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Detailed electrochemical studies in dichloromethane (0.1 M Bu;NPFs) on the oxidation of the half-lantern [Pt,-
(1?As,C-CgH3-5-Me-2-AsPh,),(u-1cAs, i C-CgHs-5-Me-2-AsPhy),] (1) and full-lantem [Pty(ze-kAs,k C-CeHz-5-Me-2-AsPhy)y]
(2) complexes reveal the presence of an exceptionally stable dinuclear Pt cation 2*. Thus, oxidation of 1 occurs
on the voltammetric time scale via a ladder-square scheme to give 2*, whereas 2 is directly converted to 2*.
Electrochemically informed chemical synthesis enabled the isolation of solid [2*][BF,~] to be achieved. Single-
crystal X-ray structural analysis showed that 2* also has a lantern structure but with a shorter separation between
the Pt centers [2.7069(3) A (2*), 2.8955(4) A (2)]. EPR spectra of 2* provide unequivocal evidence for axial symmetry
of the complex and are noteworthy because of an exceptionally large, nearly isotropic hyperfine coupling constant
of about 0.1 cm~, Spectroscopic data support the conclusion that the unpaired electron in the 2* cation is distributed
equally between the two Pt nuclei and imply that oxidation of 2 to 2* leads to the establishment of the metal-to-
metal hemibond. Results of extended Hiickel molecular orbital and density functional calculations on 2 and 2* lead
to the conclusions that s, p, d2 mixing of orbitals contributes to the large EPR Pt hyperfine coupling and also that
the structural adjustments that occur upon removal of an electron from 2 are driven by the metal-metal bonding
character present in 2*.

Introduction structure, [Pi(k?AsC-CeHz-5-Me-2-AsPh),(u-kAskC-CeHaz-

Reaction of 2-Li-4-Me@H:AsPh with [PtCL(SEb),] gives 5—Me_—2—AsPIa)2] (1, Chart 1), an_d the o'Fher contains four
two structurally characterized isomeric dinuclear platinum- Pridging [GHs-5-Me-2-AsPh] ™ ligands in a full-lantern
(I) complexest One isomer contains two chelating and two  Structure, [Piu-kAskC-CeHs-5-Me-2-AsPh),] (2, Chart 1).

bridging [GHs-5-Me-2-AsPh]~ ligands in a half-lantern ‘Halogens (%) react with 1 and 2 to give the same
diplatinum(lll) species [BXx(u-kAskC-CeHs-5-Me-2-As-
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Lantern Complex Containing a PtPt Bond of Order'/,

Chart 1

CH,

H,C
7S ~pn H,C

Ph

H,C

1 2 3

are well-known in the correspondingpop (pop= pyro- give a deep red/purple solution. Workup as above gave 160 mg
phosphite, FOsH,?") and u-dithioacetate seriésHere, we  (84%) of 2*][PFs7]. MALDI-MS (m/2): 1667 M — PR]*; Anal.
report detailed electrochemical and spectroelectrochem-Calcd for GeHesAsiFsPPE: C 50.37, H 3.56. Found: C 50.12, H
ical studies of the oxidation a2 that have led to the in-  3-49.

formed chemical synthesis and structural characterization of Attempts to grow single crystals of the PFsalt by layering a

a rare form of, halide-free Pt(HPt(Ill) cation, [Pb(u- CH,CI, solution of R][PFs~] with ether resulted in significant
’ ' decomposition, but a crystal selected from the resulting solid proved,
A -CsHsz-5-Me-2-AsPh)4] ™, 27. o ; .
ASKC-CeHy5-Me sPR)4", surprisingly, to be the BF salt. The X-ray data were inconsistent
Experimental Section with the presence of RF (or PQ)F,") as the counterion. Moreover,

_ the unit cell was identical with that of an authentic crystal of the
General Comments. Dichloromethane (AnalaR grade) was BF,~ salt, which was subsequently prepared by treatment of a CH

obtained from BDH and dried over basic alumina. Nitrosonium cl, solution of2 with FcBF, and grown from ChCly/ether. The
hexafluorophosphate (Aldrich), ferrocene (Aldrich), and silver origin of the BR~ is unknown.

tetrafluoroborate (Pennwalt/Ozark-Mahoning) were used as re-
ceived. Complexed and?2 were synthesized as described in the
literature! Tetrabutylammonium hexafluorophosphate {BBF;)

from GFS was purified as described in the literattF@rrocenium
tetrafluoroborate (FcBF;) and ferrocenium hexafluorophospttate

Instrumentation and Procedures. (1) Electrochemical Char-
acterization. Cyclic voltammetric, bulk electrolysis, and spectro-
electrochemical experiments were carried out at{2D) °C using
the same apparatus and procedures as described in ref 1. The BAS
' RDE-2 accessory was used for rotating disk electrode experiments.
(FcPFe) were prepared by literature methods. ,  Simulations of cyclic and rotating disk electrode voltammetric

Elemental analyses were performed by the Microanalytical Unit gy neriments were performed with DigiSim (version 3.05) softiare.
at the Research School of Chemistry, Australian National University ona. or 3-mm-diameter glassy carbon (GC) or platinum (Pt) disks
(ANU), Canberra, Australia, on samples dried af@in vacuo to were used as working electrodes in voltammetric experiments, and
remove residual solvent. Mass spectral data were obtained on &, pjatinum gauze electrode was used in spectroelectrochemical and
Bruker Biflex Il MALDI-TOF spectrometer. bulk electrolysis experiments. Potentials of all working electrodes

Chemical Synthesis of 2. To a yellow solution of comple2 are reported against the FcfFedox couple. The solutions used
(102 mg, 0.061 mmol) in CkCl, (20 mL) was added a blue o yoltammetric and spectroelectrochemical measurements were
suspension of FCBH17 mg, 0.062 mmol) in CkCl> (10 mL). purged with solvent-saturated nitrogen gas prior to all experiments
The solution immediately turned brown and then deep red/purple. gng planketed with nitrogen during the course of the experiments.
After the mixture had been stirred for 10 min, the volume was gjectronic spectra over the wavelength range from 800 to 200 nm
reduced to~5 mL. Ether (20 mL) was then added, causing a brown \yere recorded continuously during the course of the electrolysis at
solid to precipitate that was filtered off and dissolved inLCH (5 a scan rate of 504 nm mif until the electrolysis was completed.

mL). E_ther (20 mL_) was agamn added_, and the brow_n Sc.)“d that (2) Electron Paramagnetic Resonance (EPR) Spectroscopy.
reprecipitated was isolated, washed with ether, and dried in VacUo, - pp’ e asurements were carried out with a Bruker ESP 380FT/
T . _ B .

