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The preparation and structural characterization of the neutral, square planar complexes [Pt'(‘bpy)(A)] (1), [Pt'(-
bpy)(B)] (2), and [Pt'(PPh;),(B)] (3) have been accomplished, where (‘bpy) = 4,4'-di-tert-butylpyridine, (A~ =
3,6-bis(trimethylsilyl)-1,2-benzenedithiolate(2-), and (B)>~ = 1,2-his(4-tert-butylphenyl)ethylene-1,2-dithiolate(2-)
and (A*)*~ and (B*)!~ represent the corresponding monoanionic radicals. Electrochemical and chemical one-electron
oxidation of 1 and 2 in CH,Cl, solution affords the monomeric monocations [Pt'(‘bpy)(A%)]* (1a) and [Pt'(‘bpy)(B*)]*
(2a), both of which possess an S = 1/, ground state. The corresponding spin doublet monocationic dimers [Pt',(-
bpy)2(A)(A)]* (1b) and [Pt",(topy)2(B)(B*)]* (2b) were electrochemically generated in solution (50% oxidation) and
identified by X-band EPR spectroscopy. Complete one-electron oxidation of 1 and 2 yielded the diamagnetic dimers
[Pt'y(tbpy)2(A%),]?* (1c) and [Pt'y(tbpy)(B*)2]** (2¢) which are in equilibrium with the corresponding paramagnetic
monomers la and 2a in solution. The crystal structure of [Pt'y(tbpy)s(B*)2](PFe)2-3CH.Cl, (2¢) revealed a
centrosymmetric, lateral dimer whose bridging part is a Pt'(u2-S), rhomb; the metal ions possess a square based
pyramidal geometry. Solid-state sulfur K-edge X-ray absorption spectra of 1, 2, 2a, 2¢, and [Pt"(B*);]° (4) have
been recorded, which clearly show that a sulfur-centered radical (B*)!~ is present in 2a, 2c, and 4. The absence
of ligand-based radicals in 1 and 2 is also clearly established. One-electron oxidation of [Pt(PPhs),(B)] (3) afforded
only the spin doublet species [Pt'(PPhs),(B*)]* (3a); no dimer formation was detected. Synthesis and crystal structure
of square planar [Pt'(B*),]°-thf are also reported.

Introduction and a dithiolate ligand such as 1,2-benzenedithiolates-
(2—)3510-12 and 1,1-dithiolates@)”812 or heterocyclic

Square planar [P(diimine)(dithiolato)P complexes are  ,.n4s with a dithiolate chelating functional grddfrie

known to possess unique photophysical propettigany
such complexes have been prepared by using a diimine-type
ligand such as 2;ipyridine2~* biacetylbis(anily, and 1,-
10-phenanthrolirfe(and their substituted derivative’s1)
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and 1,2-ethylenedithiolate(? derivativest>%13All of these
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Chart 1

species display an intense solvatochromic absorption band Ligands

in the visible region, which has been assighied a charge-
transfer transition from a filled orbital of mixed Pt d and
dithiolate p composition (HOMO) to the lowest unoccupied
molecular orbital (LUMO). The LUMO is predominanthy*
diimine character, which was proven by EPR and ENDOR
spectroscopy in conjunction with DFT calculatiéhfor the
one-electron reduced form [Rdiimine’)(L)2]~ (diimine =
bpy; (diimine)'~ is the corresponding radical anion;=+
CI=, CN"). Extended Huakel®3 and more recent DFT
calculation&! indicate that the HOMO in the neutral complex
is predominantly dithiolate sulfur 3p with some metal 5d
contribution (~14%) in character.

According to these orbital properties, the absorption of
visible light by [Pt (diimine)(dithiolate)] complexes leads
to a triplet excited state in which one electron from the
donating dithiolate dominated HOMO is excited to the
acceptor LUMO, i.e.st* orbital of the diimine ligand (it is
noted that in several cases there are multiple emitting states,
including a diiminer—x* intraligand state). The excitation
energy can be transmitted by emitting light, which causes
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solution-luminescence of these species, or by self-quenching

reactions, which occur via excited state/ground state Fat
interaction! Also, in the presence of reductive or oxidative

[Pt'(PPhyB)° 3

quenching molecules, the corresponding ground statecomplexes (M= Ni", Pd', Pt', Cu", Au"; z= 1+ — 2—;

[Pt (diimine’)(dithiolate)] or [Pt'(diimine)(dithiolate)]* can
be formed via a photoinduced electron-transfer reacdtion.

L = 1,2-benzenedithiolate or 1,2-disubstituted 1,2-ethylene-
dithiolate ligands).

Several complexes were also found to undergo photoinduced In contrast, the one-electron oxidized form'[@liimine)-
reactions in the presence of molecular oxygen, where the (dithiolata)]* containing a dithiolate(%) ligand radical has

reaction involves addition of oxygen to the sulfur of the
complexed dithiolaté???2 The fundamental basis for the
photoinduced electron-transfer reactions of thesé(diRrt
imine)(dithiolate)] complexes is that both the diimine-type
ligands and the dithiolates are redox-active. The redox-
activity of coordination dithiolate ligands is well established
by spectroscopic studies (IR, RR, X-ray, EPR, sulfur K-edge
XAS) and theoretical (correlated ab initio and density
functional) calculatior®d~26 carried out recently on [M(lg)?
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not been isolated as a stable salt to date. Only the EPR
spectrum of an electrochemically generated specied,-[Pd
(bpy)(C)]", has been reported in frozen g, solution
where (C)}~ is the monoanionicr radical form of 4,6-di-
tert-butyl-benzene-1,2-dithiolate{d.*> This species was
proposed to rapidly dimerize in liquid solution affording a
diamagnetic dimer which was found to be EPR silent. A
similar radical species has recently been generated in
solution, namely, [P{dpphen)(©)]*, and its EPR spectrum
has also been reportégl.

In this Article we describe the preparation and full
characterization of the mononuclear neutral complexd¢-{Pt
bpy)(A)] (1) and [Pt('bpy)(B)] (2) (bpy = 4,4-di-tert-
butylbipyridine, (AY~ = 3,6-bis(trimethylsilyl)benzene-1,2-
dithiolate(2-), and (B~ = 1,2-bis(4tert-butylphenyl)ethylene-
1,2-dithiolate(2-)) as shown in Chart 1. The electrochemical
oxidations of these species revealed the presence of dimer-
ization processes affording dinuclear monocationic para-
magnetic intermediates and diamagnetic dicationic dimers.
[Pt (tbpy)(B*)2](PFs)2 (20) has been isolated in crystalline
form. Its crystal structure provides the first example of a
mixed-ligand, dithiolate(%) s radical containing complex.

