(2a)-S(2a) is about 0.1 A elongated with
respect to C(2b)-S(2b), and the two pentaatomic rings show
differences both in the bond distances and in the angles, indicat-
ing a charge redistribution in the m system. In fact, the inter-
atomic distances found in ligand (a) resemble those found in the
adduct [Ni(Priytimdt),]-2.51, 7° [C(1a)-S(1a) 1.697(9) vs. 1.71(2)
A; C(1a)-C(1a’) 1.34(2) vs. 1.33(4) A; C(2a)-N(la) 1.33(1) vs.
1.34(3) A; S(2a)-1(2) 2.875(5) vs. 2.825(6) A], in which both the
terminal thioketonic sulfurs strongly interact with two different
diiodine molecules, whereas the interatomic distances of
the ligand (b) are close to those observed in 4a (Table 2). The
[Pd(Et,timdt),]-I, adduct molecules are located about the
crystallographic mirrors passing at y =0, y=1, efc., to form
molecular layers stacked along [010]. Between these layers,
there are clathrated chloroform molecules lying on the crystal-
lographic mirror at y = 0.5. The pattern of the adduct molecules
within each layer can be seen in Fig. 3: the complex molecules
are arranged on parallel planes, with an interplanar distance of
about 3.6 A. The diiodine molecules are almost normal to these
planes. The adduct molecules form rows running along [001],
interconnected by I(1) - - - I(1) interactions of 3.978(3) A. As for
4a, the Pd atoms are ‘sandwiched’ between two imidazolidine
rings of parallel adjacent molecules and again no short inter-
action is found between the Pd atoms (Pd - - - Pd 5.25 A).

The CP MAS "*C NMR spectra recorded for 4a and 4b show
the same features, the only difference being the slight splitting
of the peaks assigned to the aliphatic carbons of 4b.
Unfortunately we have not been able to obtain structural data
for 4b, but this splitting may indicate a different orientation of
ethyl groups compared to 4a.

UV-VIS-NIR spectroscopy and DFT calculations

The most striking property observed in Ni dithiolenes deriving
from the Rjtimdt ligands is their very intense NIR-absorption.
In chloroform solution, 4b shows a very strong peak at 996 nm
(e =76 500 dm*® mol! cm™!), whereas the peak of 4a is shifted
in the desired direction at slightly but appreciably higher wave-
lengths (1010 nm, £=70000 dm® mol™* cm™, Fig. 4). A
remarkable difference appears in the visible region, due to the
different position of the d—d bands. As a consequence, while Ni
dithiolenes are olive-green, the new Pd dithiolene is purple. The
position of the NIR band is unchanged in the solid state, as
shown by diffuse reflectance measurement, and the spectral
properties of compound 6 in the solid state are the same as for
4a. The characteristic VIS-NIR band has been the subject of
many studies***** in related simpler compounds and has been
generally assigned to a m—m* transition. In view of a better
understanding of the nature of the absorption, a DFT
approach using a hybrid functional has been used. Hybrid-
DFT computations have been shown to work nicely with tran-
sition metals ** both in the ground state and in the excited state.
To understand the effect of the R}timdt bulky ligand, the calcu-
lations have been performed both on the parent [Ni(S,C,H,),]
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Fig. 4 UV-VIS-NIR spectra of compounds 4a (+) and 4b (——)
measured in chloroform at 20 °C.

and the hypothetical [Ni(H,timdt),] (R' = H) dithiolenes. The
calculation of the electronic structure and energy of the parent
[Ni(S,C,H,),] dithiolene describes the ground state as 'A,. The
HOMO (b,,) is a m orbital built by the four p, sulfur AOs
(assuming the molecule is disposed in the xy plane) and the four
p, carbon AOs taken with opposite phases. As obvious in a By,
irreducible representation, the d orbitals of the metal do not
give any contribution to the HOMO); besides metal participates
in this MO with its virtual 4p, orbital. The LUMO (b,,) n*
orbital, instead, is fully delocalized on the whole set of atoms of
the molecule and involves the nickel atom through the 3d,,
orbital. The Ni atom bears a slight positive Mulliken charge
(+0.017 e), opposite in sign even though not very different from
the previous simple HF result (—0.07 €).>” These results confirm
the trend previously obtained *® by the semi-empirical INDO *
method.

