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[Cp*RUVCI(S;CR)] (R = NMe;,, NEt, and OPr) were synthesized by the reaction of [Cp*Ril,],
with [RC(S)S}. One-electron electrochemical oxidation of [Cp*RySHCR)] produces paramagnetic
[Cp*RUCL(SCR)]", which are stable in CKCI, solution for at least several hours at 233 K. EPR
experiments performed at 293 K show isotropic signgs £.035) with clearly defined hyperfine coupling
to °*Ru and'®Ru of 25 G and with peak-to-peak line widths of 15 G. At temperatures below 153 K,
axial-shaped EPR spectra were obtained witvalues close to 2 (2.0562.008) and narrow peak-to-
peak line widths (15 G). Results from DFT calculations indicate that approximately 70% of the spin
density in [Cp*RUCH(S,CNMe,)] " is located on the ruthenium, although there is an increase of only
0.06 in the positive charge of the metal ion as a result of the oxidation. The high spin density on Ru
supports the assignment of@mally Ru(V) oxidation state, which is unprecedented in organometallic
chemistry. Chemical oxidation of Cp*RICI,(S;CNMe,) with NO(PFs) in CHsCN resulted in the isolation
of [Cp*RuY (MeCN)(S;CNMe,)] 72 (4), while oxidation with [(4-Br-GH.)sN](SbCk) in CH,Cl, resulted
in the formation of chloro-bridged dimeric [Cp*RICI(S,CNMe,)]>™? (5). When5 is dissolved in Cl-
CN/CH:CN, it immediately converts td. Cyclic voltammetric experiments confirmed that in both solvents
the chemical oxidation process occurred through the [CHER(S,CNMe,)]* intermediate.

1. Introduction

new @7°-CsMes)Ru(lV) complexes containing dithiocarbamate
and carbonodithiolate ligands, which are able to be oxidized

Transition metal complexes containing sulfur donor ligands py one electron to form paramagnetic species, and discuss the
command a continuing interest on account of their relevance to gjstripution of the increased positive charge and spin density

biological and industrial processé3he dithiocarbamate (dtc)

based on results from EPR spectroscopic experiments and DFT

ligand has attracted particular attention as a versatile ligand in ¢z|culations.

both main groug? and transition meté? chemistry. A notable

Ru-containing dithiocarbamate compounds have recently been

metal species in high or unusual oxidation stdfesich as
[CoV(S:CNRy)3] T (R = alkyl or cyclohexyl), which is stable
in CH.Cl; at 233 K2 In this study we report the synthesis of
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complexes where the dithiocarbamate ligand has been coordi-
nated together with the organometalli¢-cyclopentadienyl
ligand# The electrochemical behavior of dithiocarbamate com-
plexes has also been extensively studi€he interesting case
involves the oxidation of [Rti(S;CNRy)3], which was expected

to form [RUY(S;CNRy)3]* on the basis of the observation that
the related [F&(S,CNRy)3]™ (and Mn(lV)) complexes were
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stable? Instead, one-electron oxidation of [R(5,CNRy)s]
produced dimeric [Rf' (S;CNRy)s] - complexes. Interestingly,

the seven-coordinate [RICI(S;CNR,)z] and [RUYCI(S;CNRy)-
(7%-SCNRy)] complexes were obtained by photolysis of [RS,-
CNRy)3], suggesting that chloride aids in stabilizing the Ru(IV)
state’ Dithiocarbamate complexes of ruthenium invariably exist
between the oxidation states of Il to Myhich is similar to
what is most often observed for organometallic compounds,
although the concept of formal oxidation state does not
adequately describe the true charge on the miélalvertheless,
the observation of a one-electron oxidation of a formally Ru-
(IV) organometallic compound is an interesting and surprising
result worthy of detailed investigation.

2. Experimental Section

2.1. Electrochemical ProceduresVoltammetric experiments
were conducted with a computer-controlled Eco Chemiatolab
Il potentiostat using planar 1 mm diameter Pt and glassy carbon
(GC) working electrodes in conjunction with a Pt auxiliary electrode

and an Ag wire reference electrode connected to the test solution

via a salt bridge containing 0.5 M BNPF; in CH3CN. Accurate

potentials were obtained using ferrocene as an internal standard15_0; Cl. 16.

In situ UV—vis—NIR spectra were obtained with a Varian Cary
5E spectrophotometer in an optically transparent thin-layer elec-
trochemical (OTTLE) cell (path length 0.05 cm) at 253 K using

a Pt mesh working electrod®? Typical exhaustive electrolysis time
for the one-electron oxidation of 1 mM analyte in €, (0.5 M
Bu;NPFR;) was 1.5 h.

Solutions of [Cp*RUCi(S,CR)]" for the EPR experiments were
prepared in a divided controlled potential electrolysis cell separate
with a porosity no. 5 (1.61.7 um) sintered glass frit>1° The
working and auxiliary electrodes were identically sized Pt mesh
plates symmetrically arranged with respect to each other with an
Ag wire reference electrode (isolated by a salt bridge) positioned
to within 2 mm of the surface of the working electrode. The
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where N = no. of moles of starting compound) = charge
(coulombs),n = no. of electrons, anéF is the Faraday constant
(96 485 C mat?). The electrolyzed solutions were transferred under
vacuum into a cylindrical 3 mm (i.d.) EPR tube that was
immediately frozen in liquid M or to a silica flat cell that was
cooled in dry ice/ethanol. EPR spectra were recorded on either a
Bruker ER 200D (forT = 133—293 K with liquid N, cooling) or
Bruker ESP 300e (fof = 6 K with liquid He cooling). Both
spectrometers employed rectangulargbEavities with the modula-
tion frequency set at 58100 kHz and microwave power between
20 uW and 20 mW. EPR simulations were performed using the
Bruker computer software WINEPR SimFonia. Other general
procedures were as previously describ¥d.

