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Me, SnPh3, GePh3, E′ ) SnPh3; E ) E′ ) PbPh3; iPr-DAB

) 1,4-Diisopropyl-1,4-diaza-1,3-butadiene)
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The reduction paths of two series of inorganometallic Ru complexes, Ru(Cl)(E′)(CO)2(iPr-
DAB) (E′ ) SnPh3, PbPh3) and Ru(E)(E′)(CO)2(iPr-DAB) (E ) Me, GePh3, SnPh3, E′ ) SnPh3;
E ) E′ ) PbPh3), were studied by a series of spectroelectrochemical techniques. Reduction
of the Cl complexes is a two-electron ECE process which directly affords the closed-shell
five-coordinate anions [Ru(E′)(CO)2(iPr-DAB)]- via transient radicals [Ru(E′)(CO)2(iPr-DAB)]•.
In the final step of the overall ECEC sequence at room temperature the five-coordinate anions
attack the parent complexes, producing the dimers [Ru(E′)(CO)2(iPr-DAB)]2. In contrast,
the non-halide complexes are reversibly reduced to the radical anions [Ru(E)(E′)(CO)2(iPr-
DAB)]•- whose stability arises from the strength of the delocalized axial E-Ru-E′ bond.
Subsequent reduction of [Ru(E′)(CO)2(iPr-DAB)]2 and [Ru(E)(E′)(CO)2(iPr-DAB)]•- ultimately
yields [Ru(E′)(CO)2(iPr-DAB)]-. Reverse oxidation of the anions directly results in the
recovery of the parent complexes Ru(Cl)(E′)(CO)2(iPr-DAB) and Ru(E)(E′)(CO)2(iPr-DAB).
Two different, temperature-controlled mechanisms operate during the oxidation of the Cl
complexes. The electronic and geometric structures of [Ru(E)(E′)(CO)2(iPr-DAB)]•- (E, E′ *
Cl) and [Ru(E′)(CO)2(iPr-DAB)]- are discussed on the basis of their UV-vis, IR, NMR, EPR,
and resonance Raman data.

Introduction

The photochemical, photophysical, and redox proper-
ties of the complexes [M(E)(CO)3(R-diimine)]n (M ) Mn,
Re; n ) 0, +1; E ) halide, alkyl, PR3, donor solvent,
etc.) were shown in numerous studies1 to be strongly
determined by the nature and combination of the
R-diimine and the axial ligand E. In this respect the
related complexes [Ru(E)(E′)(CO)2(R-diimine)]n are more
versatile candidates for the widely ranged investigation
of the energy- and electron-transfer reactions, lumines-
cence properties, and radical reactivity, since both axial
ligands E and E′ can be varied independently.2

Quite remarkably, a close correspondence has often
been observed between the photochemical behavior of
this class of metal(diimine) complexes and their reactiv-
ity in the reduced state, although the operating mech-
anisms may differ. Examples are (i) the photochemical
and electrochemical reduction of CO2 catalyzed by Re-
(E)(CO)3(bpy),1e,3 [Ru(CO)2(bpy)2]2+, and Ru(Cl)2(CO)2-
(bpy) (bpy ) 2,2′-bipyridine),4 (ii) the liberation of alkyl
radicals R• on MLCT (metal-to-ligand charge transfer)
excitation and/or electrochemical reduction of Mn(R)-
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X Abstract published in Advance ACS Abstracts, September 15, 1997.
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100, 18607. (c) Wallace, L.; Woods, C.; Rillema, D. P. Inorg. Chem.
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C. E.; Stufkens, D. J.; Vlček, A., Jr. Chem. Eur. J. 1996, 2, 228. (e)
Johnson, F. P. A.; George, M. W.; Hartl, F.; Turner, J. J. Organome-
tallics 1996, 15, 3374 and ref 1-14 therein. (f) Rossenaar, B. D.; Hartl,
F.; Stufkens, D. J. Inorg. Chem. 1996, 35, 6194. (g) Lee, Y. F.; Kirchhoff,
J. R.; Berger, R. M.; Gosztola, D. J. Chem. Soc., Dalton Trans. 1995,
3677. (h) Klein, A.; Vogler, C.; Kaim, W. Organometallics 1996, 15,
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Goubitz, K. Inorg. Chim. Acta 1996, 247, 215. (j) Brown, N. C.;
Carriedo, G. A.; Connelly, N. G.; Garcı́a Alonso, F. J.; Quarmby, I. C.;
Rieger, A. L.; Rieger, P. H.; Riera, V.; Vivanco, M. J. Chem. Soc., Dalton
Trans. 1994, 3745.
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1995, 117, 5579. (c) Nieuwenhuis, H. A.; Stufkens, D. J.; Oskam, A.
Inorg. Chem. 1994, 33, 3212. (d) Nieuwenhuis, H. A.; van Loon, A.;
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Oskam, A.; Goubitz, K. Inorg. Chim. Acta 1995, 232, 19.
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(CO)3(iPr-DAB),1i,5 and (iii) the photo and electrochemi-
cal generation of the five-coordinate anion [Mn(CO)3-
(bpy)]- from Mn(Br)(CO)3(bpy).1f,5,6
An interesting situation arises when the M(E)(CO)3-

(R-diimine) (M ) Mn, Re) or Ru(E)(E′)(CO)2(R-diimine)
complexes contain axial ligand(s) E and E′, usually
alkyls or (carbonyl)metal fragments, covalently bound
by relatively high-lying σ(MC) or σ(MM′) orbitals. The
coordination of such ligands profoundly affects the
bonding properties of the metal(R-diimine) fragment
and, hence, the spectroscopic and redox properties of the
complexes.1i,7 We have recently demonstrated this
approach in a spectroelectrochemical and theoretical
DFT-MO study of the inorganometallic complex Ru-
(SnPh3)2(CO)2(iPr-DAB) and its stable radical anion.8
In these compounds, strong mixing between the
π*(iPr-DAB) and occupied weakly bonding σ(Sn-Ru-Sn) (i.e.,
Ru(pz) + Sn(sp3-sp3)) orbitals results in unusual ex-
tensive σ-π* electron delocalization. This stabilizing
delocalization becomes diminished when one of the axial
SnPh3 ligands is replaced, for example, by a halide,
causing quite different excited-state properties of these
complexes.1a
The principle subject of this study was to establish

differences in the redox properties and reactivity be-
tween the halide complexes Ru(Cl)(E′)(CO)2(iPr-DAB),
E′ ) SnPh3, PbPh3, Me,9,10 with largely localized σ,π-
(Cl-Ru-E′) and π*(iPr-DAB) systems and the strongly
σπ*-delocalized non-halide derivatives Ru(E)(E′)(CO)2-
(iPr-DAB) (E ) Me, SnPh3, PbPh3, E′ ) SnPh3; E ) E′
) PbPh3), see Figure 1. We have also attempted to
characterize most of the detectable reduction products,
in particular their spectroscopic (IR, UV-vis, NMR,
EPR) properties, molecular geometry, and the E,E′-
dependent electron density distribution.