‘i“’g‘g 7] Z]r? 5725/0') gff r][ICB;F; ] Mg:;l?jl MSC( g;z%.41|61|673 “(\S/IB CW spectrometer operating at 9.43 GHz (X band). Microwave
F C‘j‘] c 5?60 ch3 8% T?’l 6A\S4BF tlzt be br d usingreduencies were measured with an EIP microwave 548A frequency
ound: e -0Y. The same salt can be prepare usmgcounter, andy values were determined with reference to the F
AgBF, as the oxidant. In an analogous reaction, a solutio of ..o i\ 20 (2.0001+ 0.0002)7 EPR spectral simulation was

(175 mg, 0.105 mmol) in ChCl, (40 mL) was treated with a achieved by use of the Bruker SOPHE software pacRage.

suspension of FCRK35 mg, 0.106 mmol) in CkCl, (10 mL) to . )
P RR g ) Cl: ( ) A quartz solution flat cell (Wilmad Glass WG-808-Q) was used

(2) Roundhill, D. M.; Gray, H. B.; Che, C.-MAcc. Chem. Re4.989 22 for the dichloromethane solution EPR studies over the temperature
55. (b) Woollins, J. D.; Kelly, P. FCoord. Chem. Re 1985 65, range of 305185 K. Standard 3-mme-i.d. quartz tubes were
115. (c) Umakoshi, K.; Sasaki, YAdv. Inorg. Chem1994 40, 187. employed for the frozen solution studies over the temperature range

(3) Kissinger, P. T.; Heineman, W. Raboratory Techniques in Elec-
troanalytical ChemistryMarcel Dekker: New York, 1984.

(4) Hendrickson, D. N.; Sohn, Y. S.; Gray, H. Biorg. Chem1971, 10, (6) DigiSim for Windows 95version 3.05; Bioanalytical Systems Inc.:
1559. West Lafayette, IN, 2000.

(5) Brauer, G.Handbuch der Prparativen Anorganischen Chemie; (7) Wertz, J. E.; Orton, J. W.; Auzins, Biscuss. Faraday S0d.961
Ferdinand Enke Verlag: Stuttgart, Germany, 1981; Vol. 3, p 1845. 31, 140.
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of 110-170 K. The sample temperatures were controlled by a
Bruker VT 2000 controller with a nitrogen gas flow insert fitted to
the standard rectangular Jgzcavity. Electrochemically synthesized

still thoroughly immersed in ail. A suitable specimen was ultimately
mounted by injecting a selected crystal into freshly dispensed neat
Paratone oil from which it was rapidly withdrawn (in a liberal

samples of2" were prepared for EPR experiments by syringe
transfer from the bulk electrolysis cell into oven-dried cells
previously deoxygenated thoroughly by evacuation and filling with

coating of the oil), affixed to a fine drawn glass capillary, transferred
to the diffractometer, and flash cooled to 200 K. Diffraction images
were collectetf by means of a Nonius Kappa CCD diffractometer

dry nitrogen gas. Glass spectra were obtained by freezing the equipped with a 95-mm camera and graphite-monochromated Mo
dichloromethane solution of the analyte/electrolyte mixture. EPR Ko radiation ¢ = 0.71073 A).

solutions of the chemically synthesized mixed-valent platinum  Reflection data were extracted and reduced by standard proce-
complex were prepared by dissolving the powder in pure dry and dured**5 corrected for absorptiolf,and the structure was solved
deoxygenated dichloromethane in the cells immediately before by direct method&’ The crystal was found to contain one complex
experiments. cation, one complex anion (BF, and one well-ordered dichlo-

(3) EHMO Calculations. EHMO (extended Hakel molecular romethane of solvation per asymmetric unit. Full-matrix least-
orbital) calculations of complexek 2, and 2t were undertaken squares refinement oR,'® employing positional and anisotropic
using the geometry determined by X-ray crystallography (omitting displacement parameters for all non-hydrogen atoms of a model
solvent and anion molecules). Model calculations were also comprising these well ordered structural components, continued to
performed by replacing all of the carbon groups in the structure by convergence. Careful examination of slant Fourier maps through
H, using covalent radii to determine P and As-H bond the electron density in a columnar region of the structure parallel
distances, but retaining all remaining geometrical parameters fromto the unit cell a axis revealed no inconsistencies with the
2*. Weighted standard parameters as implemented in HyperCheminterpretation of the occupation of this volume by highly disordered
Professional Release 8.and a Huwekel constant of 1.75 were  diethyl ether molecules (although the presence of charged species
employed; d orbitals were included for heavy elements as polariza-in this region cannot be definitively excluded). The SQUEEZE

tion functions.

(4) DFT Calculations. Density functional calculations (DFT)
were performed for the structurés-3 and the positively charged
specieslt and 2" using Gaussian 98. The Los Alamos scalar
relativistic pseudopotentials, together with doublealence-only
basis sets for Cl, As, and Ptand Dunning-Huzinaga valence
double£ basis sets for the lighter atoms, were u&eBecause of
the large computer times involved for the geometry optimizations,
we chose the local density approximation (LDA). All optimized

routine of PLATON® was applied to account for the contribution
of this highly disordered region of the structure to the observed
electron density, and the refinement was continued to final
convergence with hydrogen atoms, included in the final model at
calculated positions, riding on the atom of attachment. Pertinent
crystal and refinement data are summarized in Table 1. In view of
the unexpected presence of BRs the counterion in this particular
crystal, a bulk sample of the BF salt of 2t was prepared (see
Chemical Synthesis ¢f* section) and the unit cell dimensions of

structures are available in Cartesian coordinates as Supportingcrystals obtained from this synthesis were found to correspond with

Information (Table S1).