2.2. Synthetic Procedures. Synthesis of [Cp*Ru@S;CNMe,)]
(2). To an orange-red solution of [Cp*Rufd (1.25 g, 2.04 mmol)
in acetonitrile (10 mL) was added [MEC(S)S} (0.49 g, 2.04
mmol) with stirring. The solution turned purple instantly. The
resultant solution was filtered through a disk (2 cm) of silica gel.
Concentration of the filtrate in vacuo to.c& mL, followed by
addition of ether (5 mL) and subsequent cooling-80 °C for 30
min gave a microcrystalline dark purple solid df(1.51 g, 3.53
mmol, 87%). Anal. Found: C, 36.1; H, 4.85; N, 3.2; S, 14.4; ClI,
17.0. Calcd for @GH»:CIbNRwS,: C, 36.5; H, 4.95; N, 3.3; S,
6.1H NMR (6, CDCk): 1.42 (s, 15HMesCs), 3.31
(s, 6H, 2QH3); (6, CDsCN): 1.32 (s, 156HMesCs), 3.27 (s, 6H, 2
CHa). B3C{1H} NMR (0, CDCk): 8.3 (MesCs), 37.0 CH3), 106.4
(MesCs), 205.9 CS). IR (KBr, cn1l): »(C—N) 1566vs;»(C—S)
1072 m, 1020 m. FABMS: m/z392 (M — CI]*), 357 (M — 2
Cll%), 324 (M — 2 Cl— 2 Me]).

Similar reactions of [Cp*RuG], with [Et;NC(S)S} and [PrOC-

d (S)SL gave microcrystalline solids of Cp*Rug&,CNEL) (2) and

Cp*RUChL(S,COPr) (3), respectively. Full synthetic and charac-
terization details will be described in a different context in a
forthcoming paper.

Oxidation of [Cp*RuCl (S;,CNMey)] (1). (i) With NO(PF ).
To a stirred purple solution df (25 mg, 0.06 mmol) in caéb mL

electrolysis cell was jacketed in a glass sleeve and cooled to 2330f MeCN was added NO(RJF(10 mg, 0.06 mmol, 1 molar equiv).

K using a Lauda RL6 variable-temperature methanol-circulating
bath. The volumes of both the working and auxiliary electrode
compartments were approximately 10 mL each. The number of
electrons transferred during the bulk oxidation process was
calculated from

N = QInF (1)
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1972 25, 2567-2576.

(6) Mattson, B. M.; Heiman, J. R.; Pignolet, L. thorg. Chem.1976
15, 564-571.
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18, 210-213.
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D. F., Bruce, M. I., Eds.; Pergamon: Oxford, 1995; Vol. 7, Chapter 8.
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Webster, R. D.J. Chem. Soc., Chem. Commuw002 754-755. (c)
Williams, L. L.; Webster, R. D.J. Am. Chem. SoQ004 126, 1244t
12450.
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Shin, R. Y. C.; Ng, S. Y.; Tan, G. K.; Koh, L. L.; Khoo, S. B.; Goh, L. Y.;
Webster, R. DOrganometallics2004 23, 547-558. (c) Shin, R. Y. C.;
Tan, G. K.; Koh, L. L.; Goh, L. Y.; Webster, R. IDrganometallic2004
23, 6108-6115. (d) Shin, R. Y. C.; Tan, G. K.; Koh, L. L.; Vittal, J. J,;
Goh, L. Y.; Webster, R. DOrganometallic2005 24, 539-551. (e) Shin,
R.Y.C.; Teo, M. E.; Leong, W. K.; Vittal, J. J.; Yip, J. H. K.; Goh, L. Y ;
Webster, R. DOrganometallics2005 24, 1483-1494. (f) Kuan, S. L,;
Leong, W. K.; Goh, L. Y.; Webster, R. DrganometallicR005 24, 4639
4648.

The solution turned from purple to red instantly. After 5 min, the
resultant solution was concentrated to ca. 2 mL and ether (3 mL)
added. Subsequent cooling -aB0 °C for 30 min gave a micro-
crystalline solid of1 (11 mg, 0.03 mmol, 44% recovery). The
mother liquor was concentrated to. @amL, followed by addition

of ether (ca. 3 mL), and subsequent cooling-&0 °C for a day
afforded a red microcrystalline solid of [Cp*Ru(MeCAB,-
CNMey)](PFe)2 (4) (7 mg, 0.01 mmol, 16%), leaving a residual
red oil, which showed the presence of only complein its 1H
NMR spectrum. Anal. Found: C, 27.7; H, 3.9; N, 5.3; S, 8.9. Calcd
for Ci7H27F12NsP,RwS,: C, 28.0; H, 3.7; N, 5.8; S, 8.8H NMR

(6, CDsCN): 1.49 (s, 15HMesCs), 1.95 (s, G13CN, overlapping
with solvent peak), 3.29 (s, 6H, 2G). BC{*H} NMR (9, CDs
CN): 8.93 MesCs), 38.6 CH3),114.1 (MeCs), 200.7 CS). IR
(KBr, cm™1): »(C=N) 2322 w 2297 wyp(C—N) 1580 m;»(C—S)
1082 w 1019 m. FAB MS: myz 356 [M — 2MeCNJ". FAB~ MS:

m/z 145 [PR]. ESIT MS: m/z 397 [M — MeCN]" 356 [M —
2MeCNJ". ESIF MS: m/z 145 [PF].