Experimental Section

Materials. The solvents acetonitrile (MeCN, Fluka) and
THF (Acros Chimica) were dried on CaH2 and Na wire,

respectively, and distilled under nitrogen prior to use. The
supporting electrolyte Bu4NPF6 (Fluka) was dried overnight
under vacuum at 180 °C and stored under argon. Ferrocene
(Fc, BDH) was used as received.
Syntheses, X-ray structures, and spectroscopic data of the

complexes under study have been reported elsewhere.7b,8

Spectroelectrochemical samples were prepared under an
atmosphere of dry nitrogen or argon, using Schlenk techniques.
Solutions of the light-sensitive complexes Ru(E)(E′)(CO)2(iPr-
DAB), E,E′ * Cl, were handled in the dark or in light-protected
cells.
Spectroscopic and Spectroelectrochemical Measure-

ments and Instrumentation. IR spectra were recorded on
a Bio-Rad FTS-7 spectrometer with a resolution of 2 cm-1.
Electronic absorption spectra were measured on a Perkin-
Elmer Lambda 5 UV-vis spectrophotometer linked to a 3600
data station. Resonance Raman measurements were per-
formed on a DILOR X4 spectrometer, using a SP model 2016
Ar+ laser as the excitation source. 1H and 13C NMR measure-
ments were carried out on a Bruker AMX 300 spectrometer
and 119Sn NMR measurements on a Bruker WM 250 spec-
trometer. The NMR samples of [Ru(SnPh3)(CO)2(iPr-DAB)]2
and [Ru(SnPh3)(CO)2(iPr-DAB)]- were prepared in a gastight
reaction vessel with an attached NMR tube. In this vessel,
ca. 10-1 M Ru(Cl)(SnPh3)(CO)2(iPr-DAB) in THF-d8 was
reduced by 1% Na(Hg) until the color changed from orange-
yellow to the green color of the dimer, and further to the deep
red color of the anion. The NMR tube with the sample was
finally sealed off. X-band EPR spectra were recorded at room
temperature on a Bruker ECS 106 spectrometer with a field
modulation of 100 KHz. The frequency was measured with a
HP5350B microwave frequency counter. The magnetic field
was calibrated with an AEG magnetic field meter. The
microwave power incident to the cavity was measured with a
HP432B power meter. The EPR measurements were carried
out in a gastight EPR tube attached to a reaction vessel in
which 10-3 M solutions of the parent complexes in THF were
chemically reduced by 1% Na(Hg) until the color changed from
red to the green color of the radical anions [Ru(E)(E′)(CO)2-
(iPr-DAB)]•- (E ) E′ ) SnPh3, PbPh3) and from red to the
orange color of [Ru(E)(SnPh3)(CO)2(iPr-DAB)]•- (E ) GePh3,
Me). The end of the reduction was independently checked by
IR and UV-vis spectroscopy. The EPR-simulations11 program
was used to simulate the experimental spectra.
IR and UV-vis spectroelectrochemical measurements were

performed with an optically transparent thin-layer electro-
chemical (OTTLE) cell,12 following a procedure described
elsewhere.5

Cyclic Voltammetry and Chronoamperometry. Cyclic
voltammograms were recorded in a light-protected cell equipped
with a Pt disk working electrode (d ) 500 µm) polished with
a 0.25 µm diamond paste between scans, a Pt gauze auxiliary
electrode, and SCE (Tacussel) normal reference or coiled Ag
wire pseudoreference electrodes. The standard ferrocene/
ferrocenium (Fc/Fc+) redox couple13 served as an internal
potential reference. A home-built potentiostat equipped with
a positive feedback for ohmic-drop compensation was used.14
The potential-time wave forms were provided by an EG & G
PAR model 175 signal generator. A Nicolet 3091 digital
oscilloscope was used to store the voltammograms and chro-
noamperograms and to read their current/potential charac-
teristics.
The apparent number of electrons (napp) exchanged during

the reduction of Ru(Cl)(SnPh3)(CO)2(iPr-DAB) at room tem-

(5) Rossenaar, B. D.; Hartl, F.; Stufkens, D. J.; Amatore, C.;
Maisonhaute, E.; Verpeaux, J.-N. Organometallics 1997, 16, 4675.

(6) Stor, G. J.; Morrison, S. L.; Stufkens, D. J.; Oskam, A. Organo-
metallics 1994, 13, 2641.

(7) (a) Aarnts, M. P.; Stufkens, D. J.; Oskam, A.; Fraanje, J.; Goubitz,
K.; Veldman, N.; Spek, A. L. J. Organomet. Chem. 1997, 531, 191 and
ref 23-35 therein. (b) Aarnts, M. P.; Stufkens, D. J.; Oskam, A.;
Fraanje, J.; Goubitz, K. Inorg. Chim. Acta 1997, 256, 93.

(8) Aarnts, M. P.; Hartl, F.; Peelen, K.; Stufkens, D. J.; Fraanje, J.;
Goubitz, K.; Wilms, M.; Baerends, E. J.; Vlček., A., Jr. Inorg. Chem..
1996, 35, 5468.

(9) Hartl, F.; Luyten, H.; Nieuwenhuis, H. A.; Schoemaker, G. C.
Appl. Spectrosc. 1994, 48, 1522.

(10) Nieuwenhuis, H. A. Ph.D. Thesis, University of Amsterdam,
Amsterdam, The Netherlands, 1994.

(11) Bruns, W.; Schulz, A. ESR-Simulation Program; Universität
Stuttgart: Stuttgart, Germany, 1991.

(12) Krejčı́k, M.; Daněk, M.; Hartl, F. J. Electroanal. Chem.,
Interfacial Electrochem. 1991, 317, 179.

(13) Gagné, R. R.; Koval, C. A.; Lisensky, G. C. Inorg. Chem. 1980,
19, 2854.

(14) Amatore, C.; Lefrou, C.; Pflüger, F. J. Electroanal. Chem. 1989,
270, 43.