In contrast, the square planar analogué' [PPh),(B)],
which has also been prepared, remains mononuclear upon

(27) Beswick, C. L.; Schulman, J. M.; Stiefel, E. I. IDithiolene
Chemistry: Synthesis, Properties, and Applicatio8sefel, E. I.,
Karlin, K. D., Eds.; Progress in Inorganic Chemistry, Vol. 52; John
Wiley & Sons, Inc.,: Hoboken, NJ, 2004; pp 736.



Square Planar [Pt (‘bpy)(dithiolato)]™ Radicals

Table 1. Crystallographic Data fot, 2c:3CH,Cl,, 3-3CHCk, and4-Toluene

1 2c3CHCI; 3-3CHCk 4-toluene
chemical formula @JHMszt&Siz C83H106C|6F12N4P2Pt284 C61H59C|9P2Pt53 C51H60Pt5;
fw 748.06 2180.78 1432.28 996.32
space group P2;/c (No. 14) P2:/n (No. 14) P1(No. 2) Pna2(1) (No. 33)
a, A 15.2157(4) 10.8207(3) 11.7310(6) 11.9920(8)
b, A 11.1370(4) 21.3485(6) 13.7027(7) 35.632(2)
c, A 19.9789(6) 20.2643(6) 20.5167(12) 11.1812(6)
a, deg 90 90 103.082(4) 90
B, deg 106.995(3) 97.130(3) 105.661(4) 90
y, deg 90 90 96.134(4) 90
vV, A3 3237.7(2) 4645.0(2) 3043.1(3) 4777.7(5)
z 4 2 2 4
T, K 100(2) 100(2) 100(2) 100(2)
Pcalca g €T3 1.535 1.559 1.563 1.385
reflns collected/@max 87925/70.0 72493/62.0 31494/55.0 41461/51.9
unique reflnd/ > 20(1) 14241/12619 14772/12699 13913/12554 8615/6663
no. of params/restrictions 346/0 557/28 682/0 479/1

w, ey, A
R13/goodness of fit
WRZ (I > 20(1))
residual density, e A3

45.58/0.71073
0.0275/1.105
0.0527
+1.235+1.389

33.73/0.71073
0.0298/1.035
0.0602
+1.286+1.024

28.60/0.71073
0.0512/1.102
0.1269
+3.792F2.402

31.44/0.71073
0.0525/1.011
0.1198
3.09+1.83

2 Observation criterion: > 20(1). R1= Y ||Fo| — |F¢||/>|Fol. ® GOF = [S[W(F? — FA)F/(n — p)]¥2 cWR2 = [F[W(Fe? — FAA/ Y [W(Fe?)A] Y2 where

W = L/oXF2) + (aP)2 + bP andP = (Fo2 + 2F2)/3.

Table 2. Selected Bond Distances (A) and Angles (deg)¥ogc, 3, and4

Pt(1)-N(21) 2.0513(16) S(HC()
Pt(1)-N(32) 2.0605(15) S(2)C(2)
Pt(1)-S(1) 2.2461(5) Cc(BCE)
Pt(1)-S(2) 2.2430(5)
Pt(1)-N(42) 2.0519(19) S(BC(L)
Pt(1)-N(31) 2.0649(19) S(2)c(2)
Pt(1)-S(1) 2.2432(6) c(BCR)
Pt(1)-S(2) 2.2304(6) PY(1)S(1a)
Pt(la)y-S(1)
Pt(1)-P(50) 2.2829(14) S(HC(L)
Pt(1)-P(30) 2.3004(13) S(2)C(2)
Pt(1)}-S(1) 2.3036(14) Cc(HCQ)
Pt(1)-S(2) 2.3034(12)
Pt(1)-S(1) 2.243(2) S(BC(1)
Pt(1)-S(2) 2.242(2) S(2yC(2)
Pt(1)-S(31) 2.259(2) S(3BC(31)
Pt(1)-S(32) 2.243(2) S(32)C(32)

oxidation to [P¥(PPh),(B*)]*. Its EPR spectrum has been

investigated.

Finally, the homoleptic species [RB*);] (4) (S= 0) has

1
1.7604(19)
1.7664(18)
1.411(3)

2c
1.723(2)
1.717(2)
1.387(3)
2.8619(6)
2.8618(6)

1.764(5)
1.771(6)
1.354(8)

1.728(9)
1.729(8)
1.709(10)
1.685(9)

N(2BPt(1)-N(32)
S(HPY(1)-5(2)
N(32-Pt(1)-S(1)
N(2BPt(1)-S(2)

N(31)Pt(1)-N(42)
S(BPYL)-S(2)
N(31)-Pt(1)-S(2)
N(42)Pt(1)-S(1)

P(30)Pt(1)-P(50)
S(LyPt(1)-S(2)
P(36yPt(1)-S(2)
P(50)Pt(1)-S(1)

C(1¥CQ)
C(3B-C(32)

78.74(6)
88.19(2)
174.80(5)
175.49(4)

79.07(8)
87.44(2)
162.77(6)
174.47(6)

98.70(5)
87.02(5)
168.92(5)
173.73(5)

1.381(12)
1.404(13)

a large excess af-butyllithium in n-hexane solution in the

presence ofN,N,N,N'-tetramethylethylenediamine as the

base. Addition of trimethylsilylchloride afforded 1,2-bis-

been synthesized and structurally characterized. In conjunc-(isopropylthio)-3-trimethylsilyloenzene in excellent yields.
tion with the structure 08, it has been possible to establish  Repetition of the above reaction sequence yielded the final

the differing C-S and C-C bond lengths in a closed shell
dianion (B~ vs its one-electron oxidized radical*§B form.