A repeat of the reaction df (43 mg, 0.10 mmol), with 2 molar
equiv of NO(PE) (35 mg, 0.20 mmol), followed by a similar
workup, gave a microcrystalline solid d@f (36 mg, 0.05 mmol,
49.4%) and a red mother liquor that showed the presence of only
complex4 in its IH NMR spectrum.

The reaction ofl (21 mg, 0.05 mmol) with 2 molar equiv of
NO(PF;) (18 mg, 0.10 mmol) was repeated in 10 mL of dichlo-
romethane at OC. The purple color of the solution gradually
assumed a reddish tinge after 20 min and then finally turned green
after a further 10 min. Upon evacuation to dryness, a green oil
was obtained. No attempt was made to characterize the green oil.
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Table 1. Crystallographic Data Collection and Processing Parameters
1 4 5

formula Q3H21C|2NRU& Co1H33F1:NsP,.RUS C13H21C|7NRU$Sb

M, 427.4 810.65 726.40

temp, K 223(2) 223(2) 223(2)

cryst color and habit black block red plate red plate

cryst size, mm 0.0% 0.08x 0.18 0.28x 0.20x 0.06 0.48x 0.36x 0.02

cryst syst orthorhombic orthorhombic monoclinic

space group P212:2; P2,212; P2,/n

a, 8.6825(5) 9.3012(4) 8.2628(5)

b, A 11.6053(7) 12.2982(5) 11.0759(7)

c,A 17.1190(10) 28.5968(13) 26.4815(16)

o, deg 90 90 90

B, deg 90 90 96.5860(10)

v, deg 90

v, A3 1724.96(18) 3271.1(2) 2407.5(3)

z 4 4 4

density, Mg n3 1.646 1.646 2.004

abs coeff, mm? 1.447 0.795 2.700

F(000) 864 1632 1408

6 range for data collection 2.121030.84 1.80t0 27.49 2.40t0 26.37

index ranges —12<h<12, —12<h=<09, —10< h =< 10,
0=<k= 16, 15< k = 15, 0< k=13,
0=<l=24 —37=<1=36 0=<1=33

no. of reflns collected 13792 23277 19829

no. of indep reflns 4998(int) = 0.075] 7472 R(int) = 0.0487] 4928IR(int) = 0/0513]

no. of data/restraints/params 4998/0/179 7472/0/399 4928/0/233

final Rindices | >20(1)]a> R1=0.0444, R1= 0.0520, R1=0.0893,
wR2=0.0688 WR2=0.1153 wR2=0.1903

Rindices (all data) R* 0.0631, R1= 0.0589, R1= 0.0969,
wR2=0.0734 wR2=0.1186 wR2=0.1940

goodness-of-fit orf2¢ 0.869 1.097 1.315

largest diff peak and hole, e A 1.883 and-0.743 1.044 ane-0.734 2.483 and-1.844

aR = (X|Fol — IFc)Y|Fol. bwR2 = [(CwIFq — |Fc|)2/zW|Fo‘2]1/2- CGoF = [(Jw|Fo| — ‘Fc‘)Z/(Nobs - Nparan)]llz-

(i) With [(4-Br-C ¢H4)sN](SbClg). Ten milliliters of dichlo-
romethane was added to a mixturelof21 mg, 0.05 mmol) and
[(4-Br-CgHyg)3N](SbCk) (41 mg, 0.05 mmol), with stirring. Red
solids slowly precipitated out of the dark blue solution after ca. 30
min. The mixture was allowed to stir overnight; the supernatant
was then light blue. The product mixture was filtered, and the red
solid of [Cp*RuCI(SCNMe,)]2(SbCk), (5) (20 mg, 0.03 mmol,
55.0%) was washed with diethyl ether 35 mL) and collected.
Anal. Found: C, 21.1; H, 2.9; N, 1.9; S, 8.5. Calcd fosglds>-
CliN,RWS,Shy: C, 21.5; H, 2.9; N, 1.9; S, 8.8. IR (KBr, crh):
v(C—N) 1561 s 1543.2 mp(C—S) 1042 w 1020 m. Comple%k
was initially sparingly soluble in deuterated MeCN, but dissolved
completely after ultrasonication for ca. 20 min to give a light red
solution. The!H NMR spectrum of this solution indicated the
presence of comple while that of the blue supernatant indicated
the presence of the starting materiglwhich was not recovered.

2.3. X-ray Diffraction Studies. Diffraction-quality single crystals
were obtained at-30 °C as follows: 1 as dark purple crystals from
an acetonitrile solution layered with ether after 2 de/ss red
plates from an acetonitrile solution layered with ether after a day,
and5 as red plates by slow diffusion of layers of precooled solutions
of [(4-Br-CgH4)3sN](SbCk) (10 mg in 2 mL in dichloroethane) and
1 (5 mg in 1 mL in dichloromethane) over-3 days.

The crystals were mounted on glass fibers. X-ray data were
collected on a Bruker APEX AXS diffractometer, equipped with a
CCD detector, using Mo & radiation ¢ 0.71073 A). The program
SMART!2 was used for collecting frames of data, indexing re-
flection, and determination of lattice parameter, SAHNTor inte-
gration of the intensity of reflections, scaling, and correction of
Lorentz and polarization effects, SADAB'S for absorption cor-
rection, and SHELXTL! for space group and structure determi-
nation and least-squares refinements=8nThe structures of, 4,
and5 were solved by direct methods to locate the heavy atoms,
followed by difference maps for the light non-hydrogen atoms. The

(11) (a) SMARTversion 5.628; Bruker AXS Inc.: Madison, WI, 2001.
(b) SAINT+ version 6.22a; Bruker AXS Inc.: Madison, WI, 2001. (c)
Sheldrick, G. M.SADABS1996. (d)SHELXTLversion 5.1; Bruker AXS
Inc.: Madison, WI, 1997.

crystal data collection and processing parameters are given in Table
1.