X-ray Crystallography. Initial attempts to mount crystals of
what were found to be the BF salt rather than the expecteddPF
salt of complex2™ were hampered by the exceptionally high vapor

the values reported here.

Results and Discussion

Electrochemical Oxidation of 2. (1) Voltammetry.

pressure exerted by solvent occluded in the crystals: bubbles OfQuaIitative details of voltammetric data obtained for the

solvent vapor were observed to evolve rapidly from the surface of

the crystals and rise slowly through the perfluoropolyether oil in
which they had been dispersed for initial examination. As this

evolution slowed, the crystals were observed to crumble although

(8) Griffin, M.; Muys, A.; Noble, C.; Wang, D.; Eldershaw, C.; Gates,
K. E.; Burrage, K.; Hanson, G. RMol. Phys. Rep1999 26, 60.
Monash University is a beta-testing site for the SOPHE software
described in this publication.
HyperChemHypercube, Inc.: Gainesville, FL.
Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyeyv,
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P.
Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. Saussian 03revision
B.01; Gaussian, Inc.: Pittsburgh, PA, 2003.
(11) Hay, P. J.; Wadt, W. Rl. Chem. Physl985 82, 299 and references
therein.
(12) Dunning, T. H., Jr.; Hay, P. J. IModern Theoretical Chemistry
Schaefer, H. F., lll, Ed.; Plenum Press: New York, 1976; Vol. 3, p 1.

9)
(10)
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oxidation of 2 over wide potential ranges are available in
ref 1. In this paper, only quantitative data related to oxidation
of 2 to 2™ are presented.

(a) Cyclic Voltammetry. Cyclic voltammograms obtained
at GC and Pt electrodes in dichloromethane (0.1 M-Bu
NPFs) over the potential range encompassinga¥eprocess
exhibit a chemically and electrochemically reversible one-
electron oxidation process. This is evident from the excellent
agreement of experimental data and voltammograms simu-

(13) COLLECT Nonius BV: Delft, The Netherlands, 2001.

(14) Otwinowski, Z.; Minor, W. InMethods in EnzymologyCarter, C.

W., Jr., Sweet, R. M., Eds.; Academic Press: New York, 1997; Vol.
276, p 307-326.

(15) Mackay, S.; Gilmore, C. J.; Edwards, C.; Stewart, N.; Shankland, K
maXus Computer Program for the Solution and Refinement of Crystal
Structures Bruker Nonius, Delft, The Netherlands; MacScience,
Yokohama, Japan; and University of Glasgow, Glasgow, Scotland,
1999.

(16) Coppens, P. I€rystallographic ComputingAhmed, F. R., Hall, S.

R., Huber, C. P., Eds.; Munksgaard: Copenhagen, Denmark, 1970; p
255-270.

(17) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.; Giaco-
vazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
R. J. Appl. Crystallogr.1999 32, 115.

(18) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; Betteridge, P. W.; Cooper,
R. I. CRYSTALS Issue 1Themical Crystallography Laboratory:
Oxford, U.K., 2001.

(19) Spek, A. L.Acta Crystallogr.199Q A46, C34.
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igure 1. Comparison of experimentat) voltammogram for oxidation . . ) .
of 2 and a simulated reversible voltammogramCQ). Experimental Figure 2. Voltammograms obtained at a GC rotating disk electrode (a)

voltammogram was obtained at 2G for oxidation of a 1.0 mM2 at a 1 before and (b) after exhaustive bulk oxidative electrolysis of a 1.0 mM

; P ; dichloromethane (0.1 M BiNPFs) solution of complex at a potential of
mm diameter GC electrode in dichloromethane (0.1 MNBR;) using a . . 1
scan rate of 100 mVg. Parameters used in the simulation afg = +170 mV (vs Fc/FE). Rotation rate= 500 rpm; scan rates 20 mV s,

—165 mV electrode area, 0.010 &ntoncentration, 1.0 mM; diffusion . . .
coefficient, 5.2x 1076 cn? s™%; uncompensated resistance, 5Z30scan dichloromethane solution changed from bright yellow to

rate, 100 mV sL purple. RDE voltammograms obtained before and after bulk
electrolysis (Figure 2) changed from a reversible one-electron
lated for a reversible one-electron oxidation process using oxidation (curve a) to a one-electron reduction process (curve
the derived (see below) diffusion coefficient f2iof 5.2 x b) and implied that almost quantitative conversion2ab
107 cn? s%, a reversible formal potentiaEf) of —165 2" occurs on this time scale (tens of minutes). The current
mV vs Fc/Fc, and other parameters given in the caption to time curve obtained during the course of electrolysis
Figure 1. The fact that the average of the oxidation and exhibited an exponential current decay, which is as expected
reduction peak potentials Hf* + E;,e“)IZ] is constant at  for a straightforward2?* oxidation process. Coulometric
—165+ 5 mV vs Fc/F¢ and equals thE? value obtained analysis of these data gave anvalue of 0.97+ 0.02
from the simulation over the scan rate range of 0:026 V electrons per molecule.
s 1 also confirms that the process is reversiSle. Bulk reductive electrolysis o™ was carried out at a

(b) Voltammetry at Rotating Disk Electrodes. Rotating potential of—500 mV (vs Fc/Ft). The currenttime curve
disk electrode (RDE) measurements on the oxidation processagain exhibited a straightforward exponential decay. The
of interest were carried out at nominally 3-mm-diameter GC solution changed from purple back to bright yellow. Cou-
or Pt rotating disk electrodes. The exact electrode areas werdometric evaluation gave an value of 0.93+ 0.02. The
determined to be 0.071 énfor GC and 0.072 cthfor Pt RDE voltammograms recorded before and after the bulk
using reduction of 1.0 mM [Ru(Ngis]®" (diffusion coef- oxidation—reduction electrolysis cycle showed a limiting
ficient of 6.2 x 10°¢cn? s %) in water (0.5 M KCI) and the  oxidation current decrease of about 5% during the course of
Levich equatiorf! Comparison of experimental (Figure 2) an essentially chemically and electrochemically reversible
and simulated (uncompensated resistance included) data gavexidation—reduction cycle oR. These experiments showed
a calculated reversible half-wave potentigl/{ value) for that 2t is sufficiently stable on the bulk electrolysis time
the 29 process of-1654 5 mV vs Fc/F¢. As expected,  scale to be amenable to chemical synthesis.