Results and Discussion

Syntheses.The disodium salt of the ligand 3,6-bis-
(trimethylsilyl)benzene-1,2-dithiol (Chart 1), MA], has
been synthesized by using commercially available 1,2-bis-
(isopropylthio)benzen®.The isopropyl protecting groups are
necessary in order to avoid possible oxidative dimerization
processes with concomitant-S bond formation. Ortho-

product 1,2-bis(isopropylthio)-3,6-bis(trimethylsilyl)benzene.
S-Deprotection was carried out-a78°C in liquid ammonia

with elemental sodiufi affording the extremely air-sensitive

salt Na[A].

When an acetonitrile solution of [Rtbpy)Ck] was mixed
with 1 equiv of Na[A] under an Ar blanketing atmosphere,
the solution turned purple and crystalline purplée'(Pipy)-
(A)] (1) precipitated upon cooling to 0C. Similarly, the
reaction of [Pt(‘bpy)Ck] with a cold dioxane solution of

lithiation of 1,2-bis(isopropylthio)benzene was achieved with the in situ generated thiophosphoric estef the ligand 1,2-

(28) Sato, R.; Ohyama, T.; Kawagoe, T.; Baba, M.; Nakajo, S.; Kimura, (29) Hahn, F. E.; Seidel, W. WAngew. Chem., Int. Ed. Engl995 107
T.; Ogawa, SHeterocycle2001, 55 (1) 145-154.

(23-24), 2938-2941.
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Figure 1. Molecular structure of the neutral complex in crystalslof
(thermal ellipsoids are drawn at the 50% probability level).

Figure 3. Structure of the neutral molecules in crystals3aftop) and4
(bottom) (thermal ellipsoids are drawn at the 50% probability level).

Figure 2. Structure of the dication in crystals @t (thermal ellipsoids

are drawn at the 50% probability level). displayed in Figure 3. Figure 2 exhibits the dication in

crystals 0f2¢c-3CH,Cl,.
bis(4tert-butylphenyl)ethylene-1,2-dithiol (#B]) generated The neutral compled is nearly square planar; the dihedral
crystalline blue [Pt('bpy)(B)I° (2). angle between the planes-SRt1-S2 and N2+Pt1-N32

When a solution oR in CH,Cl, was oxidized under an isonly 1.5. The observed long €S bond lengths at 1.760-
Ar blanketing atmosphere with 1 equiv of ferrocenium (2) and 1.766(2) A and the nearly equidistantC bonds
hexafluorophosphate, a dimeric dication formed which was of the dithiolate benzene ring in (&) are typical for closed-
isolated as a black hexafluorophosphate salt!.(Bpy)- shell aromatic dithiolate dianions. Similar results have been
(B*)2](PFs)2 (20). reported for [M'(bpy)(bdt)] complexes (M= Ni, Pd, Pt}

The neutral complex [P(PPh)(B)] (3) was prepared  (bd® = benzene-1,2-dithiolate) and [fdpphen)(dtbc)}°
according to the procedure described in ref 31. Crystals The neutral comple® (Figure 3) is also square planar.
suitable for X-ray crystallography were grown from a CEICI  The C—S bonds at 1.764(5) and 1.771(6) A indicate again
n-hexane mixture (1:1 vol). the presence of a closed-shell dianion¥B}he short Ct+

The neutral complex [B¢B);]-toluene #) has been  C2 distance of 1.354(8) A is in excellent agreement with
prepared in a similar fashion as the recently described this notion as it points to considerable=C double bond
palladium analogué?® It is a blue-black diamagnetic solid.  character.

Crystal Structures. The crystal structures df, 2¢-3CH- The homoleptic neutral molecule in crystalsAdé shown
Clz, 3-3CHCE, and4-toluene have been determined at 100- in Figure 3 (bottom). It is a square planar molecule containing
(2) K. Crystallographic details are given in Table 1, and two S,S-coordinated (B~ radicals as is clearly deduced
selected bond lengths and angles are listed in Table 2. from the short av €S bond length at 1.713 A and the

The structure of a neutral molecule in crystals Iofs relatively long av “olefinic’ C-C bond distance at 1.393
shown in Figure 1, whereas those of the neutral complexesA. Thus, the dimensions of a closed shell dianior?(Bj 3
in crystals of3-3CHCk (top) and4-toluene (bottom) are  are clearly different from those of the monoanionic radical

(B*)* in 4.
30) Schrauzer, G. N.; Mayweg, V. P.; Heinrich, Worg. Chem.196 . . . .
( )4, 1615-1617. ywes 9 3 The most interesting structure of the present series is
(31) (a) Bowmaker, G. A.; Boyd, P. D. W.; Campbell, G.IKorg. Chem. undoubtedly that of the dinuclear dication shown in Figure

1983 22, 1208-1213. (b) Kokatam, S.-L.; Ray, K.; Pap, J.; Bill, E.; : ; PRE
Geiger. W. E.: LeSuer, R. J.; Rieger, P. H.. WeyhaterT - Neese, 2. Itis well established for homoleptic dinuclear complexes

F.; Wieghardt, K.Inorg. Chem2007, 46, 1100-1111.. containing two bis(dithiolate)metal units that two structure
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Square Planar [Pt (‘bpy)(dithiolato)]™ Radicals

types | and Il exist, namely, (a) an+M dimer containing
two nearly square planar bis(dithiolene)metal moieties con-
nected by a metalmetal bond or (b) a centrosymmetric
lateral M—S dimer with a M(uz-SR) rhomb in which the
metal ion has an irregular five-coordinate geometry. Type
Il complexes involve often first-row transition metal ions,
such as Co, Fe, Ni, whereas for Pt and Pd only type | species
have been characterized. For instance, in [Pt{pdgdt=
(S4C4Hs)1, the ethylene-1,2-dithiolatefd) radical monoan-
ion®? the Pt--Pt distance was determined to be 2.748(2) A
and the av PtS bond length is 2.300 A. In [Pt(dmif):
TTF (TTF = tetrathiafulvalene, K{dmit) = 4,5-dimercapto-
1,3-dithiol-2-thione), which contains an M dinuclear
neutral species and a mononuclear species, thePPt
distance is 2.935 A, whereas the- bond length is 2.315
A_SS

R: S S R R S S R

e S
S S R

S ot "o allle oo oo

typel typell Figure 4. Sulfur K-edge XAS spectra df and4 (top) and2, 2a, and2c
(bottom).