Figure 1. Schematic structure of the Ru(E)(E′)(CO)2(iPr-
DAB) complexes.
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perature was determined employing a literature method which
combines chronoamperometry and steady-state voltammetry
at ultramicroelectrodes.15 The experiment was performed with
1.73 × 10-3 M Ru(Cl)(SnPh3)(CO)2(iPr-DAB) and 1.18 × 10-3

M Fc in MeCN/0.3 M Bu4NPF6, following an identical two-
step procedure as described in detail for [Mn(E)(CO)3(iPr-
DAB)]n (n ) 0, E ) Br; n ) +1, E ) THF, MeCN) in the
companion article.5

(i) Chronoamperometry at a Pt disk electrode (d ) 500 µm)
afforded the averaged value Rchrono

5,15 ) napp(DRu/DFc)1/2 ) 0.77
( 0.02, where DRu and DFc are the diffusion coefficients of Ru-
(Cl)(SnPh3)(CO)2(iPr-DAB) and ferrocene, respectively.
(ii) The same chronoamperometric experiment performed

with a Pt disk ultramicroelectrode (d ) 20 µm) under a spheric
diffusion regime5 resulted in Rlim

15 ) napp(DRu/DFc) ) 0.455.
Steady-state voltammetry15 could not be employed in this case
due to strong adsorption of the RuCl complex at the Pt
ultramicroelectrode, which caused dubious voltammetric cur-
rent responses. Using the reported DFc value in MeCN (1.9 ×
10-5 cm2 s-1)15,16 and combining the expressions for Rlim and
Rchrono gives napp ) 1.3 ( 0.1 and DRu ) (0.34 ( 0.02)DFc )
6.46 × 10-6 cm2 s-1.17 These data are validated by the good
match of the characteristic time for the steady-state measure-
ment at the Pt ultramicroelectrode Tc ) (d/2)2/DRu ) 155 ms,
with Tc ) 50-500 ms (pulse duration) chosen for the transient
chronoamperometric experiments. In the cyclic voltammetry,
the determined value napp ) 1.3 corresponds to the reduction
of Ru(Cl)(SnPh3)(CO)2(iPr-DAB) studied at v ) 100-200 mV/s
(see Results).
Computational Details. All DFT-MO calculations were

performed using the Amsterdam density functional program
package ADF.18 Details of the DFT-MO calculations on the
complexes studied in this article have been described
elsewhere.1a,8 The EPR parameters of the radical anions [Ru-
(E)(E′)(CO)2(iPr-DAB)]•-, E * Cl, were calculated using the

program GATENQ19 and considering Fermi contact terms and
dipolar interactions.

Results

UV-Vis and IR Spectroelectrochemistry of Ru-
(Cl)(E′)(CO)2(iPr-DAB) (E′ ) SnPh3, PbPh3). The
UV-vis and IR spectral data of the starting compounds
Ru(Cl)(E′)(CO)2(iPr-DAB) (E′ ) SnPh3, PbPh3) and their
reduction products are summarized in Table 1. Reduc-
tion of Ru(Cl)(SnPh3)(CO)2(iPr-DAB) at 293 K resulted
in the disappearance of the visible absorption band at
429 nm and simultaneous growth of three new bands
at 385, 513, and 687 nm, see Figure 2 (left). Monitoring
this cathodic step with IR spectroscopy revealed new
ν(CO) bands at 1988, 1963, and 1934 cm-1, see Figure
2 (right). These UV-vis and IR data strongly resemble
those reported for the metal-metal-bonded dimer [Ru-
(Me)(CO)2(iPr-DAB)]2 with an eclipsed conformation of
the iPr-DAB ligands, see Table 1.9,10,20 We, therefore,
conclude that the reduction of Ru(Cl)(SnPh3)(CO)2(iPr-
DAB) produces the corresponding dimer [Ru(SnPh3)-
(CO)2(iPr-DAB)]2. Notably, this compound is also pro-
duced during photolysis of Ru(E)(SnPh3)(CO)2(iPr-DAB)
(E ) Me, Mn(CO)5, Re(CO)5).21
Subsequent reduction of [Ru(SnPh3)(CO)2(iPr-DAB)]2

afforded a single carbonyl product (ν(CO) at 1924 and
1856 cm-1) strongly absorbing in the visible region at
500 nm, see Figure 2. It is assigned as being due to
the five-coordinate anion [Ru(SnPh3)(CO)2(iPr-DAB)]-.
This assignment has been based on the close cor-
respondence with the UV-vis and IR spectra of the
derivative [Ru(Me)(CO)2(iPr-DAB)]-, see Table 1.9,10,20
Reoxidation of [Ru(SnPh3)(CO)2(iPr-DAB)]- gave back
the dimer [Ru(SnPh3)(CO)2(iPr-DAB)]2, which further(15) Amatore, C.; Azzabi, M.; Calas, P.; Jutand, A.; Lefrou, C.; Rollin,

Y. J. Electroanal. Chem., Interfacial Electrochem. 1990, 288, 45.
(16) Scholl, H.; Sochaj, K. Electrochim. Acta 1991, 36, 689.
(17) The diffusion coefficient of Ru(Cl)(SnPh3)(CO)2(iPr-DAB) is

smaller than that of related Mn(Br)(CO)3(iPr-DAB) (DMnBr ) 1.03 ×
10-5 cm2 s-1) determined in the same way,5 in line with the apparently
larger size of the former complex.

(18) (a) Baerends, E. J.; Ellis, D. E.; Ros, P. Chem. Phys. 1973, 2,
52. (b) Baerends, E. J.; Ros, P. Int. J. Quantum Chem. 1978, S12, 169.

(19) Belanzoni, P.; Baerends, E. J.; van Asselt, S.; Langewen, P. B.
J. Phys. Chem. 1995, 99, 13094.

(20) tom Dieck, H.; Rohde, W.; Behrens, U. Z. Naturforsch. 1989,
44b, 158.

(21) Aarnts, M. P.; Stufkens, D. J.; Vlček, A., Jr. Inorg. Chim. Acta,
in press.

Table 1. IR ν(CO) and Near-UV-Vis Data for the Title Complexes Ru(E)(E′)(CO)2(iPr-DAB) and Their
Reduction Productsa

IR

complex ν(CO) (cm-1) kb (Nm-1) UV-vis λmax (εc), (nm) (cm-1 M-1)

Ru(Cl)(PbPh3)(CO)2(iPr-DAB) 2026, 1970 1612 439 (2520)
Ru(Cl)(SnPh3)(CO)2(iPr-DAB) 2025, 1964 1607 429 (2850)
Ru(I)(Me)(CO)2(iPr-DAB)d 2024, 1958 1602 374 (2630), 447 (1550)
Ru(PbPh3)2(CO)2(iPr-DAB) 2004, 1953 1581 540 (4840)
Ru(GePh3)(SnPh3)(CO)2(iPr-DAB) 2005, 1949 1579 514 (5130)
Ru(SnPh3)2(CO)2(iPr-DAB) 2003, 1950 1578 511 (6050)
Ru(Me)(SnPh3)(CO)2(iPr-DAB) 2003, 1945 1574 513 (5720)
[Ru(PbPh3)(CO)2(iPr-DAB)]2 1987, 1965, 1935 416, 685
[Ru(SnPh3)(CO)2(iPr-DAB)]2 1988, 1963, 1934 385 (16500), 513 (3280), 687 (19800)
[Ru(Me)(CO)2(iPr-DAB)]2d 1982, 1954, 1924 405 (4520), 563 (2480), 745 (29000)
[Ru(PbPh3)2(CO)2(iPr-DAB)]•- 1980, 1916 1533 441 (2600), 812 (2750)
[Ru(SnPh3)2(CO)2(iPr-DAB)]•- 1975, 1910 1524 454 (3300), 652 (1900)
[Ru(GePh3)(SnPh3)(CO)2(iPr-DAB)]•- 1976, 1909 1524 457 (2570), 641 (1220)
[Ru(Me)(SnPh3)(CO)2(iPr-DAB)]•- 1965, 1891 1502 382 (3200), 428 (3300)
[Ru(PbPh3)(CO)2(iPr-DAB)]- 1926, 1859 1447 540
[Ru(SnPh3)(CO)2(iPr-DAB)]- 1924, 1856 1443 503 (10100)
Na+[Ru(SnPh3)(CO)2(iPr-DAB)]- e,f 1923, 1858, 1833 503
[Ru(Me)(CO)2(iPr-DAB)]- d 1915, 1835 1420 500 (8100)
[Mn(CO)3(iPr-DAB)]- g 1919, 1811 1379 392 (6550), 490 (9300)