Eip ~ E? and the wave shape is consistent with that UV —Visible Spectroelectrochemical StudiesThe UV—
expected for a reversible one-electron oxidation process. Visible spectrum obtained after exhaustive oxidative elec-

At a concentration of 1.0 mM, the limiting current was trolysis of 1.0 mM2 differs significantly from that of2
found to be linearly dependent on the square root of the (Figure 3). A series of isosbestic points was observed when
angular frequencies of rotation (rotation rates of 58600  spectra were collected at various stages during the course
rpm). Conformance to the Levich relationship enabled the of oxidation. Exhaustive reduction &" at a potential of
diffusion coefficient to be calculated as (520.2) x 10°° —500 mV vs Fc/F¢ leads to re-formation of at least 95%
cn? s~ from data obtained at both GC and platinum rotating of 2 (Figure 3). These data are consistent with those obtained
disk electrodes. All of the RDE data are fully compatible by controlled potential bulk electrolysis and confirm tRat
with results obtained by cyclic voltammetry. is highly stable.

(2) Bulk Electrolysis. During the course of oxidative Electrochemically Informed Chemical Synthesis of 2.
electrolysis of 1.0 mM2 at +170 mV (vs Fc/F¢), the The observation that the reversible potential for #i&
process is more negative than that for th&‘Foouple implies
(20) Oldham, K. B.; Myland, J. CFundamentals of Electrochemical  that reaction with Ft salts should enable quantitative

ScienceAcademic Press: San Diego, 1994; p 209. oxidation of2 to 2* to be achieved in dichloromethane. This

(21) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals y . - .
and Applications2nd ed.; John Wiley & Sons: New York, 2001. reaction provided the basis of the chemical synthesiof
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Table 1. Crystal and Refinement Data for Complx
emp formula GeHgsASsPLBF4-CH,Cly+ (C4H100)2
fw 1838.85
crystal system triclinic
space group P1
a, 13.2088(1)
b, A 14.1980(1)
< c, A 22.0121(2)
a, deg 72.3778(4)
p, deg 81.9072(4)
y, deg 74.9263(5)
V, A3 3790.38(5)
z 2
color, habit brown, prism
cryst dimens (mm) 0.3% 0.15x 0.06
Deaic(g cnl) 1.611
0 T T T T T u (mm*l) 5.54
300 400 500 600 700 no. indep reflnsRnt) 17278 (0.079)
no. obsd reflnl[ > 3o(1)] 9333
Wavelength (nm) no. params refined 811
Figure 3. Electronic spectra of 1.0 mM (—) before and  — —) after R 0.027
exhaustive oxidative electrolysis a170 mV and {(---) after exhaustive Ry 0.029
reductive electrolysis 02+ at =500 mV (vs Fc/F¢) in dichloromethane omasd pmin (€ A3) 1.14+-1.42

(0.1 M BuNPFRy).

aRefer to CIF file for details.

Table 2. Selected Bond Lengths (A) and Angles (deg) of CompleXes

and 2t
2 2F
Pt—Pt 2.8955(4) 2.7069(3)
Pt—As 2.4064(5) 2.4432(6)
2.4507(5) 2.4396(6)
2.4894(6)
2.4804(6)
Pt-C 2.071(4) 2.077(5)
2.045(5) 2.069(5)
2.074(5)
2.077(5)
Pt=As—C 111.9(1) 108.2(2)
116.2(1) 109.1(2)
107.85(16)
108.01(17)
Pt—Pt—As 85.359(15) 85.090(15)
Figure 4. Molecular structure of the cation [k-«AsxC-CsHz-5-Me-2- 80.284(14) 886744(15%%15?)
AsPhy)4]™ (2%). Hydrogen atoms have been omitted for clarity. Displacement 85:862(15)
ellipsoids are drawn at the 50% probability level. Pt—Pt—C 94.63(14) 94.73(15)
100.51(14) 96.89(16)
Analysis of RDE voltammograms a2 before and after gz.ggggg

oxidation with F¢ (Figure S1) confirmed that close to 100%
yield could be obtained in dichloromethane.

The reaction of with other one-electron oxidizing agents
such as NO or Ag* salts also generat&s. Single-crystal
X-ray structural analysis details of the isolated solid are
contained in Tables 1 and 2, and a projection of the molecular
cation is shown in Figure 4.

Mixed-valent complexes with bridging halide are relatively
commor?©?225 However, apart from theN,N-diaryl-
formamidinato compound [RArNCHNATr)4] " (Ar = phen-
yl, p-tolyl) reported by Cotton et at$ complex2™ appears
to be the only other lantern dinuclear mixed-valent platinum

complex to be structurally characterized that is free from
bridging halide ligands. Addition of halide (X to 2*
produces an equimolar mixture @f and 3 rather than a
bridging halide compleiin what corresponds to the overall
disproportionation reaction, given in eq 1.

2[Pty(u-kAskC-CgHy-5-Me-2-AsPh),] " + 2X~ —

[Pt,(u-kASkC-CeHy-5-Me-2-AsPh),] +
[Pt,X (u-kAskC-CgHy-5-Me-2-AsPh),] (1)

This observation implies that a key factor in the successful
synthesis of2* is the use of a noncoordinating dichloro-
methane reaction environment, as addition gft&X2 also
produces3.!

The structure o2 is similar in basic geometry to that of
the parent Pt(ll) comple®! and consists of four §3-5-
Me-2-AsPh groups spanning two platinum atoms, giving a

(22) Che, C.-M.; Herbstein, F. H.; Schaefer, W. P.; Marsh, R. E.; Gray, H.
B. J. Am. Chem. S0d.983 105 4604.

(23) Bellito, C.; Flamini, A.; Gastaldi, L.; Scaramuzza, lhorg. Chem.
1983 22, 444.