Clearly, the structure of the dication in crystals2ufis of
type Il dimeric dication is not quite planar; the NPt—N and

It is quite revealing to compare the bond distances of the S—Pt=S planes exhibit a dihedral angle of 1%.9hich is
dithiolate moieties of the approximately square planar [Pt- Probably due to its dimerization.
(‘bpy)(B")]** building block in the dimerc with those of Sulfur K-Edge X-ray Absorption Spectra (XAS). Figure
the neutral mononuclear unit [Pt(Pfp4iB)] in crystals of3. 4 shows the normalized sulfur K-edge X-ray absorption
The C-S and the “olefinic” G-C bond lengths of the  spectral (XAS) data for compounds2, 2c, and4 (measured
dithiolene ligand differ significantly. In neutrd, a closed  as solids) an@a (measured as Ci€l, solution at 25°C).
shell dianion [SCx(p-tert-butylphenyl}]?~ is coordinated to The pre-edge features (marked &d B in Figure 4)
a Pt center, whereas ifc the significantly shorter €S correspond to transitions to unoccupied antibonding orbitals
bonds and the elongated €C2 bond indicate the presence with sulfur 3p character. The rising edge (marked E) cor-
of a monoanionicr radical (B)!". The radical ligand has  responds to a sulfur 1s to 4p transition, the energy of which
also been characterized by X-ray crystallography in mono- reflects the effective nuclear charge on the sulfur. Complexes
nuclear [Pd(B);];3**the C-S and C+C2 bonds are within 1 and2 exhibit an intense single pre-edge feature-a472
experimental error and identical with those found here in eV. In the case of the singlet diradical compound (BY)2],
the dication of2c. It is noteworthy that the geometry of the an additional pre-edge feature;Rppears at lower energy
Pt'(bpy) part in2c and in mononucleat are identical within (~2470 eV), which is consistent with the formation of a
experimental error. In other words, the one-electron oxidation ligand-based radicaf. This assignment is further supported
of 2to 2cis a ligand centered process where?(B% oxidized by the increase in the rising edge energy (E), which indicates
to the radical (B*~. The radical [Pt('bpy)(B)]*" (S= %) that the sulfur is more oxidized. Similar changes are observed
dimerizes in solution with generation of the dicationZia for complex2c, which indicate that a ligand-based oxidation
As has been shown previously, the dithiolene monoanions has also occurred. The similarity between the dirgey &nd
are S-centered radicals where the spin density is predomi-the monomer Za) in CH,Cl, solution indicates that dimer
nantly localized in a 3p orbital of the sulfur atoms. The formation does not significantly perturb the sulfur radical
bridging Pt--S bonds in the dication are very weak (av character and thus supports a very weak:-Bt dimer
2.862(1) A) and may best be described as a two center interaction in accordance with the crystal structure.
three electron bond between a half-filled 3p orbital at the  The absence of aipre-edge peak in the spectraloénd
sulfur and a filled 5¢ orbital at the Pt(ll) center. The spins 2 indicates the closed-shell dianionic character of the
of the two singularly occupied molecular orbitals (SOMOS) dithiolate(2-) ligands (A%~ and (B}~.
may then couple intramolecularly yielding the observed  gjecirochemistry. Figure 5 shows the cyclic voltammo-
diamagnetic ground state. The '[Pbpy)(B’)]* part in the grams ofl—3in CH,Cl, (0.10 M [N(n-Bu),]PFs supporting

electrolyte) at 20°C. The redox potentials are referenced

(32) Browall, K. W.; Bursh, T.; Interrante, L. V.; Kasper, J.I8org. Chem.
1972 11, 1800.

(33) Bousseau, M.; Valade, L.; Legros, J.-P.; Cassoux, P.; Garbauskas, M.;(34) Ray, K.; DeBeer George, S.; Solomon, E. |.; Wieghardt, K.; Neese,
Interrante, L. V.J. Am. Chem. S0d.986 108 1908. F. Chem—Eur. J. 2007, 13, 2753.
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an irreversible oxidation peak &0.69 V (E3,,). These values
are very similar to those observed despite the fact that
5uA ] the spectator ligand i2is (bpy) but two triphenylphosphines
1 in 3.
The coulometric one-electron oxidationsf3 in CHx-
Cl; solution containing 0.10 M [N{-Bu)4PFs supporting
electrolyte have been followed spectroelectrochemically at
—25 °C. The results are shown in Figure 6. In each case
2 three electronic spectra have been recorded: (1) the spectrum
of the starting complex, 2, or 3, (2) the spectrum after
50% of the one-electron oxidation is completed, and (3) the
spectrum after 100% of the one-electron oxidation.
The simplest case is that 8fwhere a simple transforma-
-~ _ O tion 3— 3a+ e is observed as indicated by the observation
15 10 05 00 -05 1.0 -1.5 -20 -25 of a single, stable isosbestic point at 385 nm (Figure 6,
E/V (vs Fc'IFc) bottom). In the visible range the spectrum after “50%
Figure 5. Cyclic voltammograms of—3in CH,Cl, (0.10 M [N(n-Bu)s]- oxidation” is simply that of 50% of the fully oxidized form
PFy) at a glassy carbon working electrode at“ZD (scan rate: 200 mV 3asince3 does not absorb in the visible. The fully oxidized
s species3a is paramagnetic and displays &n= Y/, X-band
. EPR signal (100%) (see below). Th3s does not dimerize
versus the ferrocenium/ferrocene couple(Fe) and are in solution or show indications for the formation of other

listed in Table _3' _ dinuclear intermediates such as'fPPh)4(B)(B*)]*t at a
Complex 1 displays two successive one-electron redox 50% oxidation level

i i LN .
waves: the first at-1.81 V El) is reversible whereas the On the other hand, oxidation &fin CH,Cl, solution (0.10

second %y, is split into two separate anodic peal&h : ;
, . M [N(n-Bu)4]PFs) displays a much more complex behavior
012V and&p 0.19 V) and wo cathodic peaks (as does the cv (Figure 6, top)). The spectrum recorded after

o . .
(E® pc = —0.10 V ande?y - (.)'11 V). In contrast, the cyclic 50% oxidation exhibits four new absorption maxima at 410,
voltammogram (cv) o exhibits two reversible one-electron- 520, 678, and 861 nm (dashed line in Figure 6). The

transfer waves at1.87 V (E'1) and—0.10 V ([E?y,) and,

5nA I

5n1A I
3

. " . . maximum of1 at 580 nm has lost half its intensity upon
in addition, a quasi-reversible one-electron-transfer wave ats 04 oxidation. On completion of the one-electron oxidation
T0.72V Br). _ of 1, a remarkable change of the electronic spectrum occurs
TheE'y; waves in the cv's ofl and2 correspond each o (qotted line, Figure 6 top). A significant hypsochromic shift
a one-electron reduction of thepy ligand generating a  of the two isosbestic points which are present only during
coordinated'bpy)*~ radical. This process has been described the first 509 of the oxidation at 492 and 638 nm is observed.