2.4. Theoretical Calculations.Density functional theory (DFT)
calculations were performed using the Q-Chem 3.0 software
packagé? and molecular structures were optimized using the
B3LYP functional®® The 3-21G basis set was used for all atoms
except Ru, for which the SRSC basis and pseudopoté&htiare
employed. The exchange&orrelation quadrature used the SG-0
grid™ on all atoms except Ru, for which the larger SG-1 #rid
was used. Natural bond orbital (NBO) analysis of atomic charges
and spin densities were obtained from orbitals computed using the
B3LYP functional; for these calculations, a large, all-electron basis
containing 90 basis functiobavas used for Ru, the STO-3G basis
for H atoms, and the 6-31G* basis for all other atoms. To compute
spin densities at the nuclei, it is common to sample the density
using a delta function operator. However, because this can lead to
inaccurate results when used with Gaussian basis sets, we have
employed the RassolexChipman operator and the range parameter
ro = 0.25 aut8

(12) Shao, Y.; Fusti-Molnar, L.; Jung, Y.; Kussmann, J.; Ochsenfeld,
C.; Brown, S. T.; Gilbert, A. T. B.; Slipchenko, L. V.; Levchenko, S. V.;
O'Neill, D. P.; DiStasio, R. A.; Lochan, R. C.; Wang, T.; Beran, G. J. O;
Besley, N. A.; Herbert, J. M.; Lin, C. Y.; van Voorhis, T.; Chien, S. H;
Sodt, A,; Steele, R. P.; Rassolov, V. A.; Maslen, P. E.; Korambath, P. P;
Adamson, R. D.; Austin, B.; Baker, J.; Byrd, E. F. C.; Daschel, H,;
Doerksen, R. J.; Dreuw, A.; Dunietz, B. D.; Dutoi, A. D.; Furlani, T. R;
Gwaltney, S. R.; Heyden, A.; Hirata, S.; Hsu, C. P.; Kedziora, G.; Khalliulin,
R. Z.; Klunzinger, P.; Lee, A. M.; Lee, M. S.; Liang, W. Z.; Lotan, |. Nair,
N.; Peters, B.; Proynov, E. |.; Pieniazek, P. A.; Rhee, Y. M.; Ritchie, J.;
Rosta, E.; Sherrill, C. D.; Simmonett, A. C.; Subotnik, J. E.; Woodcock,
H. L.; Zhang, W.; Bell, A. T.; Chakraborty, A. K.; Chipman, D. M.; Keil,
F. J.; Warshel, A.; Hehre, W. J.; Schaefer, H. F.; Kong, J.; Krylov, A. |;
Gill, P. M. W.; Head-Gordon, MPhys. Chem. Chem. PhyX)06 8, 3172~
3191.

(13) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, Nl J.
Phys. Chem1994 98, 11623-11627.

(14) Andrae, D.; Haussermann, U.; Dolg, M.; Stoll, H.; PreussTthéor.
Chim. Actal99Q 77, 123-141.

(15) Chien, S. H.; Gill, P. M. WJ. Comput. Chen2006 27, 730-739.

(16) Gill, P. M. W.; Johnson, B. J.; Pople, J. 8hem. Phys. Letl993
209 506-512.

(17) Handbook of Gaussian Basis Sefeirier, R., Kari, R., Csizmadia,

I. G., Eds.; Elsevier: New York, 1995.
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T=293K, v=100mV s

il uA

-1.0 0.0 1.0

E/Vvs. FclFc*

Figure 1. Cyclic voltammograms recorded in GEl, with 0.5 M
Bu,NPF; at a Pt electrode of 1.0 mM solutions of (a) [Cp*Ru(Gh-
CNMe,)], 1, (b) [CP*RUCL(S,CNEY)], 2, and (c) [Cp*RuCk(S,-
COPY)], 3. (b) and (c) are offset by-4 and—8 uA, respectively.

=
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Scheme 1
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Me, 1
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3. Results and Discussion

The Ru(lV) complexes [Cp*RU@(S,CR)] (1, R = NMey;
2, R = NEty; 3, R = O'Pr) were obtained in high yields from
the reaction of [Cp*RU Cl], with [RC(S)S} (Scheme 1).
Cyclic voltammograms of CKCl, solutions containing
[Cp*RuClx(S,CR)] showed complicated reduction processes at

Organometallics, Vol. 25, No. 26, 808%

exhaustive bulk electrochemical oxidation at a potential 0.1 V
more positive than thig®-values resulted in the transfer of 1.0
+ 0.1 electrons per molecule, with the oxidized compounds
stable enough (af = 233 K) to be reduced back to the starting
material when the applied potential was switchedcst60.5 V

vs Fc/F¢. While compounds containing the dithiocarbamate
ligand are known to undergo dimerization following oxidation
(or other ligand-based reactiorfsjhe chemically reversible
nature of the voltammetric process on the short (CV) and long
(electrolysis) time scales confirms the straightforward one-
electron oxidation of [Cp*RuG(S;R)] to form [Cp*RuCh-
(SR)]* (the counteranion for all experiments was the supporting
electrolyte anion, P§).

There is little uncertainty that ruthenium is present as formally
Ru(IV) in the neutral diamagnetic starting material (each ligand
carries a charge of 1), but the formal oxidation state of Ru in
the one-electron-oxidized form is ambiguous when based solely
on electrochemical experiments, especially considering that Ru-
(V) is unprecedented in organometallic chemistry and rarely
observed in coordination chemis#yHowever, the alternative
possibility where the oxidation is entirely ligand-based is also
unlikely since neither the dithiocarbamate or Cp* ligands are
strong candidates for a localized one-electron oxidation. Nev-
ertheless, the strong dependenc&gh (that approximates the
formal potential E°) on the dithiocarbamate or carbonodithiolate
groups indicates that the bidentate sulfur ligands are critically
involved in the oxidation process.