(24) Kurmoo, M.; Clark, R. J. Hlnorg. Chem.1985 24, 4420.

(25) Clark, R. J. H.; Kurmoo, M.; Dawes, H. M.; Hursthouse, MIirg.
Chem.1986 25, 409.

(26) Cotton, F. A.; Matonic, J. H.; Murillo, C. A. (dnorg. Chem.1996
35, 498; (b)Inorg. Chim. Actal997 264, 61.
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slightly distorted lantern-type structure, with a close-to-planar
coordination geometry about each Pt atom. Similar structural
features have been observed in binuclear Pt(ll) and Pt(IIl)
complexes containing P, O, N, and S donor ligatfdg2628

The separation of the two Pt metal centers 2h of
2.7069(3) A is considerably shorter than the separation found
in 2 of 2.8955(4) A. However, this contraction has little effect
on the P+C bond lengths, although lengthening ©6.03

A in the Pt-As distances is observed. The contraction in
the Pt-Pt—C and PtPt—As angles of 3-7° accommodates
the closer proximity of the two platinum atofand is
associated with a twist that occurs in the relative orientation
of the two square-planar units upon oxidation.

Tentative assignments of the electronic spectra of com-
plexes2 and 2t can be made on the basis of literature
precedent for a range of dinuclear platinum and other
dinuclear metal mixed-valent complex&s:! Complex2 has
a strong absorption band withg.x value of 406 nm and a | [ : ‘
broad band centered at around 362 nm, which are assigne(glchloromethane. solution at 115 K. Spectrometer_ settings: microwave

ower, 5.26 mW; microwave frequency, 9.418 GHz; 100-kHz modulation
to metal-metal-to-ligand charge transfer (MMLCT), as well amplitude, 2.0 G; spectrometer gain, X510% Inset: High-field portion
as a shoulder at 290 nm, which is assignedmﬂ* of spectrum recqrded at 20 time§ the system ggin. 100-kHz modulation
transitions. The chemically synthesized mixed-valent  STEIE S0 G: spectiomete gal, 340 () Smulated spectrum of
platinum complex exhibits a U¥Vvisible spectrum (Figure  product, see text).
S2) similar to that of the electrochemically generated species
(Figure 3), although subtle differences arising from the (C, As) can be resolved. The main features of the spec-
absence of 0.1 M BINPF; electrolyte are evident, which  trum shown in Figure 5a are listed, together with their
suggest that RF might associate or ion-pair witR*. For origins and predicted relative intensities, in Table 3. A
the chemically synthesized species, a small broad band issimulated spectrum, computed using the spin Hamiltonian
centered at around 1080 nm, and stronger bands Awith parameters given in Table 4, is shown in Figure 5b. The
values of 750 nm, 534 nm (with shoulder at 490 nm), and experimental resonance field positions given in Table 3
368 nm are evident. The absorptions at about 750m ( agreed to within+3 G with those obtained by simula-
1345 mot! L cm) and 1080 nm are likely to be due to metal- tions for the following three combinations of Pt isotopes:
to-metal charge-transfer transitions in the mixed-valent *Pt—19%Pt pairs,’9%Pt—e"¢'Pt pairs, and'*Pt—°"*'Pt pairs.
complex. The absorption at around 368 nm and the lower It is noteworthy that the SOPHE simulation program

(b)

(a)

o

I I I
1500 2000 2500 3000 3500 4000 [G]

22

Figure 5. (a) EPR spectrum of chemically synthesizd in frozen

energy absorption at 534 nm might be MMLCT bands.
Electron Paramagnetic Resonance (EPR) Studies. (1)

Frozen-State EPR SpectraThe EPR spectrumf@ 5 mM

solution of chemically synthesize2t in dichloromethane,

predicted the existence of the weak feature at 4360 G prior
to its observation.

The only features appearing to depend on sample prepara-
tion and subsequent treatment are those in the region from

frozen to 115 K, is shown in Figure 5a. Frozen dichloro- about 3150 to 3450 G (marked by an asterisk in Figure 5a).
methane solutions of electrochemically oxidiZdgave an ~ These features became more prominent after the sample was
identical spectrum. The high-field portion of the spectrum, stored at-20°C for 1 week. It is suggested that the species
at higher instrumental gain, is shown as an inset. Apart from responsible arises from a rearrangement or decomposition
some weak resonances in the field range of 313460 G, product in which the unpaired electron interacts with only
which are attributed to an impurity arising from a rearrange- ©ne Pt atom. The spin Hamiltonian parameters of this species,
ment or decomposition product (see below), the spectrumgdiven in Table 4, are similar to those observed for the species

has the appearance expected for an axially symmetric,
randomly oriented, paramagnetic dinuclear Pt complex in
frozen solution, with a single unpaired electron equally
distributed over the two Pt atoms. No coupling to other nuclei

(27) Natile, G.; Intini, F. P.; Pacifico, C. II€isplatin: Chemistry and
Biochemistry of a Leading Anticancer Drugippert, B., Ed.; Wiley-
VCH: Weinheim, Germany, 1999; p 429.

(28) Matsumoto, K.; Ochiai, MCoord. Chem. Re 2002 231, 229.

(29) Hui, C.-K.; Chu, B. W-K.; Zhu, N.; Yam, V. W=W. Inorg. Chem
2002 41, 6178 and references therein.

(30) Dogan, A.; Sarkar, B.; Klein, A,; Lissner, F.; Schleid, T.; Fiedler, J.;
Za8ixfo, S.; Jain, V. K.; Kaim, Winorg. Chem2004 43, 5973 and
references therein.

(31) Cotton, F. A.; Walton, R. AMultiple Bonds between Metal Atoms
2nd ed.; Clarendon Press: Oxford, U.K., 1993.

formed upon partial electrolysis of fH{p-HCsF4)NCH,] 2} -
(py)2] in acetonitrile3? The electron Zeemag factors and
hyperfine interactions are found to be orthorhombic.