for [Pt!(bpy)CE]*® and for other [Pt(bpy)L] species (L= During the completion of the oxidation (5000%) these
benzene-1,2-dithiolatet?), fgatecholateo-ammophenolate, isosbestic points are observed at 477 and 605 nm. This is a
and o-phenylenediamide}: clear indication that the one-electron oxidatioriofivolves

TheE?,; waves ofl and2 are each due to ligand-centered an intermediate. This intermediate is paramagnetic, and from
one-electron oxidations of the (&) and (Bf~ ligands  simulations of its EPR spectrum it is concluded that it is a
yielding coordinated radicals (&~ and (B)'~, respectively  dinuclear species: [P{'bpy)(A)(A*)]* (1b) (see below).
(Scheme 1). This step yields the monocationd ([Bby)- The spectroelectrochemical behavior of the one-electron
(AI]* (18) and [Pt ('bpy)(B")]* (2a), respectively. The fact  oxidation of2 is similar to that ofl (Figure 6, middle), but
thatE?, for 1is actually split into two components indicates clear evidence for2b is not readily obtained. A small
thatlais not the sole product formed upon electrochemical bathochromic shift of the isosbestic point observed at 530
one-electron oxidation of. As we show belowla and 1 nm during the first 50% of the oxidation indicates the
dimerize in solution with formation of the dinuclear species presence of an intermediate which, as judged from its EPR
[Pt'o('bpy)(A)(A9)]*" (1b) which undergoes a second one- spectrum (see below), is most probably'BPbpy).(B)(B*)]*
electron oxidation yielding [Pi(tbpy)(A*)2])%>" (10). (S= ) (2b).

The gquasi-reversible oxidation wa,,, for 2 is also X-Band EPR Spectroscopy.When CHCI, solutions
believed to be a ligand-centered process in which the neutralcontaining 0.10 M [Ni¢-Bu)4]PFs supporting electrolyte and
1,2-ethanedithione ligand, t)°, is produced. This is aless millimolar amounts ofl or 2 are electrochemically or
stable product in solution and probably decomposes on thechemically fully oxidized by one electron at 2T, the
time scale of a cv measurement where the decompositioncorresponding frozen solutions are EPR-silentTat 80
products give rise to new peaks at lower potentials{(1.2 K) which suggests the exclusive presence of the diamagnetic,
and—1.6 V, Figure 5). The dithiolene ligand-based nature dinuclear, dicationic species [Bfbpy)(A*)]?>* (1c) or
of the E?;;, andE3;,; redox waves is also nicely corroborated [Pt!(tbpy)k(B*),]?" (20), respectively (Figure 2). At 298 K,
by the cv of3in Figure 5 which exhibits a (quasi-)reversible the EPR spectrum dic in CH,ClI, displays the signal of a
wave at—0.01 V ([, yielding [Pt'(PPh),(B*)]" (3a) and spin doublet species withs, = 2.003 and'**Pt hyperfine
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Table 3. Spectroscopic Data and Redox Potenti@ig,(vs Fc'/Fc) for Complexes

complex A, nm E, M~1cm1)2 A, nm €, M~1cm1)a Elyp, V E%p, V B3, V
1 342 (6000) 580 (8000) -1.81 c
2 347 (9300) 620 (7600) -1.87 -0.10 0.72
3 338 (6000) —-0.01 0.69
[Pt(opy)(tdt)P 563 (7200) —1.80 —0.01¢
[Pt(opy)(mnt)P 497 (5800) -1.67 0.54

a|n CH,Cl, solution at 2C°C. P In dimethylformamide solution, ref 18. Abbreviations: (fdt}= 3,4-toluenedithiolate, (mrt) = maleonitriledithiolate.

¢ Peak potentials (Figure 9)%, = 0.12 V; E?pa = 0.19 V; E¥' ¢

Scheme 1
1Pt'(‘bpy) (L] 5= [Pt'(‘bpy)(L))° o= [Pt'(‘bpy)L)”
E1 2
1/2 12
L = arer En *e|
)" = &), @)
' = 6™ P opy) L ™

coupling ( = Y%,, 33.8%) of 38x 10* cm™* (Figure 7).
This signal is due to the mononuclear'[ftipy)(B')] " (2a).

The intensity of the spectrum (double integral) corresponds
to a spin concentration of about 80% of the chemical
concentration of the compound. It is thus established that
mononuclear2a and dinuclear2c are in equilibrium in
solution. Attempts to detect the corresponding mononuclear
radical [Pt (*opy)(A°)]™ (14) in solution in a similar fashion
failed. Only the dinuclear, EPR silent speciksis present

in solution at 25 and-90 °C.

Interestingly, electrochemically one-electron oxidized,CH
Cl; solutions of3 display at D K a rhombic signal with
weak 9Pt hyperfine splitting in its EPR spectrum (Table
4). The signal has been quantitated (100%) and simulated.
This signal is due to the presence of mononuclear, para-
magnetic [Pt(PPh)(B*)]* (3a). Thus, no dimer formation
has been observed in this instance.

In order to find direct evidence for the intermediates of
the oxidations ofl. and2, we have also carried out stepwise
coulometric oxidations of their Ci€l, (0.10 M [N(n-Bu)4J-

PFs) solutions at-20°C and recorded their electronic spectra

and measured and quantified the corresponding EPR spectra

at 30 K. Spin concentrations were obtained by double
integration of the EPR derivative spectra and comparison
with the signal of a standard 1 mM €usolution in HO (2
M NaClO,, 10 mM HCI) measured at the same conditions.
Figure 8 shows the EPR spectra of a 50% oxidized solution
of 1 (top) and2 (bottom) and their respective simulations.
The insets show the increasing intensity of the signal with
increasing oxidation level up to 50% (one electron removed

—0.10 V; E?pc = 0.11 V. YIrreversible; the peak potential is given.