a In THF at room temperature, unless stated otherwise. b CO force constant, calculated according to 5.889 × 10-5(ν12 + ν22) ) 0.14583(k
+ ki) and 5.889 × 10-5(ν12 - ν22) ) 0.14583(k - ki) (ki ) interaction constant, ν1 and ν2 are the frequencies of the νs(CO) and νas(CO)
modes, respectively).32 c Molar absorption coefficients in brackets. d Taken from refs 9 and 10. e Reduction of Ru(Cl)(SnPh3)(CO)2(iPr-
DAB) by 1% Na(Hg). f Resonance Raman spectrum measured in THF at room temperature, using λexc ) 488 nm. Resonantly enhanced
bands observed at 1471, 1275, 949, 904, 828, and 601 cm-1. g Taken from ref 5.
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oxidizes to recover the parent complex Ru(Cl)(SnPh3)-
(CO)2(iPr-DAB) in high yield. An identical route was
followed on reduction of Ru(Cl)(PbPh3)(CO)2(iPr-DAB),
see Table 1.
The complex Ru(Cl)(SnPh3)(CO)2(iPr-DAB) and its

two diamagnetic reduction products [Ru(SnPh3)(CO)2-
(iPr-DAB)]2 and [Ru(SnPh3)(CO)2(iPr-DAB)]- were also
characterized by 1H, 13C, and 119Sn NMR spectroscopy,
see Table 2 and Figure 3 (Supporting Information). A
sufficiently high NMR concentration of the dimer and
anion was achieved by reducing Ru(Cl)(SnPh3)(CO)2(iPr-
DAB) stepwise with 1% Na(Hg). A detailed interpreta-
tion of the NMR data of [Ru(SnPh3)(CO)2(iPr-DAB)]-
is given in the Discussion. For comparison, NMR
spectra of Ru(SnPh3)2(CO)2(iPr-DAB)7b,8 are also pre-
sented in Figure 3 and Table 2.
Cyclic Voltammetry and Reduction Path of Ru-

(Cl)(E′)(CO)2(iPr-DAB) (E′ ) SnPh3, PbPh3). The
cyclic voltammetric responses of Ru(Cl)(E′)(CO)2(iPr-
DAB) (E′ ) SnPh3, PbPh3) will be described in detail
only for E′ ) SnPh3. The redox potentials of the
complexes and their reduction products are summarized
in Table 3.
The cyclic voltammogram of Ru(Cl)(SnPh3)(CO)2(iPr-

DAB) in MeCN at room temperature shows two cathodic
peaks, see Figure 4, and a totally chemically irreversible
anodic process at Ep,a ) +0.80 V (ν ) 100 mV/s) localized
on the Ru-Cl moiety1a (not shown in Figure 4). The
first cathodic step at Ep,c ) -1.48 V, see Figure 4a,
ultimately yields the metal-metal-bonded dimer [Ru-
(SnPh3)(CO)2(iPr-DAB)]2 (see above). The second ca-
thodic peak at Ep,c ) -1.57 V (ν ) 100 mV/s) corre-
sponds to the reduction of the dimer, producing the five-
coordinate anion [Ru(SnPh3)(CO)2(iPr-DAB)]-. After
both cathodic steps are passed there are two anodic
peaks observable on the scan reversal. In conformity
with the thin-layer cyclic voltammogram of Ru(Cl)-
(SnPh3)(CO)2(iPr-DAB), recorded in the course of the

UV-vis and IR OTTLE experiments, the anodic peak
at Ep,a ) -1.07 V (ν ) 100 mV/s) belongs to the
chemically irreversible oxidation of the anion [Ru-
(SnPh3)(CO)2(iPr-DAB)]- and the more positive peak at
Ep,a ) -0.16 V to the chemically irreversible oxidation
of the dimer [Ru(SnPh3)(CO)2(iPr-DAB)]2. The latter
anodic step leads to the recovery of parent Ru(Cl)-
(SnPh3)(CO)2(iPr-DAB).
Increasing the scan rate from 100 mV/s to 10 V/s

resulted in diminished cathodic peak due to the reduc-
tion of the dimer and to increased anodic current due
to the oxidation of [Ru(SnPh3)(CO)2(iPr-DAB)]-, see
Figures 4a-c. Importantly, the cyclic voltammogram
of Ru(Cl)(SnPh3)(CO)2(iPr-DAB) recorded in THF at 223
K only showed the reduction of the parent complex and
the reverse oxidation of [Ru(SnPh3)(CO)2(iPr-DAB)]-.
The cathodic and anodic peaks due to the reduction and
oxidation of [Ru(SnPh3)(CO)2(iPr-DAB)]2, respectively,
were absent. These features allow one to conclude that
the five-coordinate anion is directly formed via the two-
electron reduction of parent Ru(Cl)(SnPh3)(CO)2(iPr-
DAB), excluding the participation of the dimer [Ru-
(SnPh3)(CO)2(iPr-DAB)]2 as a reducible intermediate.
Any ambiguity about the initial electron-transfer/

chemical steps in the two-electron reduction path of [Ru-
(Cl)(SnPh3)(CO)2(iPr-DAB)] summarized in Scheme 1
(the ECEC route A and the ECE route B) can be
eliminated considering the identical redox behavior of
the related complexes Mn(Br)(CO)3(iPr-DAB) and [Mn-
(CO)3(iPr-DAB)]- discussed in the companion article.5
The primary reduction step of Ru(Cl)(SnPh3)(CO)2(iPr-
DAB), localized on the LUMO (lowest unoccupied mo-
lecular orbital) possessing a dominant π*(iPr-DAB) char-
acter with minor contributions from dyz(Ru), sp3(SnPh3), and
p(Cl) orbitals,1a yields the unstable radical anions [Ru-
(Cl)(SnPh3)(CO)2(iPr-DAB)]•- which rapidly decompose
to five-coordinate [Ru(SnPh3)(CO)2(iPr-DAB)]•. The δ-
(Ep,c) - δ(log(v)) function in Figure 5, (Supporting