(2) Liquid-Phase EPR SpectraThe liquid-phase spectra
were examined with the expectation of being able to
determine the isotropic contributions to the hyperfine tensor.
However, the spectra in the temperature range from 185 K
(fp CH.Cl, ~ 183 K) to 305 K (bp CHCI, ~ 312 K)
exhibited features reminiscent of those reported under slow
tumbling conditions for some V& complexes? Neverthe-

(32) Mason, D. N.; Deacon, G. B.; Yellowlees, L. J.; Bond, A.MChem.
Soc., Dalton Trans2003 890.
(33) Campbell, R. F.; Freed, J. H. Phys. Chem198Q 84, 2668.
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Table 3. Measured Field Positions and Calculated Relative Intensities of Parallel and Perpendicular Features Due to Transitions between the Energy
Levels Corresponding to the Various Isotope Combinations and Nuclear Spin Wave Functions

isotope parallel field perpendicular
combination positiorf field positior? relative
(11, 12) nuclear spin wave functions (£3G) (£3G) intensity
0,0) |0, 0> 3493 2740 15.48
(M2, 0), (0,%>) [+, 0>, 10, +1/>> 2850 2235 7.87
[—=1/5, 0>, |0, —Y/>> 3933 3120 7.87
(M2, M) [+, +o> (2280) 1712 1.00
[14Y2, —=Yo> + | =Y, +Y>>]/+/2 (3120) 2460 1.00
[IH+Y2, —Yo> — | =Y, +1/2>]/«/2 (3493) (2740) 1.00
| =2, —Y> 4365 (3500) 1.00

aField positions in parentheses correspond to resonances either too weak to be clearly observed in the experimental spectrum of Figure 5a or obscured
by other spectral features. The componenté\ afre taken as positive.

Table 4. Spin Hamiltonian Parameters Calculated from EPR Spectr@'fand the “Rearrangement or Decomposition” Complex

line
system g factors hyperfine parameters width
2tat115K gi=1.927+ 0.002 Oo= 2.465+ 0.002 A=940+ 5 A= 1005+ 5 22+ 5
2* rapid tumbling 0o = 2.286+ 0.002 Ag=1983+5
Rearrangement or ox=2.110 gy=2.010 g,=1.980 A= 65 Ay=90 A; =105 15
decomposition

product at 120 K

aHyperfine parameters and line widths are in units of 46m~1. A(Gauss)= A(10* x cm1)/(0.46686 x @). ° Parameters calculated from frozen
solution spectrum usingo = (g + 29)/3 andAg = (A + 2An)/3.

less, the experimental spectrum at 305 K approached suffi-only 1/16th the intensity of the lattét3°In the present case,

ciently close to that predicted for the rapid tumbling condition A =~ 0.3, and there are four transitions of equal intensity.

to justify the use of values ajf, andA, calculated from the  This can be compared with the RHadicaf> whereA < hy

equationsyo = (g + 2gn)/3 andAy = (A + 2An)/3. and a 1:2:1 hyperfine pattern is observed, as a consequence
(3) Theoretical EPR Interpretation. The spectral features of the overlap of electron spin transitions between the nuclear

can be explained in terms of the spectrum expected from aSPn §tates labeled .bBH[l/Z’ — 1 +l/2>]/1\/2 of

combination of the isotopic mixture$®tPt—19Pt, 1°Pt— th? trlpllet and the S|r_1glet §tate 'abe"?d W]VZ’ > -

everpy, everpt_everpy) 34 The 19t isotope, with nuclear spin | =2, + /2_>]/«/ 2. The impurity species in which the unpaired

— 1/, is 33.7% abundant and is the only contributor to the electron interacts with only one Pt nucleus is represented

hyperfine splittings. The remaining 66.3% of the nuclei are by two spin Hamﬂtomans, Whgre th? resonance mgensmes
. - are in the ratio of the natural isotopic abundances®a#it

even isotopes with = 0. The SOPHE program performs andevept

the calculation using the three spin Hamiltonians of eq 2 '

) X : (4) Implications of Spin Hamiltonian Parameters for
and then sums the resulting spectra in accordance with theBonding The axial symmetry of the spectrum, the magni-

relative abundances of 4:15.48:15.48 for the nuclear spiny,qes of theg values withg > 2 > g, and the structure of

combinations of {2, 2){(0, *2) and (/, 0)}:(0, 0), the PPt core are consistent with the use of an analysis
respectively. The spin Hamiltonian is similar to that of Krigas and Rogéfon putative [PAClg]3~
where the unpaired electron is in an orbital of substantially
H = B[g,SB, + 9(SB, + SB))] + 5Z[An5z| 2t dz character. The direction is along the PtPt axis. There
I

is also expected to be considerable admixture of 6s character.
ASdix + Sly) = vBB-1l (2) The departure of thg values from the free-electron value,
suggesting strong spirorbit coupling to the Pt atoms; the
where, for'®Pt=1%Pt,i = 1 and 2 and) = 1; for **Pt— large and almost isotropic hyperfine interaction; and the
ev¢Pt,i = 1 or 2 andd = 1; and for®*Pt—*"*Pt, 4 = 0 and absence of any superhyperfine structure due to the As nuclei
no hyperfine structure is involved. Transition intensities are suggest that the unpaired electron is predominantly delocal-
given in Table 3. All terms in eq 2 have their usual meanings, ized over the two Pt atoms with equal electron density on
and the last term is the nuclear Zeeman interaction term each.
where y is the %Pt nuclearg factor andf, the nuclear The isotropic hyperfine interactiofy, calculated from the
magneton. The combination of nuclear spin states when spectral parameters of the frozen solution, is 98304
= |, = 1/, gives a triplet state withe = 1 and a singlet ~ cm™™. This is large for dinuclear Pt compleXésind leads
with o = 0. The three transitions associated with the triplet .
hyperfine levels are shifted to lower field by second-order ggg w:fffsj.TA.?(’Q;[(S);]!V"J_TJF'a_;C*:,?,?r't;hggézécﬁr?osg;amagnetic
effects and are clearly observed, whereas the fourth, associ- ~ Resonance: Elementary Theory and Practical Applicatiohidey-
ated with the hyperfine singlet state, occurs at the same field ., Interscience: New ork, 1994; pp 72 and 465,

e . ; (36) Klein, A.; Kaim, W.; Hornung, F. M.; Fiedler, J.; Zalis, I8org. Chim.
as that of thd; = I, = 0 combination but is approximately Acta 1997 264, 269 and references therein.
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to a 6s spin density of 0.086 on each Pt afdmhich is
about double that obtained from EHMO (0.034) and DFT
(0.042) calculations (see below). A second-order crystal
field calculation, following Krigas and Rogetsfor a dz
orbital with the inclusion of covalent bonding gives a total
5d spin density of 0.965, where we have used ghand
A values of Table 4 an® = 509 x 104 cm™ % Again,
this is rather larger than the values obtained by EHMO
calculations.