2+2a+2b+2c ;

,
R 4
v .
\ N
'\ .

Absorbance

—
600
Alnm

Figure 6. Electronic spectra o1—3 in CH.Cl; solution (0.10 M [N(-
Bu)4]PFs) at —25 °C (solid lines). Dashed lines represent the spectra after
50% one-electron oxidation and dotted lines are spectra after 100%
oxidation.

Table 4. Within experimental accuracy tHéPt nuclei appear

——
400

per two Pt ions). It decreases then again to be EPR-silent atto be equivalent, which indicates symmetric spin density

the 100% oxidation level where at 30 K only the diamagnetic
dimerslc and2c exist. This behavior is excellent evidence
that the intermediatelb and2b are paramagnetic dinuclear
species: [Pe('bpy:(A)(A7)]*" (1b) and [Pta(bpy)(B)-
(B)]* (2b). In agreement with this notion a satisfactory
simulation of the two spectra in Figure 8 requires hyperfine
interaction with two%Pt nucleii as expected for dimeric
molecules with natural abundance 8Pt (33.8%). Details

of the simulation and parameters are given in Figure 8 and

distribution, either due to strong localization on the bridging
sulfur atoms or due to delocalization of the ligand radical.
The maximal spin concentration (at 50% electrochemical
conversion of the samples) reaches about 50% of the Pt
concentration forlb but only about 14% foRb (see insets

of Figure 8). This is due to chemical equilibrium of the singly
oxidized dimers Ib and2b) with nonoxidized and oxidized
monomers and doubly oxidized dimerkc(and 2c). Since

the concentration of the paramagnetic monomers is negligible
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Figure 7. X-band EPR spectrum of chemically ([Fc]gfoxidized2ain
CH.Cl, solution at 298 K 2a is present in 80% based on the spin
concentration obtained by double integration; 20% is EPR-s#entThe
simulation (dotted line) is the superposition of two isotropic Gaussian spectra
with and without hyperfine splitting according to the natural abundance of
33.8%19%Pt nuclei withl = 1/, (see Table 4).

Table 4. X-Band EPR Parameters &= 1/, Compounds

195pt hyperfine coupling
complex gso Ox Oy Oz constant$(104 cm1)

1b? 2.074 2183 2.167 1.856A«= 200;A,y = 153;A;;= 140
2&P 2.003 Aiso = 38

2be¢ 2.061 2176 2.086 1.914A=103;Ay=112;A;,=93
3a 2.010 2.020 2.006 1.989%A = 70;Ayy = 20;Az;= 90

dX”/ dB

a|n CH,Cl, frozen solution at 10 K? In CH,Cl, solution at 298 K¢ In
CH,ClI; frozen solution at 30 K4 The sign of theA values is not determined. . . . . . .
€ The value ofA; measured foRain fluid solution compares well with the 2800 3200 3600 4000
anisotropicA-tensor components dlb, if one assumes that one of the B/ Gauss
components (presumabhy;) has the opposite sign than the others (which  Figure 8. X-band EPR spectrab (top) and2b (bottom) in frozen Ch
is reasonable if as usual the traceless syiipolar contribution is the main Cl, solution (0.10 M [N@-Bu)JPFs) at 30 K. Frequency, modulation

source of anisotropy of th&-tensor). Then the isotropic part fab can be amplitude, and microwave power fab are 9.4335 GHz, 14 G, and 0.2

estimated byAo| = 41 x 10~* cm™1, according to the relatioAg = Y/3(Axx mW, respectively, and fo2b are 9.4213 GHz, 12 G, and 1.0 mW,

+ Ayt A, respectively. The dotted lines are the superposition of three simulated
subspectra with Gaussian lines and anisotrgpialues as given in Table

at low temperaturesT(< 80 K, see above) antic and2c 4 and hyperfine interaction with two, one, and{éPt nuclei according to

are diamagnetic, the spin concentration of the measuredthe statistical weights expected for symmetric Pt-dimers with total Spin

: : ot =1/, and natural abundance ¥FPt (33.8%): 11.4% double-labeled, 44.8%
spectra is controlled by the dissociation constantdl lof single labeled, and 43.8% withoffPt isotope.

and 2b.
Thus, the spectroelectrochemical results (electronic andScheme 2
EPR spectra) are in agreement with the equilibria shown in 2 Pt'(‘bpy)(L]° o e (opy)L)°
Scheme 2. We have not found evidence for the formation 12(S=0 1d. 2d (S =
. _ 12(5=0) .24 (S=0)
of the neutral dinuclear species'[Rtopy)(L)2]° (L = (A)?,
(B)?), and thereforeKs must be very small (see below). EZ el -e EZ +e“-e
Estimation of Equilibrium Constants. With the use of . . ) K ' ,
. . . o\qt 2 . +
Scheme 2, it has been possible to simulate the current/voltage [Pt (bpy)(L)] + [Pt (‘bpy)(L)] —= [Pt;('bpy)L)L)]
profiles of the cv’s ofl shown in Figure 9. The shapes of 1b, 2b (S =1/2)
the voltammograms depend mainly on (i) the three equilib- £2 *e“_e g2 *eﬂ_e
rium constant¥;—3 and the three redox potentidt3,,, E? 1/, 2 2
andE?'1; and (i) the rate constants for dimerizatidq (M~ 21 Copy) L) ! a1
s 1) and dissociationki, s%) for the three processes in [Pt (bpyXL )] [Pt (bpy)4L-)J
1a,2a (S =112) 1c, 2¢ (S =0)

Scheme 2. The six thermodynamic parameters (tKraad
threeE, ;) are not completely independent of each other since
the sum of the free energyAG®) values around the two
reaction squares in Scheme 2 must add-up to yield zero. The
diffusion coefficient was set to 8 107 cn¥/s for all species (E?15). Inthe cv, the oxidatiod — lais cathodically shifted
involved. The fit parameters are summarized in Table 5. because of a kinetic effect of the following equilibriuga.
According to the simulation, the chain of events during an Reversing this sequence leads to the reductior 1b at