Samples of [Cp*RUG(S;R)]* for EPR spectroscopic analysis
were prepared by one-electron oxidation of the starting material
in an electrolysis cell and then transferred under vacuum into
silica EPR cells. The X-band EPR spectra of [Cp*Ru{S}-
CNMey)]™ at 293 K showed an intense symmetrical= %/,)
signal with ag-value of 2.035 and a peak-to-peak line width
(AHpp) of 15 G. The solution phase spectra also showed the
presence of weaker satellite signals symmetrically arranged on
either side of the main signal (Figure 2a). The presence of
satellite signals of weaker intensity than the primary signal is
an indication of hyperfine interactions with lower abundance
isotopes. The intensity and pattern of the satellite signals are in
excellent agreement with hyperfine coupling (of 25 GJ%u
(I =515, 12.72% natural abundance) aéRu (I = 5, 17.07%
natural abundance) (see simulation in Figure 2a), indicating an
interaction of the unpaired electron with the metal ion.

The intensity of thé°Ru/l%"Ru hyperfine coupling on either

negative potentials that varied depending on the electrode surfacgide of the mainS = 1/, signal became increasingly less
and temperature (Figure 1). The presence of electrochemicalsymmetrical as the temperature was lowered from 293 to 193
reduction responses is certainly the expected result consideringk, possibly due to an anisotropic tumbling effect (Figure Zb).

the high oxidation state of Ru(IV) and the rich literature
pertaining to low oxidation state>-(Cp/Cp*)Ru compound$.

At temperatures below~193 K (when the solution began to
freeze) the spectra were axial shapgd=< 2.050,g, = 2.008)

However, considerably more surprising was the observation of and remained constant in appearance down to 6 K. The line

oxidation processes 'y, = +0.65 V vs Fc/F¢ (Fc =
ferrocene) (for [Cp*RUCG(S,CNMe;)] 1 and [Cp*RuCk(S,-
CNEb)] 2) andE"1;, = +0.98 V vs Fc/F¢ (for [Cp*RUCk(S,-
COPr)] 3), suggesting the formation of highly oxidized
ruthenium organometallic compountfsin contrast to the

width of the spectra also remained constant (15 G) over the
entire temperature range (298 K), suggesting that the oxidized
compound maintains the same geometric structure in solution
and frozen solution states. The EPR signal began to diminish
in intensity if the sample was left at 293 K for over 30 min, but

reduction processes, the oxidation processes appeared fullyat low temperaturesT(< 233 K) the compound appeared stable
chemically reversible at temperatures between 233 and 293 Kfor at least several hours. Very similar EPR spectra were

with anodic (,®) to cathodic i,*%) peak-to-peak separations

detected for [Cp*RUG(S,CNEL)]+ and [Cp*RuCHS,COPY)]*

similar to those observed for Fc under identical conditions, and (Figure 2c), with®Ru/A%Ru hyperfine coupling values also

with i;>-values proportional to'/? (v = scan rate). Furthermore,

(18) (a) Rassolov, V. A.; Chipman, D. M. Chem. Phys1996 105
1470-1478. (b) Rassolov, V. A.; Chipman, D. M. Chem. Phys1996
105 1479-1491.

(19) The reversible half-wave potenti&y, = (E,>* + Ey°%/2, where
E,”* and Ey®d are the anodic and cathodic peak potentials, respectively.

(20) Che, C.-M.; Lau, T.-C. i€ omprehensie Coordination Chemistry
II; McCleverty, J. A., Meyer, T. J., Constable, E. C., Dilworth, J. R., Eds.;
Elsevier: Oxford, 2004; Vol. 5, pp 866809.

(21) Weil, J. A; Bolton, J. R.; Wertz, J. E. IBlectron Paramagentic
Resonance: Elementary Theory and Practical Applicatiéiidey: New
York, 1994; pp 326-327.
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(a) T=293K 35x10°
3
E Experimental
=
(7]
5 T
o S
E Simulation .._E
g / §
()]
(7 (AH,,) =15 G 2 12500cm™ 20400 cm™ 26500 cm!
pp © 4o (800 nm) (490nm) (377 nm)
r—rT1T T 1T T T T 7T"1 18500 cm'!
3100 3200 3300 3400 3500 5
Field /G (1G=10"T) . =
( b) ] 5 1|0 1I5 2|O 2I5 3I0 3I5 4|0 45x10°
Solution Phase /\ T=273K Wavenumber / cm™
T=253K Figure 3. UV—vis—NIR spectra obtained during the one-electron
5 T-233K in situ electrochemical oxidation of 1.0 mM [Cp*Ru(3,CNMe,)],
= 1, in CHyCl, with 0.5 M BuNPFs in an OTTLE cell.
g- T=213K
g \/ T2193 K compounds involve ligand-centered radicals coordinated to Ru-
E (1) ions and with hyperfine coupling constants 10 G2526
[ Therefore, the 25 G Ru hyperfine coupling found in this work
2 | Frozen Solution T=153 K is significantly larger than observed for ligand-centered radicals
T=133K and suggests that the oxidized compounds contain Ru in the
most highly oxidized state recorded in organometallic chemistry.
jj\/\/_ﬂ Hyperfine coupling to other nuclei in the complexes such as
T T T T T T T T 1 Cl, N, or H is possible. However, because of the relatively
3100 3200 3300 3400 3500 narrow line width of the spectrum, any additional hyperfine
Field /G (1G = 10 T) coupling can be estimated to be very smalB{-4 G) in order
not to complicate the spectra in Figure 3. This indicates that
(o) T=0233K most of the unpaired electron spin density must be located within
:ﬁ the region of the Ru ion.
} [CP*RUCIy(S,CNEL)I* DFT calculations using the B3LYP functional were performed
i on [Cp*RuChk(S,CMe,)] and its one-electron-oxidized form to
ko) complement the experimental EPR studies, in order to locate
= o RUCI(S.COPNT* the increased positive charge and unpaired electron spin density
g, [CrRuCI(S.COPNI (Table 2). The calculations predict an increase of only 0.06 in
(7] the positive charge on the metal ion as a result of the oxidation,
——T—TT7 with the remaining increase in positive charge shared mainly
3100 3200 3300 3400 3500 between the Cp* group (0.37), the chlorides (0.30), and the
_ _4 sulfurs (0.15). However, although the DFT calculations predict
Field/G (1G=10"T) a relatively small increase in positive charge of the metal ion
Figure 2. First derivative continuous wave X-band EPR spectra in the oxidized compound, they predict that the majority of the
recorded in CHCI, with 0.5 M BwNPFs: (a) [Cp*RUCh(S,- unpaired electron spin density (70%) is located on the metal