Figure 2. UV-vis spectra (left) and IR spectra in the carbonyl stretching region (right) of (b) the complex Ru(Cl)(SnPh3)-
(CO)2(iPr-DAB) and its one-electron- and two-electron-reduced products, viz. (O) the dimer [Ru(SnPh3)(CO)2(iPr-DAB)]2,
and (4) the five-coordinate anion [Ru(SnPh3)(CO)2(iPr-DAB)]-, respectively. Conditions: THF, 293 K, electrolysis within
an OTTLE cell.12
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Information), linear for v e 2 V/s with the slope of 28 (
1 mV decade-1, documents22 that the dissociation of Cl-
as the first-order reaction must be the rate-determining
step in the ErCiE sequence completed with the instan-
taneous one-electron reduction of [Ru(SnPh3)(CO)2(iPr-
DAB)]• to [Ru(SnPh3)(CO)2(iPr-DAB)]-. As argued5 for
[Mn(CO)3(iPr-DAB)]•, [Ru(SnPh3)(CO)2(iPr-DAB)]• also
reduces more positively than the parent [Ru(Cl(SnPh3)-
(CO)2(iPR-DAB)] and the consecutive dimerization of
[Ru(SnPh3)(CO)2(iPr-DAB)]• cannot compete23 with the
latter electron transfer. At scan rates v > 2 V/s the rate-
determining step is the irreversible electron transfer (Ei)
to Ru(Cl)(SnPh3)(CO)2(iPr-DAB), resulting in -(δ(Ep,c/
δlog(v) ) 50 mV decade-1 (theoretically 30/Rn mV,22
where n ) 1 in our case).
According to the cyclic voltammograms of [Ru(Cl)-

(SnPh3)(CO)2(iPr-DAB)] recorded at 293 and 223 K, see
above, the reverse oxidation of the five-coordinate anion
[Ru(SnPh3)(CO)2(iPr-DAB)]- at room temperature re-
sults in the overall transfer of one electron, producing
the dimer [Ru(SnPh3)(CO)2(iPr-DAB)]2, as also observed
in the course of the corresponding spectroelectrochemi-
cal experiments. At 223 K, however, it turns to a two-
electron process which only recovers parent Ru(Cl)-
(SnPh3)(CO)2(iPr-DAB). The primary electron-transfer
step in the sequence obviously yields, independent of
the temperature, the five-coordinate radicals [Ru(SnPh3)-
(CO)2(iPr-DAB)]•. Following Scheme 1, the oxidation
path of [Ru(SnPh3)(CO)2(iPr-DAB)]- may split at this
point into two possible routes. The route C + E + E(F)
is identical with that operating in the case of the related
anion [Mn(CO)3(iPr-DAB)]- in the presence of Br-.5 In
the key step C, a fraction of [Ru(SnPh3)(CO)2(iPr-DAB)]•
takes up a solvent molecule (MeCN) and converts to the

(22) Bard, A. J.; Faulkner, L. R. Electrochemical Methods, Funda-
mentals and Applications; Wiley & Sons: New York, 1980; Chapter
11.

(23) Amatore, C.; Savéant, J. M. J. Electroanal. Chem., Interfacial
Electrochem. 1981, 125, 1.T

ab
le

2.
1 H

,1
3 C
,a

n
d

11
9 S
n
N
M
R
C
h
em

ic
al

S
h
if
ts

(p
p
m
)
an

d
C
ou

p
li
n
g
C
on

st
an

ts
(i
n
P
ar
en

th
es
es

(H
z)
)
of

R
u
(C
l)
(S
n
P
h
3)
(C
O
) 2
(i
P
r-
D
A
B
)
an

d
It
s
R
ed

u
ct
io
n

P
ro
d
u
ct
s
in

T
H
F
-d

8
at

R
oo

m
T
em

p
er
at
u
re

co
m
po
u
n
d

im
in
e
H

(s
/d
)a

S
n
C
6H

6
(m

)b
S
n
C
6H

6
(m

)c
C
H
(C
H

3)
2

(s
ep
t)
d

C
H
(C
H

3)
2

(d
)d

C
H
(C
H

3)
2

(d
)d

C
O

N
C
g

S
n
C

S
n
C
C

S
n
C
C
C

S
n
C
C
C
C

C
H
(C
H

3)
2

(C
H

3)
11
9 S
n

R
u
(C
l)
(S
n
P
h 3
)(
C
O
) 2
(i
P
r-
D
A
B
)
8.
22

(8
.2
)

7.
4

7.
3

4.
25

(6
.0
)

1.
43

(6
.0
)

1.
01

(6
.0
)
20
3.
1

16
1.
9

14
5.
1
(2
80
)h

13
9.
3
(3
5.
5)

h
13
0.
2
(4
0.
7)

h
13
0.
0(
9.
0)

h
66
.8

25
.7
/2
3.
5

-
50

(C
6D

6)
[R
u
(M

e)
(C
O
) 2
(i
P
r-
D
A
B
)]
2e

7.
95

4.
57

(6
.6
)

1.
32

(6
.7
)

1.
30

(6
.5
)

[R
u
(S
n
P
h
3)
(C
O
) 2
(i
P
r-
D
A
B
)]
2

8.
06

(1
7.
4)

7.
4

7.
2

4.
40

(6
.5
)

1.
23

(6
.5
)

1.
13

(6
.5
)
20
8.
6

14
7.
7

14
7.
3

13
9.
5

12
9.
6

12
9.
0

63
.5

28
.8
/2
4.
6

-
53

(T
H
F
)

[R
u
(S
n
P
h
3)
(C
O
) 2
(i
P
r-
D
A
B
)]

-
6.
91

(1
9.
5)

7.
3

7.
0

4.
49

(6
.5
)

1.
24

(6
.5
)

21
7.
8

12
5.
8

15
1.
4
(∼
25
0)

h
13
7

12
6.
4

12
6.
1

61
.5

∼2
6

-
4
(T
H
F
)

R
u
(S
n
P
h
3)
2(
C
O
) 2
(i
P
r-
D
A
B
)f

7.
91

(2
6.
1)

7.
4

7.
2

4.
46

(6
.5
)

0.
98

(6
.5
)

20
6.
9
(5
5.
8)

h
15
1.
8

14
5.
6
(2
87
)h

13
9.
3
(3
6.
2)

h
12
9.
7
(2
1.
8)

h
12
9.
4

66
.5

26
.3

-
53

(C
6D

6)

a
S
in
gl
et
(8
5%

)
an
d
do
u
bl
et
(1
5%

)
du
e
to
th
e
4 J
(1
17
/1
19
S
n
,H
)
co
u
pl
in
g.

b
O
rt
h
o
pr
ot
on
s.

c
M
et
a/
pa
ra

pr
ot
on
s.

d
S
ep
te
t
an
d
do
u
bl
et
du
e
to
th
e
3 J
(H
,H
)
co
u
pl
in
g.

e
C
H
3
si
gn
al
at

0.
09

pp
m
;f
ro
m
re
f

20
.f
F
ro
m

re
fs
7b

an
d
8.

g
Im

in
e
ca
rb
on
.
h
J
(1
17
,1
19
S
n
,1
3 C
).