L* = AFE"; ) = @®)",eE)"

anodic scan is one-electron oxidationldb 1aat B2, (E?), E? e (E?112) which proceeds at the normal half wave potential
followed by a rapid dimerizatioda + 1 — 1b and further Ei2 (1d1b). SinceK; is large, the final reduction tt takes
one-electron oxidation olb to the dinuclearlc at E?p, place at the more negative potenti), via the thermody-
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Figure 10. Electronic spectra a2cin CH,Cl, solution ([Pt]o: = 2.44 x
104 M, | = 0.5 cm) recorded in the temperature range fre86 to+33
°C (the arrows represent the direction of the spectral changes).

suh nm, which was established from a measurement%Q °C
where the dimePc is exclusively present.
A value of 660 M was found forK; of 2c at 25 °C.
From the temperature dependence<efthe corresponding
15 10 05 00 05 1.0 1.5 20 25 enthalpy and entropy valued\Kl°, AS’ at 295 K) were
E/V (vs F¢'IFc) obtained: AH° = —34 4+ 1 kJ molt andAS = —59 + 2
Figure 9. Cyclic voltammogram ofl in CH,Cl, solution (0.10 M [N@- J Kt mol™. Thus, the dimerization reaction is exothermic.
Bu)4]PFe) at scan rates 1600 (top) and 200 mV* ¢bottom) at 2C°C and Furthermore, the increasing value Kf with decreasing
simulations (dotted lines) using parameters given in Table 5. temperature (2.% 10° M~Lis calculated for-90°C in CH,-
Table 5. Parameter Set for the Simulation of the Cyclic Cl,) indicates that the concentration of paramagn2&ds
Voltammogram ofl (Concentration= 102 M) at 25°C (D = 3 x 10°° negligible at—90 °C and therefore not detectable by EPR
om? s™* for All Species} spectroscopy in frozen solution, in excellent agreement with
Kn, M7 ko M~ts™ koo 57 the EPR experiment at90 °C.
Ky 1.31x 1P 2.0x 108 15x 108
Ko 1.0x 1068 1.2x 108 0.12x 103 Experimental Section
Ka ~0.5 ~1C® ~108

_ ' § Physical MeasurementsElectronic spectra of complexes and

706\1'_‘:1%‘1? Spg;egtc'zfn‘]’es 4FP¢Fc: Bz 0.167 V;E?12 0.160 Vi E 1, spectroelectrochemical measurements were recorded on a Hewlett-

: : : Packard 8453 spectrophotometer (range-20000 nm). Cyclic

. " . voltammograms and coulometric measurements were performed

namically less favprak_)le pathwd'1, (1b/1d) with sub- with an EG&G potentiostat/galvanostat model 273A. The cyclic
sequent monomerization voltammetric simulation was carried out with DIGISIM 3.03 from

Figure 9 shows that the parameter set in Table 5 adequatelyBAS. X-band EPR spectra were recorded on a Bruker ELEXSYS
reproduces the cv df at two different scan rates. Interest- E500 CW-spectrometer equipped with a helium flow cryostat
ingly, at ambient temperature the stability constants for the (Oxford Instruments ESR 910) and a Hewlett-Packard frequency
mono- and dicationic dimerkb andl1c are similar, whereas counter HP5253B. The EPR spectra were simulated with a self-
dimerization of1 to 1d is not observedKj is very small) ~ Written program (ESIM, E.B.) for powder spectra from sfiir=

and the redox potentials for the couplBéa and1d/1b are 1/, systems with anisotropig-tensor and Gaussian or Lorentzian
almost identical line shape distribution, with an option for automatic parameter

o . optimization. Anisotropic magnetic hyperfine coupling was treated
For complex, the equilibrium constark(, was determined . irst-order approximation.

from UV—vis spectroscopic data. As shown in Figure 10,  x_ray Crystallographic Data Collection and Refinement of

the electronic spectrum @cin CH.Cl, is strongly temper-  the Structures. A deep purple single crystal df, a black crystal
ature dependent in the range from35 to +33 °C. of 2¢, an orange specimen 8f and a black specimen df were
Concomitantly with the disappearance of the absorption at coated with perfluoropolyether and picked up with glass fibers. The
685 and 1015 nm, a new absorption maximum grows in at crystals were immediately mounted in the nitrogen cold stream (100
728 nm upon increasing the temperature fre®5 to +33 K) of a Nonius Kappa-CCD diffractometer equipped with a Mo-
°C. The process is fully reversible. The low-temperature target rotating-anode X-ray source and a graphite monochromator

spectrum is assumed to be that of the dirdgrwhereas at I(MO Ka, 4= O-f_710 f73”A)- Final Csll cftlJnstants \(/:vere olllatainec:]_frodm
20 OC, mononuclear, paramagnema is also present as east-squares Its of all measured reflections. rysta ographic ata

shown above by EPR spectroscopy (Figure 8) of the compounds are listed in Table 1. The Siemens ShelXTL
. . ) software package was used for solution and artwork of the structure,
These observations allow us to assign the spectral changegng shelxL9? was used for the refinement. The structures were
to the temperature dependence of equilibriinfsee Scheme  readily solved by Patterson methods and subsequent difference
2). TheseK; values were calculated by using a molar Fourier techniques. All non-hydrogen atoms were refined aniso-
absorption coefficient of 12 400 M cm™* for 2c at 1015 tropically. Hydrogen atoms were placed at calculated positions and
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refined as riding atoms with isotropic displacement parameters. The Si, 15.2.'"H NMR (CDCl;, 400 MHz, 300 K): 6 = 0.34 (s, 18H),
PR anion in crystals oPc was found to be disordered and was 1.12 (d, 12H), 3.95 (sept, 2H), 7.34 (s, 2HC (CDChk, 100 MHz,
split on two positions in a ratio of about 75:25. Corresponding 300 K): 6 = 1.1, 22.7, 38.6, 133.5, 146.4, 149.2. The protecting
phosphorus and fluorine atoms of the split positions were refined isopropyl groups were removed via reduction with )¥h as
with equal thermal displacement parameters white-Rlistances described in the literaturg.