In [Ni(H,timdt),], the HOMO and LUMO in the ground
state (lAg) belong to the same b,, and b,, representations, as
found in the parent dithiolene. While the p, orbitals of the exo-
cyclic sulfurs are involved both in the HOMO and in the
LUMO, those of the nitrogen atoms participate only in the
HOMO. Again, the metal contributes to the LUMO only with
its 3d,, orbital. As in the case of the parent compounds, our
calculations confirm the attribution of the intense NIR band to
a m—m* transition. According to a Mulliken population, a posi-
tive charge is concentrated on the metal atom (+0.101 e) and on
the carbon atoms [+0.022 e for those of the dithiolene system
and +0.072 e for the carbon (2)]. The donor sulfur atoms are
negatively charged (—0.058 e) as well as the thioketonic ter-
minal sulfurs (—0.205 e). The nitrogen atoms bring a —0.067 e
negative charge. As far as the energies involved in the NIR
transition are concerned, since Koopman’s theorem is not valid
for DFT calculations, the Kohn—Sham orbital energies cannot
be used as in the case of HF calculations. Nevertheless, the
energy difference, AE, between HOMO and LUMO orbitals
can be used as a significant parameter. Thus, it can be noted
that, according to the experimentally observed trend, the AE
value decreases from 15500 cm™! in the parent dithiolene to
9100 cm™! in 4b. The very close value found for 4a is easily
explained when one observes that the metal contribution to the
orbitals involved in the transition is indeed very small. How-
ever, the substitution of Ni by Pd has shifted the band 14 cm™
in the desired direction.

Vibrational spectroscopy

Neglecting the possible conformations of the arms in the
[M(R}timdt),] unit, the molecule belongs to the D,, point group,
where the stretching normal modes of the MS, unit belong to
the A,, By,, B,, and B;, and the bending normal modes to 2B,,,
B;, and B,, representations. In Table 3 the most important
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Table 3 Experimental vibrational frequencies (50050 cm ') for compounds 4a and 4b compared with those calculated for [Ni(H,timdt),]

Mode

Experimental frequencies/cm ™'

Calculated
frequencies/cm ™ 4a 4b

Raman active modes
a, stretching

a, bending

SN NS
N N

— —>
b,, bending

FIR active modes

b,, stretching

b,, stretching

b,, bending

317 341 327

446
431 435
442

366

392 378

373

435 428 435

calculated and experimental vibrations are summarized. The
even modes are Raman active and are resonance enhanced by
the NIR absorption both for 4a and 4b,® as these compounds
strongly absorb in the region of the Nd-YAG laser source. The
FT-Raman spectra of 4a and 4b are dominated by two peaks
both in solution and in the solid state, although spectra of bet-
ter quality are obtainable in solution (341 and 431 cm ™! for 4a,
327, 435 cm ™! for 4b). While the first peak can be assigned to
the a, stretching mode, calculated at 317 cm™ for [Ni(H,-
timdt),], the second one might be assigned to a, or to the by,
bending modes, calculated at 446 and 442 cm™! respectively.
The lower frequency band shifts on passing from 4a to 4b as
observed for [Pd(mnt),]*” and [Ni(mnt),]*" [mnt = C,S,(CN),]
(349 and 335 cm™! respectively),* probably as a consequence
of the increased metal-d/ligand-n orbital overlap, which over-
comes the expected mass effect.’” In the FIR region the bands
having the highest calculated intensities in the Ni model com-
pound fall at 435 (bending bs,), 373 (stretching b,,) and 366
cm ™! (stretching b,,) with calculated relative intensities of 236,
11 and 10 respectively. In the experimental FIR spectrum of 4b
two bands are present at 435vs and 378m cm™'. These bands
shift to 428vs and 392m cm ™' in 4a. In the MIR region the
spectra of 4a and 4b are almost indistinguishable, all the
observed bands being related to the same organic framework.

Electrochemistry

Cyclic voltammograms in CH,CIl, have already been reported
for 4b and 4c.®*® Analogously, 4a is characterized under the
same experimental conditions by two reversible monoelectronic
reductions (E,;;,' = +0.05 and E;;>= —0.31 V vs. Ag/AgCl in
3.5 M KCl]) and a two electron oxidation. This process is
more reversible than in the case of 4b and 4c¢ and in this case
the cathodic peak is visible and well defined (E,,’ = +0.88 V,
AE =0.26, scan rate =100 mV s !). The cyclic voltammetric
curves of 4a and 4b are shown in Fig. 5. It should be noted that
the reduction potentials of the Pd derivative are higher than
those of the Ni complex, while the oxidation anodic peak
occurs at about the same potential. On the basis of previous
observations the reduction processes can be assigned to the
formation of the two anionic forms of the dithiolene 4a,
namely [Pd(Et,timdt),]” and [Pd(Et,timdt),]*~, while the oxid-
ation process is probably related to the oxidation of the ligand,
as previously pointed out for 4¢ for which a mixed-valence