CNMe,)]", 1*_, at 293 *K? (b) [CP*RUCJ(%CE‘MGZ)V’ 1: between ion, thereby leading to the important conclusion that the oxidized
273 and 6 K; (¢) [Cp*"RUGIS,CNER)]", 27, and [Cp*RuCk(S, compound does have a metal-centered spin state. DFT calcula-
COPNJ*, 3+, at 233 K. . . . : -
tions of the spin density at each nucleus in the oxidized
compound reveal that this is an order of magnitude higher for

* j +
equal to 25 G. [CPrRUGIS,COPNI” was not stable at Ru (—0.2) than for any other nucleus (Table 2), although there

temperatures above 233 K, possibly because its higher oxidation
potential increased its reactivity.

Discussion on the EPR spectra 8fRu(lll) coordination and ggg g?rl?a(?kAWC'.l;(;rlﬁi;T{nV\g "Ejnsc’ﬁgwgligﬂ}#;%}hgﬁ %Ghi‘sgg-tt
organometallic compounds is usually restrictedgtanatrix 1985 118 431-434. (b) Poppe, J.; Moscherosch, M.; Kaim, Worg.

component$? although Ru anisotropic hyperfine interactions chem.1993 32, 2640-2643. (c) WaldFig E.; Schwederski, B.; Kaim, W.
are sometimes observed at low temperatures with hyperfineJ. Chem. Soc., Perkin Trans.1993 2109-2111. (d) Krejcik, M.; Zalis,

; ; S.; Klima, J.; Sykora, D.; Matheis, W.; Klein, A.; Kaim, Vihorg. Chem.
coupling of approximately 50 & EPR spectra of complexes 1993 32, 33623368, (e) Waldho E.: Poppe, J.. Kaim, W.; Cutin, E. H.:

containing formally Ru(V) ions are scarce. A sharp single-line Garc¢a, Posse, M. E.; Katz, N. Enorg. Chem:1995 34, 3093-3096. (f)
isotropic EPR signal (without any hyperfine structure) was Ye, S.; Sarkar, B.; Duboc, C.; Fiedler, J.; Kaim, Worg. Chem.2005
\2 _ 44, 2843-2847.
detezatelsl for me)r‘J\rI])[Ru (O)(OZCthCE&)ZE. at roomlltemperz; (26) (a) Sherlock, S. J.; Boyd, D. C.; Moaser, B.; Gladfelter, Wnbrg.
tures" Most of the reports of hyperfine coupling In RU  chem1991 30, 3626-3632. (b) Sun, Y.; DeArmond, M. Kinorg. Chem.
1994 33, 2004-2008. (c) Samuels, A. C.; DeArmond, M. Korg. Chem.
(22) Rieger, P. HCoord. Chem. Re 1994 135/136 203-286. 1995 34, 5548-5551. (d) Ardip, C. S.; Drew, M. G. B.; Fi&, V.; Jack,
(23) (&) Pruchnik, F. P.; Galdecka, E.; Galdecki, Z.; Kowalski, A. L.; Madureira, J.; Newell, M.; Roche, S.; Santos, T. M.; Thomas, J. A,;
Polyhedron1999 18, 2091-2097. (b) Gugger, P. A.; Willis, A. C.; Wild, Yellowlees, L.Inorg. Chem2002 41, 2250-2259. (e) Chanda, N.; Paul,
S. B.; Heath, G. A.; Webster, R. D.; Nelson, J. H.Organomet. Chem. D.; Kar, S.; Mobin, S. M.; Datta, A.; Puranik, V. G.; Rao, K. K.; Lahiri, G.
2002 643—-644, 136-153. K. Inorg. Chem.2005 44, 3499-3511.
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Table 2. Calculated* Atomic Charges, Spin Densities, and Spin Densities at the Nuclei in the Neutral and Oxidized Forms of
[Cp*RUCI o(S,CNMe,)] (1)

¥
charge spin density spin density at nucleus
[CP*RUCL(S,CNMey)] -
atomno. atomtype [Cp*Ru@S,CNMey)]  [Cp*RUCI(S;,CNMey)]*  [Cp*RUCK(S,CNMey)]  [CP*RUCI(S,CNMey)]t  [Cp*RUCI(S;CNMey)]*