Table 3. Electrode Potentials of 2 × 10-3 M
Ru(E)(E′)(CO)2(iPr-DAB)a

complex
Ep,c

b

(V)d E1/2

Ep,a
c

(V)d

Ru(Cl)(PbPh3)(CO)2(iPr-DAB) -1.60 0.80e
Ru(Cl)(SnPh3)(CO)2(iPr-DAB) -1.48

-1.34e 0.80e
Ru(Cl)(Me)(CO)2(iPr-DAB)f -1.55
Ru(PbPh3)2(CO)2(iPr-DAB) -1.74 -1.69 0.37
Ru(GePh3)(SnPh3)(CO)2(iPr-DAB) -1.78 -1.72 0.34
Ru(SnPh3)2(CO)2(iPr-DAB) -1.91 -1.86 0.34
Ru(Me)(SnPh3)(CO)2(iPr-DAB) -1.98 -1.92 0.28
[Ru(PbPh3)(CO)2(iPr-DAB)]2 -1.76 -0.10
[Ru(SnPh3)(CO)2(iPr-DAB)]2 -1.68 -0.16

-1.57e -0.10e
[Ru(Me)(CO)2(iPr-DAB)]2g -1.88 -0.37
[Ru(PbPh3)2(CO)2(iPr-DAB)]•- -2.31
[Ru(SnPh3)2(CO)2(iPr-DAB)]•- <-2.8h
[Ru(GePh3)(SnPh3)(CO)2(iPr-DAB)]•- -2.62
[Ru(Me)(SnPh3)(CO)2(iPr-DAB)]•- -2.71
[Ru(PbPh3)(CO)2(iPr-DAB)]- -1.23
[Ru(SnPh3)(CO)2(iPr-DAB)]- -1.07
[Ru(Me)(CO)2(iPr-DAB)]- g -1.65

a In THF/0.3 M Bu4NPF6 at room temperature, unless stated
otherwise; v ) 100 mV/s, Pt disk electrode. b Reduction of the
complex. c Oxidation of the complex. d V vs E1/2 (Fc/Fc+); E1/2 (Fc/
Fc+) ) +0.575 V (in THF) and +0.425 V (in MeCN) vs SCE.
e Measured in MeCN. f Reduction potential indentical with that
reported for Ru(I)(Me)(CO)2(iPr-DAB).9,10,20 g From ref 10. h Not
observed within the potential window available in THF.
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transient 18-electron radicals [Ru(MeCN)(SnPh3)(CO)2-
(iPr-DAB)]•. In conformity with the arguments pre-
sented in the companion article,5 in particular with the
δEp,c vs log(v) and δEp,a vs log(v) trends for the reduction
of Ru(Cl)(SnPh3)(CO)2(iPr-DAB) (see Figure 5) and the
oxidation of [Ru(SnPh3)(CO)2(iPr-DAB)]-, respectively,
the latter solvento radicals instantaneously oxidize to
the corresponding cations whose concomitant rapid
reaction with the Cl- liberated during the reduction24
recovers Ru(Cl)(SnPh3)(CO)2(iPr-DAB)]. Apparently,
this route dominates at sufficiently low temperatures.
At room temperature, Ru(Cl)(SnPh3)(CO)2(iPr-DAB)
(and possibly also its precursor [Ru(MeCN)(SnPh3)-
(CO)2(iPr-DAB)]+) reacts with yet nonoxidized [Ru-
(SnPh3)(CO)2(iPr-DAB)]-, yielding ultimately the dimer
[Ru(SnPh3)(CO)2(iPr-DAB)]2, see routes E + F and E +
G. Differently from [Mn(CO)3(iPr-DAB)]-, this ECEC
sequence, however, is not the main oxidation route of
[Ru(SnPh3)(CO)2(iPr-DAB)]- at room temperature, in
agreement with the determined slope of the linear
dependence of δ(Ep,a)/δlog(v) ) 23 ( 2 mV decade-1 (for
v ) 0.05-2 V/s). This value implies an overall ErCi(E)
sequence where the irreversible chemical step of [Ru-
(SnPh3)(CO)2(iPr-DAB)]• involves simultaneous pseudo-
first-order (30 mV decade-1) and second-order (20 mV
decade-1)22 reactions, corresponding, in Scheme 1, with
routes C and D, respectively. The consecutive dimer-
ization of [Ru(SnPh3)(CO)2(iPr-DAB)]• (the dominant
route D) becomes thermally quenched at 223 K, similar
to the route E + F(G), see above. Identical reduction
and reverse oxidation routes can be drawn for the
corresponding complex Ru(Cl)(PbPh3)(CO)2(iPr-DAB).
UV-Vis and IR Spectroelectrochemistry of Ru-

(E)(E′)(CO)2(iPr-DAB) (E ) Me, SnPh3, GePh3, E′
) SnPh3; E ) E′ ) PbPh3). The near-UV-vis absorp-
tion maxima and IR ν(CO) wavenumbers of the title
complexes Ru(E)(E′)(CO)2(iPr-DAB) (E, E′ * Cl) and

their reduction products are collected in Table 1. The
selected example of E ) GePh3, E′ ) SnPh3 is depicted
in Figure 6 (Supporting Information).
The spectroelectrochemical experiments have con-

firmed that reduction of all of the non-halide title
complexes produces the corresponding radical anions,
in agreement with the conclusions of the previous study8
of [Ru(SnPh3)2(CO)2(iPr-DAB)]•-. The radical nature of
[Ru(E)(E′)(CO)2(iPr-DAB)]•- was unequivocally con-
firmed by EPR spectroscopy, see Table 4. The repre-
sentative EPR spectra of [Ru(GePh3)(SnPh3)(CO)2(iPr-
DAB)]•- and [Ru(Me)(SnPh3)(CO)2(iPr-DAB)]•- are
depicted in Figures 7 and 8, respectively. All of the
radical anions [Ru(E)(E′)(CO)2(iPr-DAB)]•- obtained on
reducing the parent complexes with 1% Na(Hg) were
sufficiently thermally stable with regard to the time
needed to record a reasonably good EPR spectrum.
Subsequent electron transfer to [Ru(E)(E′)(CO)2(iPr-