Electrochemical and Chemical Oxidation of 1.The
voltammetric oxidation oflL has been suggestetb follow
the ladder-square scheffig® presented in eq 3 whenrg
andX* are intermediates of unknown structure. Quantitative
evaluation of cyclic voltammograms combined with RDE

voltammograms and EPR evidence for the postulated mech-

anism is now presented. The nature of cyclic voltammograms
for oxidation of 1 at a glassy carbon electrode are clearly
very scan rate-dependent (Figure—&B, but simulated
voltammograms (Figure 6€h) based on the ladder-square
scheme summarized in eq 3 successfully mimic experimental
data. In summary, the oxidation @éfchanged from almost
fully irreversible at low scan rate (50 mV'Y to fully
reversible at high scan rate (10 Vs

0

Ey¢
1 1" +¢
k
ke ﬂkbz P b1 ﬂ ke
X X' +e 3
ke ” ks . kos || kg3
Eyp
2 2"+

This ladder-square scheme was simulated using the
DigiSim® software package on the basis that all three

6a—d. However, although the threi values and thermo-
dynamic equilibrium constant relationships that can be
derived from them are believed to be reliable, it needs to be
noted that simulated voltammograms are relatively insen-
sitive to the absolute values of some of the individual ki-
netic parameters. Importantly, tlﬁ§f value of =170 mV is
very close to that expected for tH#* process, and the
ki, ki2, andke isomerization rate constants are expected to
be quantitatively significant. Thus, isomerization Df to

2% is clearly very much faster than the analogduso 2
process.

A GC rotating disk electrode voltammogram of complex
1 (Figure S3) exhibits an almost identical limiting current
per unit concentration value (same rotation and scan rate
employed) as found for oxidation d (Figure 2). This
confirms that the initial oxidation step fdris a one-electron
process as postulated in eq 3. At a concentration of 1.0 mM,
the limiting current is linearly dependent on the square root
of the rotation rates (5663500 rpm). Conformance to the
Levich equation enables the diffusion coefficient of complex
1 to be calculated as (5.3 0.2) x 10% cm? sL. As
expected, this value is very close to the (:2.2) x 1076
cn? s 1 value calculated for compleX Similar results were
obtained at a platinum rotating disk electrode.

Chemical oxidation ofl. with Fc™ produces EPR spectra
that are consistent with the formation &f and the same
rearrangement or decomposition product formed as vizhen
is oxidized chemically or electrochemically. However, in this
case, only about 50% d*' is formed on the basis of the
intensity of the EPR signal. No EPR spectrum attributable
to other diplatinum mixed-valent species was detected. RDE
voltammograms obtained after chemical oxidation lof
(Figure Sic) also are consistent with about a 50% vyield of
2%, as are electrochemical and spectroelectrochemical data
obtained after bulk electrolysis of. The side reaction
responsible for the lower yield &" and increased yield of
rearrangement or decomposition product in chemical and

electron-transfer steps are reversible one-electron processegyqqirochemical bulk synthesis relative to yields formed when

the diffusion coefficients of all species are the same, and 2 is directly oxidized to2*

thermodynamically allowed cross redox reactions such as
1" 4+ 2=1+ 2" are neglected. Unfortunately, inadequate
experimental information on intermediate speciésis
available to ensure that a unique simulation is obtained in

is unknown.

EHMO (Extended Huckel Molecular Orbital) Calcula-
tions. EHMO calculations were performed dn 2, and2*
at crystallographically determined geometries (see ref 1 for
crystallographic details of and 2). In the case ofl, the

this situation where the number of unknown parameters is highest occupied molecular orbital (HOMO) is found at

very large. Nevertheless, simulated voltammograms obtained_

with the parameters electrode ared.010 cni, concentra-
tion of 1 = 1.0 mM, diffusion coefficient for all species in
reduced and oxidized formss 5.3 x 10 cnm? s
uncompensated resistanees000Q, EY, = 0.146 V,EY, =
—0.0265 V,E}; = —0.170 V,ku =55, ky =15 %, kp =

10 S_l, koo = 0.054 S_l, ks =5 S_l, kpz = 1.67 S_l, kisg = 2

s %, andkys, = 0.02 s accurately reflect most of the key
features of the experimental voltammograms shown in Figure

(37) Morton, J. R.; Preston, K. B. Magn. Reson197§ 30, 577.

(38) Bond, A. M.; Keene, F. R.; Searle, N. W.; Snow, M.IRorg. Chem.
1978 17, 2847.

(39) Bond, A. M.; Hambley, T. W.; Snow, M. Rnorg. Chem.1985 24,
1920.

(40) Evans, D. HChem. Re. 199Q 90, 739.

11.71 eV. It forms part of a closely spaced band of orbitals
that have Pt d character but are extensively delocalized into
the ligand framework. There are six such orbitals in the
energy range from—11.71 to —12.06 eV, but a clear
distinction cannot be made between the Pg)(drbital,
normally the HOMO of a square-planar Pt(ll) complex, and
the other metal d orbitals. The lowest unoccupied molecular
orbital (LUMO) at—8.40 eV forms part of a closely spaced
band ofz* orbitals associated with the bridging and chelating
phenylene groups. These* orbitals can act as acceptors
and consequently can account for the rich electronic spectrum
of complex1 and its luminescent propertiés.