1 Ru 0.38 0.44 0.06 0.69 -0.21

2 C —0.70 -0.70 0 0 0

3 C —-0.03 0.01 0.03 0 0

4 C —0.03 0.01 0.03 0 0

5 C —0.70 —0.70 0 0 0

6 C —0.69 —0.70 0 0 0

7 C —0.03 0.01 0.03 0 0

8 C -0.70 —0.70 0 0 0

9 C 0 0.04 0.04 0.01 0.01
10 C —-0.70 —0.70 0 0 0
11 C 0 0.04 0.04 0.01 0.01
12 Cl —0.45 —0.30 0.15 0.12 0.02
13 S 0.03 0.11 0.08 0 0
14 Cl —0.45 —0.30 0.15 0.12 0.02
15 S 0.03 0.11 0.08 0 0
16 H 0.26 0.27 0.01 0 0
17 H 0.27 0.28 0.01 0 0
18 H 0.26 0.28 0.02 0 0
19 H 0.26 0.27 0.01 0 0
20 H 0.26 0.27 0.01 0 0
21 H 0.26 0.28 0.02 0 0
22 H 0.26 0.27 0.01 0 0
23 H 0.26 0.28 0.02 0 0
24 H 0.27 0.28 0.01 0 0
25 H 0.27 0.28 0.01 0 0
26 H 0.26 0.28 0.02 0 0
27 H 0.27 0.28 0.01 0 0
28 H 0.27 0.28 0.01 0 0
29 H 0.26 0.28 0.02 0 0
30 H 0.27 0.28 0.01 0 0
31 C —0.06 —0.05 0.01 0 0
32 N —0.42 —0.38 0.04 0.04 0.01
33 C —0.48 —0.47 0 0 0
34 C —0.48 —0.47 0 0 0
35 H 0.24 0.26 0.02 0 0
36 H 0.26 0.26 0 0 0
37 H 0.24 0.26 0.02 0 0
38 H 0.26 0.26 0 0 0
39 H 0.24 0.26 0.02 0 0
40 H 0.24 0.26 0.02 0 0

a Optimized structures and natural bond orbital analysis using the B3LYP functional. See text for basis set and-Rakgoian details.

is also a significant contribution to spin density within the outer low intensity € ~ 500 L cnt! mol=1).27 The higher intensity

d-orbitals of the Ru. (e ~ 10000 L cnt! mol™%) bands in the starting material at
Further evidence for the spin density on the metal in the one- ~30 000 and 35 000 cm are ligand-to-metal charge transfer
electron-oxidized compound came from BVis—NIR experi- (LMCT) excitations?” while the highest intensity band, at

ments. The spectrum of the starting material showed only two ~40 000 cm® (e &~ 35000 L cnmt mol™1), results fromz—m*
weak bands below 25 000 crh at 16 000 and~20 000 cnt?, transitions in the dithiocarbamate ligaffdThe UV—vis—NIR
that are likely to be associated with-d transitions due to their ~ spectra of [Cp*RUCG(S,CNMe,)]™ showed a series of bands
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Scheme 2
é (PFe)2
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! MeCN 4
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/ H,Cl — =
1
\N—‘ (SbClg)2
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s7 P Sa ™ ’
)/s
N
\
5
aty = 12 500, 18 500, 20 400, and 26 500 Cywhich, due to Scheme 3
their intensity € = 2000-4000 L cnt! mol™'), can be +-
interpreted as LMCT excitations (and are likely to obscure any ‘é, ﬁ
new d-d transitionsf?2? The presence of new bands € 9 | Oxidation _ T N Dimerization
30 000 cm) in the spectrum of the oxidized compound can cI—Ru ™ s C|/,R“¥’)) VZ -2Cl"
be rationalized by an electronic state that facilitates low-energy ~ © \ N cl N\
1+

LMCT transitions to the partially filled metal orbital. A similar
result was observed during the oxidation of [(§8,CNE®)3]
to [CdV(S,CNEL)%]]* (a P to &® change}P

The in situ electrochemical UVvis—NIR spectra obtained
during the one-electron oxidation of [Cp*RICI(S,CNMe,)]
at 253 K were completely reversible, so that applying a potential
sufficiently negative to cause the reduction of [Cp*Ry(S}-
CNMe,)]* resulted in the regeneration of the spectrum with the

indicated thatl™ decomposed/reacted withil h of forming;
therefore, the cation was less stable inZCN than in CHCl..
Chemical oxidation experiments were also performed with
NO(PFs) in CHxCly, but the one-electron-oxidized product did
not appear stable in this medium in the presence of N®
NO). Another attempt was made to synthesize the Ru(V)

same appearance and signal intensity as the starting materiaf®mplex using the one-electron oxidant [(4-BgHz)sN]-

(Figure 3). The stability of [Cp*RuG(S;CNMe;)] ™ on the time
frame of the experiment (23 h) was also supported by the

(SbCk).?8 The reaction in dichloromethane led to slow precipi-
tation within 30 min of red solids 05, the X-ray structure of

occurrence of several isosbestic points at 15 800, 28 200, 30 00oWhich showed a dichloro-bridged dimeric Ru(lV) species,

33400, 35100, and 40 300 ch

Chemical Oxidation of [Cp*RuCl»(S,CNMey)] (1). At-
tempts were made to isolate [Cp*Ru(3,CNMe,)]* detected
in the electrochemical studies on complexby performing a
one-electron chemical oxidation. [Cp*Ru(HCNMe,)] (1) is
oxidized atE";, = +0.65 V vs Fc/F¢ (Fc = ferrocene); hence
NO(PF), a known one-electron oxidant, with &% = +0.70
V vs Fc/Fc¢ (Fc = ferrocene) in acetonitrif€ was chosen for
this purpose. Upon addition of 1 equiv of NO@Fo a purple
solution of complexl, the color of the solution turned red
instantaneously. From this red solution, another Ru(lV) species,
[Cp*Ru(MeCN)(S,CNMe)](PF)2 (4), was isolated, in which
two of the chloro ligands have been substituted by acetonitrile
molecules (Scheme 2a). Cyclic voltammetry experiments per-
formed onl in acetonitrile aty = 100 mV st indicated thatl

could be oxidized in a one-electron chemically reversible process

to 17 (i.e., the same as in GBI,). However, longer term CPE
and in situ electrochemical UWis experiments in CECN

(27) Lever, A. B. P. Inlnorganic Electronic Spectroscopynd ed.;
Elsevier: Amsterdam, 1984.
(28) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 877—910.