DAB)]•-, E, E′ * Cl, produced identical anionic species
as those obtained during the two-electron cathodic step
of Ru(Cl)(E′)(CO)(iPr-DAB) (E′ ) SnPh3, PbPh3), i.e.,
[Ru(E′)(CO)2(iPr-DAB)]- (see Table 1). It is noteworthy
that the reduction of [Ru(GePh3)(SnPh3)(CO)2(iPr-
DAB)]•-, see Figure 6, may afford both [Ru(SnPh3)(CO)2-
(iPr-DAB)]- and [Ru(GePh3)(CO)2(iPr-DAB)]-, as the
Ru-SnPh3 and Ru-GePh3 bonds possess comparable
strength. This property was confirmed on irradiation
of Ru(GePh3)(SnPh3)(CO)2(iPr-DAB) in CDCl3, which led
to a 40/60 mixture of Ru(Cl)(GePh3)(CO)2(iPr-DAB) and
Ru(Cl)(SnPh3)CO)2(iPr-DAB).21 In view of the almost
identical ν(CO) wavenumbers and UV-vis spectra of
[Ru(SnPh3)2(CO)2(iPr-DAB)]•- and [Ru(GePh3)(SnPh3)-
(CO)2(iPr-DAB)]•-, we may anticipate that [Ru(E′)(CO)2-
(iPr-DAB)]- (E′ ) SnPh3, GePh3) also do not deviate
substantially in their UV-vis and ν(CO) features and,
therefore, cannot be distinguished in Figure 6.
For the complexes Ru(E)(E′)(CO)2(iPr-DAB) (E ) Me,

E′ ) SnPh3; E ) E′ ) PbPh3), the ultimate two-electron-
reduction products [Ru(E′)(CO)2(iPr-DAB)]- (E′ ) Sn-
Ph3, PbPh3) were already formed in a small amount
along with a major amount of [Ru(E)(E′)(CO)2(iPr-

(24) The Cl- anions may remain adsorbed at the surface of the Pt
disk electrode, see for example: Osella, D.; Ravera, D.; Kukharenko,
S. V.; Strelets, V. V.; Housecroft, C. E. J. Organomet. Chem. 1991,
417, 421.

Figure 4. Cyclic voltammograms of Ru(Cl)(SnPh3)(CO)2(iPr-DAB) in MeCN at 293 K using a platinum disk microelectrode
(d ) 500 µm). Supporting electrolyte was 0.3 M Bu4NPF6. Scan rates (v): (A) 0.1V/s, (B) 1 V/s, (C) 10 V/s.
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DAB)]•- during the first cathodic step, probably due to
slow cleavage of the Ru-E bond (see below). The
apparent difference in the Ru-Sn and Ru-Me bond
strength is also clearly illustrated by the complete
absence of the alternative anionic product [Ru(Me)(CO)2-
(iPr-DAB)]- (see Table 1).9,10,20 We can conclude that
the stability of the Ru-E bond in the one-electron- and
two-electron-reduced species decreases in the order Ru-
SnPh3 ≈ Ru-GePh3 > Ru-PbPh3 > Ru-Me >> Ru-
Cl.
Cyclic Voltammetry and Reduction Path of Ru-

(E)(E′)(CO)2(iPr-DAB) (E ) Me, GePh3, SnPh3, E′
) SnPh3; E ) E′ ) PbPh3). The cyclic voltammetric
responses of the complexes Ru(E)(E′)(CO)2(iPr-DAB) (E,
E′ * Cl), see Table 4, substantially deviate from those
described above for the Cl derivatives. The representa-
tive cyclic voltammogram of Ru(PbPh3)2(CO)2(iPr-DAB)
is depicted in Figure 9. The non-halide complexes are
reduced in a chemically reversible one-electron step to
the corresponding radical anions, in conformity with the
EPR spectra of the latter species recorded on a longer
time scale of minutes, see above. The electrochemical

reversibility of this cathodic step has been documented
by the identical ∆Ep values of both [Ru(E)(E′)(CO)2(iPr-
DAB)]0/•- and Fc/Fc+ redox couples at comparable
concentrations and by δEp,c/δlog(ν) ) 0 for ν ) 0.05-1
V/s. The rather negative second cathodic peak in the
cyclic voltammograms (see Figure 9) belongs to the
irreversible reduction of [Ru(E)(E′)(CO)2(iPr-DAB)]•-
which produces, as revealed by the IR and UV-vis
OTTLE experiments, the five-coordinate anions [Ru(E′)-
(CO)2(iPr-DAB)]- (E′ ) SnPh3, PbPh3).
The events along the reduction path of Ru(E)(E′)(CO)2-

(iPr-DAB) (E, E′ * Cl) are summarized in Scheme 2.
During the OTTLE electrolysis, the radical anions [Ru-
(PbPh3)2(CO)2(iPr-DAB)]•- and [Ru(Me)(SnPh3)(CO)2-
(iPr-DAB)]•- probably undergo slow dissociation of the
PbPh3• and Me• ligands, yielding the five-coordinate
anions [Ru(PbPh3)(CO)2(iPr-DAB)]- and [Ru(SnPh3)-
(CO)2(iPr-DAB)]- directly, respectively. This secondary
chemical reaction has also been reported for the related
radical anion [Mn(Me)(CO)3(iPr-DAB)]•-.5 The radical
anions [Ru(PbPh3)2(CO)2(iPr-DAB)]•- and [Ru(Me)-
(SnPh3)(CO)2(iPr-DAB)]•- were, however, found to de-

Scheme 1

4692 Organometallics, Vol. 16, No. 21, 1997 Aarnts et al.



compose more slowly when generated by reduction of
the parent complexes with sodium amalgam. This
difference might be ascribed to a stabilizing ion-pairing
effect of the Na+ countercation. The fate of the free Me•

and PbPh3• radicals remained unclear, as they could not

be detected by conventional EPR spectroscopy. The
pronounced tendency of the Me and PbPh3 ligands to
dissociate was also observed on irradiation of these Ru-
(E)(E′)(CO)2(iPr-DAB) complexes.21
The chemically irreversible oxidation of Ru(E)(E′)-

(CO)2(iPr-DAB) (E, E′ * Cl), localized on the σ(E-Ru-E′)
orbital,1a,8 is shifted considerably more negatively rela-
tive to the oxidation of Ru(Cl)(E′)(CO)2(iPr-DAB), see
Figure 9 and Table 3. This process was not studied in
detail.