The situation is quite different fo2, the HOMO at
—11.43 eV being well separated from a set of closely
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Figure 6. (a—d) Experimental and (eh) simulated cyclic voltammograms for the oxidation of 1.0 mM complet a GC electrode in dichloromethane
(0.1 M BwNPF) at scan rates of (a,e) 50 mV%s (b,f) 500 mV s, (c,g 5V s, and (d,h) 10 V st. Simulation parameters are given in the text.

spaced orbitals found betweerl11.81 and—12.00 eV, the
latter quite similar to orbitals of similar energy th The
HOMO is dominated by Pt(g—Pt(d2) o*-antibonding char-

for 2 but very similar LUMO energies in both complexes.
This description of the electronic structure fis similar
to that of other Pt(Ih-Pt(ll) dimers that have been pre-

acter and is only slightly delocalized onto the bridging phen- viously studied experimentally and computationdfy:+%42
ylene ligands. The LUMO is found at8.43 eV and forms

part of a band ofr* orbitals of the phenyl and phenylene

groups very similar to those found in The energies of the

lowest electronic absorption bandsof26000 cm') and2

(24700 cm?) also are consistent with a higher-lying HOMO

2480 Inorganic Chemistry, Vol. 44, No. 7, 2005

(41) Mealli, C.; Pichierri, F.; Randaccio, L.; Zangrando, E.; Krumm, M.;

Holtenrich, D.; Lippert, BInorg. Chem.1995 34, 3418.

(42) Randaccio, L.; Zangrando, E. In I@isplatin:

Chemistry and

Biochemistry of a Leading Anticancer Drugippert, B., Ed.; Wiley-
VCH: Weinheim, Germany, 1999; pp 40428.
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Figure 7. Orbital interaction diagram for two square-plaras-PtH,-
(AsHs), fragments (shown at left-hand side only) combining face-to-face
in the geometry oR*. The frontier orbitals of #isquare-planar complexes
are well-known: essentially degenerajg dy,, and g, orbitals and a higher-
energy ¢ orbital as the HOMO. In the dimer, mixing-in of Pt 6(s,p)
character increases the bonding character of thé(d) and decreases the
antibonding character of the-dl(c*) orbitals.

-13

Removal of one electron from the-PPt o* HOMO of 2
generates the paramagnetic mixed-valent compfexThe
electronic structure of the cation i closely resembles that
of its precursor2. The singly occupied molecular orbital
(SOMO) shown in Figure S4 is largely PHa-Pt(d?) o*-
antibonding in character. Orbital mixing reduces e

phase structures are 3.063 ,(2.732 A (%), 2.923 A @),
2.751 A @"), and 2.707 A 8), which can be compared with
the values for the crystalline solids already determined by
X-ray diffraction of 3.421 A ), 2.896 A @), 2.707 A ¢*),
and 2.744 A ). A limited range of trends is borne out
experimentally. However, the relative ordering of the-Pt
Pt distances foR* and3 is not reproduced, and agreement
between the calculated and observedPtdistance fol is
poor. These discrepancies might result from a critical
dependence on environmental effects (solid vs gas) and on
the level of theory applied.

The formation of3 from 2 by oxidative addition with
chlorine and the isomerizations bto 2 and of1* to 2" are
all calculated to be exothermic in the gas phase, With
values of—105,—12.8, and-10.5 kcal mot?, respectively,
in agreement with the observations that these are thermo-
dynamically favored processes in the solution pHase.

DFT data are in agreement with results of EHMO
calculations in the sense that removal of one electron when
2 is oxidized to2" is predicted to occur mainly at the Pt
atoms to achieve 78% spin density at both Pt atoms (8.4%
is's, 5.86% is p, and 63.8% is d) and 70% 6r The DFT-
calculated HOMO forl also forms part of a closely spaced
band of orbitals, and the HOMO f@ris again well separated
from a set of closely spaced orbitals, although the absolute
values of—7.68 eV @) and—4.37 eV () differ significantly
from their EHMO counterparts. Additionally, it should be
noted that the theoretically predicted change in energy due
to geometric relaxation in the gas phase is rather small
(adiabatic ionization potentials farand2 are 5.83 and 5.93
eV, respectively) and in the reverse order to what might be
anticipated on the basis of solution-phase reversible poten-

character of the SOMO and enhances the bonding charactefials. Here again, the change of environment (in this case,

of the corresponding Pt@i—Pt(d?) o orbital, as is clearly
evident from the topology of the SOMO. The resulting mixed

between solution and gas phase) and the level of theory
applied can inhibit the usefulness of direct comparison

orbital is calculated to be 64.5% Pt(5d), 6.7% Pt(6s), and Petween theory and experiment.

2.5% Pt(6p), with less than 1% contribution from the ipso

carbon atoms of the bridging phenylene group. This high
degree of localization of the unpaired electron density on Pt

is consistent with the EPR data.

Calculations were also performed on a highly simplified
model complex in which all carbon groups have been

Conclusions

The catior2*, isolated as its BF or PR~ salt, represents
a rare example of a structurally and spectroscopically well-
characterized, dinuclear, mixed-valent platinum complex with
a lantern structure. It is a persistent paramagnetic ion of

replaced by hydride anions, both on Pt and on As. The considerable stability and has a characteristically symmetric
bonding of this simplified cluster can be represented by the EPR spectrum fully in accord with the SOMO derived by

orbital interaction diagram shown in Figure 7, in which two
cis-PtH,(AsHzs), square-planar platinum fragments are com-
bined into a dimer with a PtPt distance of 2.707 A and an
As—Pt—Pt—As dihedral angle of 989 The d-d(x) and
d—d(m*) interactions essentially cancel each other out, while
the d-d(d) interactions are nonbonding; they require a
substantially shorter metametal distance to interact sig-
nificantly. Thus the net bonding interaction involves only
the d—d(o) combination of the formal Pt orbitals. With
d—d(o) fully, and d—d(c*) semi-occupied, there is a formal
metal-metal bond order of/s.

DFT Calculations. The Pt-Pt separations calculated by
DFT calculations at the LDA level for the symmetrical gas-

guantum mechanical calculations. The present study, in
conjunction with that reported in ref 1, therefore provides a
second serié8 of compounds, namel\2, 2*, and 3, with
Pt—Pt bond orders of 04, and 1, respectively. In our case,
in addition to crystallographic characterization of all three
redox levels, the electrochemical and EPR data for the mixed-
valent complex are reported.
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