[CP*RU(S;CNMey)]o(SbCh),, in agreement with microanalytical
data (Scheme 2b). The red solid®fvas initially insoluble in
CDsCN; however, ultrasonication for 20 min gave a light red
solution. The'H NMR spectrum of this solution matched that
of complex4 (less the proton signals of coordinated MeCN),
indicating that the polar coordinating acetonitrile facilitated
dissociation of the dimer, with concomitant or subsequent ligand
displacement (Scheme 2c). It is likely that oxidation in aceto-
nitrile also progresses through the dimeric compobigsuch a
process readily explains the charge balance), but MeCN quickly
reacts to form the monomeric coordinated compouhd,
Electrochemical experiments proved thatwas indeed
oxidized to1* in both CHCI, and MeCN; thus the instability
of 1™ over synthetic time scales is likely to be due to the highly
oxidizing nature of Ru(V). The consequence is secondary
oxidation of the chloride ligands (Scheme 3), with concomitant
reduction of the Ru(V) to Ru(lV), as found #in a coordinating
solvent andb in a noncoordinating solvent. This postulation is
in agreement with DFT calculation on the Ru(V) species,
[Cp*RUCIx(S,CNMey)]*, which predicted that most of the
increased positive charge is located on the Cl atoms (although
not the unpaired electron spin density). Such reactions where
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Figure 4. ORTEP plot for the molecular structure of [Cp*Ru(S,- Figure 5. ORTEP plot for the molecular structure of [Cp*Ru-
CNMe)], 1 (a selected view that omits the disorder in Cp*). (MeCN)(S;,CNMe,)]?*, 4 (a selected view that omits the P&hions
Thermal ellipsoids are drawn at the 50% probability level, and and solvent of crystallization). Thermal ellipsoids are drawn at the
hydrogen atoms are omitted for clarity. Selected bond lengths (A) 50% probability level, and hydrogen atoms are omitted for clarity.
and angles (deg): Ru@s(1) 2.3706(12), Ru()S(2) 2.3681(10), Selected bond lengths (&) and angles (deg): Ru@(L) 2.3906-
S(1)-C(11) 1.712(5), S(2)C(11) 1.724(4), N(11yC(11) 1.304(5),  (13), Ru(1)-S(2) 2.3798 (14), S(1)C(11) 1.704(5), S(2}C(11)
S(2)-Ru(1)-S(1) 71.16(4), S(HC(11)-S(2) 106.7(2). 1.715(5), N(1)-C(11) 1.304(6), S(2yRu(1)-S(1) 70.64(5), S(B)
C(11)-S(2) 107.5(3).
the ligands are oxidized by the metal in high oxidation states
are not unknown; for instance, Bond and co-workers had
previously reported intheir study of reactivity oMrdithiocar-
bamates (dtc) and diselenocarbamates (dsc) complexes in
solution that [Ir(E¢dsc)] ™ slowly dimerizes during the course
of bulk electrolysis experiments and subsequently undergoes
an internal redox reaction to give §(Et.dsc}]* and oxidized
ligand?® The authors also reported that the [Ir(¢}¢)cations
are highly oxidizing in nature, as is demonstrated by their
oxidation of free dithiocarbamate ion to give thiuram disulfide
and by the oxidation of elemental mercury to give mixed-metal
complexes [Hgh(dtc)s])?". The possibility that complexesand
5 are formed via direct oxidation of the chloride ligands in the
[Cp*RUCkL(S,CNMey)] starting material is not supported by the
electrochemical, UVvis, and EPR spectroscopic experiments Figure 6. ORTEP plot for the molecular structure of [Cp*RuCl-
that prove the existence af. (S:CNMey)],%", 5 (a selected view that omits the Si@nions).
Crystallography. The molecular structures of complexis ;hgrmal eIItipsoids are dt{ag’][‘ at Ithetysg%l prtozatl)ailité/ llevetll,q a?g)
H H : ydarogen atoms are omitted 1or clarity. selecte ond lengtns
lengihs and bond angles. 1n ail thioe nstances, the. Cp+Rund angles (dea): RUGEB(2) 2367 (3) RUBSE) 2364(3.
' . > U SYRU(1)-CI(1) 2.424(3), Ru(1>CI(1A) 2.447(2), S(2)-C(11)
complexes adopt a four-legged piano stool configuration, with 1.712(10), S(3¥C(11) 1.697(10), N(1BC(11) 1.309(13), S(2)

the dtc ligand occupying two coordination sites and the gy(1)-s(3)70.88(10), S(2C(11)-S(3) 107.2(5), Ru(yCI(1)—
remaining two sites taken by chloride (irand5) or acetonitrile Ru(1A) 101.21(9).

(in 4). The structure ob™ possesses a center of inversion in
the Ru(1)-CI(1)~Ru(1A)-CI(1A) plane. the calculated small increase (0.06) in positive charge on Ru
following oxidation.

4. Conclusions
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