and F-P—F angles were restrained to be similar. The EADP and  [Pt"(*bpy)(A)] (1). To an acetonitrile solution (20 mL) of [IR¢-
SAME instructions of ShelXL97 were used here. A dichloromethane bpy)Ch] (0.200 g, 0.37 mmol) NgA (0.122 g, 0.37 mmol) in
molecule next to a crystallographic inversion center was also methanol (10 mL) was added dropwise. The color changed
disordered. The €CI and CICI distances were restrained using immediately to deep purple. Aft8 h of stirring, the solution was
the SADI instruction of ShelXL97, and a fixed occupation factor concentrated under vacuum and cooled tiC5 Suitable crystals
of 0.5 was assigned. A total of 28 restraints were used for the for X-ray diffraction analysis were obtained after 3 days. EIMS
refinement. (in CH,Cl,): m/z 782 [M]". Anal. Calcd for GoH44N,S;Si,Pt: C,

X-ray Absorption Spectroscopy and Measurements and Data 48.2; H, 5.7; N, 3.7. Found: C, 48.5; H, 5.6; N, 3181 NMR
Analysis. Sulfur K-edge data were measured at SSRL (under ring (CDCls, 400 MHz, 300 K): 6 = 0.48 (s, 18H), 1.42 (s, 18H), 6.95
conditions of 3.0 GeV and 60100 mA) using the 54-pole wiggler (s, 2H), 7.52 (quart, 2H), 7.89 (s, 2H), 9.25 (d, 2H).
beam line 6-2 in high magnetic field mode of 10 kG with a Ni- [Pt" (tbpy)(B)] (2). To a 40 mL acetone/water (15:1) suspension
coated harmonic rejection mirror and a fully tuned Si(111) double of [Pt'(*bpy)Ck] (0.380 g, 0.71 mmol) a cold dioxane solution of
crystal monochromator. Details of the optimization of this setup the ligand thiophosphoric est&was added~{0.6 mmol/mL, 1.2
for low-energy studies have been described previottdlata were mL). The reaction mixture was refluxed at 86 for 4 h under
measured at room temperature by fluorescence using a Lytleargon while its color changed from yellow to greenish-blue. The
detector. All samples were run as solids, which were ground finely precipitated product was filtered off and washed with a high amount
and dispersed as thinly as possible on Mylar tape to minimize the of methanol and some toluene. It was dried on the filter and washed
possibility of self-absorption effects. Compouddwas measured  with CH,Cl,. The solution was evaporated to giZeas a blue
as a solution in DCM at-2 mM concentration at room temperature. ~ crystalline product. Yield: 0.15 g (24%). ESIMS (positive ion mode
To check for reproducibility, two to three scans were measured in CH,Cly): m/z = 817.4 [M]". Anal. Calcd for GoHsoNSPt:
for each sample. The energy was calibrated from sulfur K-edge 0.25CHCl,: C, 57.6; H, 6.0; N, 3.3. Found: C, 57.6; H, 6.0; N,
spectra of Ng5,05°5H,0, run at intervals between sample scans. 3.1.*H NMR (CDCl;, 400 MHz, 300 K): 0 = 1.28 (s, 18H), 1.42
The maximum of the first pre-edge feature in the spectrum was (s, 18H), 7.24 (s, 4H), 7.46 (s, 4H), 7.58 (d, 2H), 7.83 (s, 2H),
fixed at 2472.02 eV. A step size of 0.08 eV was used over the 9.25 (s, 2H).
edge region. Data were averaged, and a smooth background was [Pt" (tbpy)2(B*)2](PFe)2 (2¢). Ferrocenium hexafluorophosphate
removed from all spectra by fitting a polynomial to the pre-edge (0.0198 g, 0.06 mmol) was dissolved in @, (40 mL) under
region and subtracting this polynomial from the entire spectrum. argon, and? (0.0490 g, 0.06 mmol) was added. The mixture was
Normalization of the data was accomplished by fitting a flattened stirred for 30 min at room temperature. The solvent was evaporated,
polynomial or straight line to the postedge region (242635 eV) and the solid residue was washed witipentane several times.
and normalizing the postedge to 1.0. Compound2c gave suitable crystals for X-ray analysis by recrys-

Materials. The ligand 1,2-bis(4ert-butylphenyl)-ethylene-1,2-  tallization from CHCI, by layering n-hexane on the solution.
dithiolate(2-) (B) and the complex [P{B*),] have been prepared  Yield: 0.045 g (75%). ESIMS (positive and negative ion mode in
as described in the literatuf® K,PtCl,, ferrocenium hexafluoro- CH.Cl,): m/z 817.5 [M]", 144.8 [PE]-. Anal. Calcd for
phosphate, antbpy were commercially available and were used CgoH100N4SsF12P:Pt: C, 49.9; H, 5.2; N, 2.9. Found: C, 50.3; H,
as received without further purification. 5.2; N, 2.8.

Synthesis of the Ligand A.1,2-Bis(isopropylthio)benzene (1 Synthesis of [Pt (PPhg)2(B)] (3). This compound was synthe-
g, 4.4 mmol) in 5 mL ofn-hexane was added dropwise to a stirred sized according to the literature metRbdtarting with [P{(B*),]
mixture of n-buthyllithium (1.04 g, 22 mmol) and 5 equiv of  (0.160 g, 0.18 mmol) and 0.950 g (3.6 mmol) of BPFhe product
N,N,N,N'-tetramethylenediamine (2.56 g, 22 mmol)-&0 °C. The was recrystallized from a CHEgEtOH mixture. Yield: 0.153 g
cold bath was immediately removed, and 6 equiv (2.87 g, 26.4 (80%). ESIMS (positive ion mode in GRBIy): m/iz=1074.3 [M[,
mmol) of chlorotrimethylsilane was added. Afte h of stirring at 1096 [M] + Na'. Anal. Calcd for GgHseP.SPt: C, 64.9; H, 5.3.

25 °C, the solution was treated with 50% aqueous HCI (30 mL). Found: C, 65.0; H, 5.3H NMR (CDCls, 400 MHz, 300 K): 6 =

The reaction mixture was extracted witthexane, dried over Na 1.18 (s, 18H), 6.95 (dd, 6H), 7.12 (t, 12H), 7.24 (dd, 8H), 7.50 (m,
SQy, and concentrated under reduced pressure. This step yields 1.242H).

9 (93%) of 1,2-bis(isopropylthio)-3-trimethylsilylbenzene as a  acknowledgment. We thank the Fonds der Chemischen

yellow oil and a small amount of the disubstituted compound. The |4 strie for financial support. SSRL operations are funded
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