25.0 4

15.04

5.0+

I/nA

5.0

-15.01

-25.0 T T T T )

1.0 0.5 0.0 -05 -1.0
EN

Fig. 5 Cyclic voltammetric response recorded at a platinum electrode
on an anhydrous CH,CI, solution of complexes 4a (+) and 4b ( )
(reference Ag/AgCl in 3.5 M KCI; supporting electrolyte NBu",BF,;
scan rate 0.100 V s™1).

compound containing the oxidized [Ni(Pr',timdt),I,] unit was
identified by X-ray crystal structure determination.® DFT cal-
culations, indicating that the metal contributes to the LUMO
through its nd,, orbital and to the HOMO only through its
virtual (n + 1)p, orbitals, account for the almost identical oxid-
ation potentials and for the shifts in the reduction processes for
4a and 4b. It is interesting to compare the redox properties of
this new class of complexes with those of the dithiolenes deriv-
ing from the dmit ligand (dmit = 4,5-dimercapto-1,3-dithiole-2-
thionate, C;Ss*")* in which two sulfur atoms are present
instead of the NR! groups. In the case of the nickel derivative
the reduction in MeCN from the neutral to the monoanionic
form is irreversible and is observed at a value of +0.22 V vs.
Ag/AgCl, determined by differential pulse polarography, extra-
polating to a scan rate of 0 mV s .*' The reduction to the
bianionic form is reversible (E,, = —0.13 V vs. Ag/AgCl),*! and
the difference in the potential between the two processes is
almost the same as observed for 4b. These features account for
the different stabilities of the neutral forms of [M(Rtimdt),]
and [M(dmit),]. The cyclic voltammogram of [Pd(dmit),]”
dithiolene in MeCN is similar to that of the Ni analogue, with
the anodic peaks merging into a single broader peak.* No
oxidation process to a cationic form is observed in the Niand Pd
dmit derivatives* whereas an irreversible oxidation similar to
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that observed in 4a, 4b and 4c¢ was previously found for other
dithiolenes, such as [Ni(ddds),] (ddds = 5,6-dihydro-1,4-dithiin-
2,3-diselenolate, C,H,S,Se,) and [Ni(dddt),] (dddt=>5,6-
dihydro-1,4-dithiin-2,3-dithiolate, C,H,S,), E,, =+0.71 and
+0.99 V respectively vs. Ag/AgClin PhACN.#

Conclusions

In view of obtaining new materials for Q-switching laser appli-
cations, spectrochemically stable molecules having an intense
absorption near to the laser excitation energy are needed.’
The new class of dithiolenes [M(Rjtimdt),] is therefore very
promising, respecting those requirements. With respect to the
previously reported Ni-dithiolenes,® the new [Pd(Et,timdt),]
complex (4a) shows a slight shift of the n—n* transition towards
lower energy. Therefore the position of the NIR band of this
compound (1010 nm, & = 70000 dm® mol~! cm ') makes it more
suitable for applications with the Nd-YAG laser (1064 nm). As
previously pointed out, this type of dithiolenes might be also
interesting conducting materials if mixed-valence compounds
would be synthesized. Therefore we have attempted the reaction
of 4a with I,, but so far only the 1:1 adduct 6 has been struc-
turally characterized. Both in the crystal structure of 4a and 6,
the dithiolene units are stacked in a tilted orientation with each
palladium ion almost ‘sandwiched’ between two planar imid-
azolidine rings of the parallel adjacent molecules. In the adduct
structure each Pd dithiolene molecule interacts with a diiodine
molecule through the thioketonic sulfur of one side, the corre-
sponding sulfur of the other ring being involved only in a soft
interaction with the iodine of another adduct. The spectro-
scopic properties of 4a and of its Ni analogue 4b are very simi-
lar, as proved by UV-VIS-NIR (both in the solid state and in
solution), FTIR, FT-Raman and CP MAS "*C NMR spectro-
scopies. Electrochemical measurements demonstrate that for
4a oxidation over the neutral state is achievable and quasi-
reversible, differentiating it both from the Ni analogue 4b,
where this oxidation is irreversible and from [Ni(dmit),]* in
which no oxidation process is detected.
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