Table 4. EPR Parameters of [Ru(E)(E′)(CO)2(iPr-DAB)]•- Obtained via Reduction of the Parent Complexes
with 1% Na(Hg) in THF at 293 K

nuclei no. natural abundance (%) spin Aiso (G)g
E ) GePh3,

E′ ) SnPh3 (G)a,b
E ) GePh3,

E′ ) SnPh3 (G)a
E ) Me,

E′ ) SnPh3 (G)a
E ) PbPh3,

E′ ) PbPh3 (G)a

99Ru 1 12.7 5/2 5.7 (4.1) 5.34 (3.9) f f
101Ru 1 17.1 5/2 6.4 (4.6) 6.00 (4.3) f f
117Sn 1 or 2 7.6 1/2 -6669 317 (344) 350 ∼3700 (401)
117Sn/Aiso 0.047 0.052 ∼0.055
119Sn 1 or 2 8.6 1/2 -7268 332 (360) 366 ∼370 (419)
117Sn/Aiso 0.047 0.050 ∼0.055
207Pb 1 or 2 22.6 1/2 +6868 ∼570
207Pb/Aiso 0.083
73Ge 1 7.6 9/2 -535 14.6
73Ge/Aiso 0.027
14N 2 99.6 1 8.20 (11.6) 8.00 7.95 (11.0) ∼7.5f
1Hc 2 99.9 1/2 3.55 (4.3) 4.29 3.62 (4.4) ∼4.0f
1Hd 2 99.9 1/2 3.25 3.71 2.69 ∼3.3f
1He 3 99.9 1/2 0.68 (1.5)

g-factor 1.9960 1.9968 1.9986 1.9919
a Hyperfine coupling constants based on the simulated values,11 except for the 117/119Sn and 207Pb hyperfine coupling constants which

were derived from the experimental spectra using the correction factors taken from ref 33. The values in parentheses are the hyperfine
coupling constants calculated19 from the theoretical spin-density distribution obtained from the DFT-MO calculations.1a,8 b From ref 8.
c Imine protons. (We assume that also in this case aH(CHdN(iPr)) > aH(CH(CH3)2), in accordance with the data presented in ref 8).
d (CH(CH3)2). e Ru-CH3. f These values could not be (accurately) determined due to a large natural line width for [Ru(PbPh3)2(CO)2(iPr-
DAB)]•- or poor signal-to-noise ratio for [Ru(Me)(SnPh3)(CO)2(iPr-DAB)]•-. g Aiso ) theoretical isotropic coupling constants for free ions;
according to ref 33.

Figure 7. EPR spectrum of [Ru(GePh3)(SnPh3)(CO)2(iPr-
DAB)]•- in THF at room temperature, generated by in-situ
reduction of the corresponding parent complex with 1% Na-
(Hg) (modulation amplitude 0.5 G; attenuation 10 dB.)

Figure 8. EPR spectrum of [Ru(Me)(SnPh3)(CO)2(iPr-
DAB)]•- generated in THF at room temperature by in-situ
reduction of the corresponding parent complex with 1% Na-
(Hg) (modulation amplitude 0.5 G; attenuation 10 dB;
doublet side lines due to the 117/119Sn coupling not shown).

Figure 9. Cyclic voltammogram of Ru(PbPh3)2(CO)2(iPr-
DAB) in THF at 293 K using a platinum disk microelec-
trode (d ) 500 µm). The supporting electrolyte was 0.3 M
Bu4NPF6.

Scheme 2
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Discussion

In this article we demonstrate that, similarly to the
photochemical21 and photophysical1a properties, the
redox behavior of the title Ru(E)(E′)(CO)2(iPr-DAB)
complexes is also strongly influenced by the strength
of the axial covalent E-Ru-E′ bonds and by the
variable extent of mixing between the σ(E-Ru-E′) and
π*(iPr-DAB) orbitals.
Differences in Reduction Paths of Ru(Cl)(E′)-

(CO)2(iPr-DAB) (E′ ) SnPh3, PbPh3) and Ru(Cl)-
(Me)(CO)2(iPr-DAB). The spectroelectrochemical re-
sults obtained for Ru(Cl)(SnPh3)(CO)2(iPr-DAB) show
that its reduction path in Scheme 1 is not valid for the
derivative Ru(Cl)(Me)(CO)2(iPr-DAB).9,10,20 The only
common point is the first electron-transfer/Cl--loss step
which produces the unstable radicals [Ru(Cl)(E′)(CO)2-
(iPr-DAB)]•- and [Ru(E′)(CO)2(iPr-DAB)]• (E′ ) Me,
SnPh3). The driving force of this secondary chemical
reaction has its origin in the partial delocalization of
the electron density from the largely π*(iPr-DAB)
SOMO to the σ*(Ru-Cl) orbital.1a,f In butyronitrile
(nPrCN) at low temperatures, the 18-electron radicals
[Ru(nPrCN)(Me)(CO)2(iPr-DAB)]• could be stabilized. At
ambient temperature, the radicals [Ru(Me)(CO)2(iPr-
DAB)]• directly dimerize. Both [Ru(Me)(CO)2(iPr-
DAB)]2 and [Ru(nPrCN)(Me)(CO)2(iPr-DAB)]• are ulti-
mately reduced to [Ru(Me)(CO)2(iPr-DAB)]-.
Importantly, the δEp/δlog(ν) trends in cyclic voltam-

metry predict that the E1/2 potential of the [Ru(SnPh3)-
(CO)2(iPr-DAB)]-/• redox couple liesmore positively than
that of the [Ru(Cl)(SnPh3)(CO)2(iPr-DAB)]0/•- redox
couple. As a consequence, [Ru(SnPh3)(CO)2(iPr-DAB)]•
is directly reduced to [Ru(SnPh3)(CO)2(iPr-DAB)]- at the
applied reduction potential of Ru(Cl)(SnPh3)(CO)2(iPr-
DAB). The consecutive dimerization of the [Ru(SnPh3)-
(CO)2(iPr-DAB)]• radicals, thus, cannot compete with the
electron-transfer step,23 and the dimer [Ru(SnPh3)(CO)2-
(iPr-DAB)]2 is only produced by the temperature-
controlled nucleophilic attack of [Ru(SnPh3)(CO)2(iPr-
DAB)]- at the parent complex Ru(Cl)(SnPh3)(CO)2(iPr-
DAB).
In contrast, the one-electron reduction path of Ru-

(Cl)(Me)(CO)2(iPr-DAB) implies that the transient five-
coordinate radicals [Ru(Me)(CO)2(iPr-DAB)]• are re-
duced more negatively than the parent Cl complex. In
view of the rather similar reduction potentials of Ru-
(Cl)(E′)(CO)2(iPr-DAB) (E′ ) Me, SnPh3), see Table 4,
the key factor must be a profound difference between
the E1/2 potentials of the five-coordinate redox couples
[Ru(E′)(CO)2(iPr-DAB)]•/- (E′ ) Me, SnPh3). The anion
[Ru(Me)(CO)2(iPr-DAB)]- is indeed oxidized signifi-
cantly more negatively than the SnPh3 derivative, see
Table 3. For this reason the oxidation of [Ru(Me)(CO)2-
(iPr-DAB)]- in RCN (R ) Me, nPr) at low temperatures
yields the radicals [Ru(RCN)(Me)(CO)2(iPr-DAB)]• mainly
while [Ru(SnPh3)(CO)2(iPr-DAB)]- undergoes a two-
electron oxidation producing the cations [Ru(RCN)-
(SnPh3)(CO)2(iPr-DAB)]+. The higher energy of the
HOMO of [Ru(Me)(CO)2(iPr-DAB)]- relative to that of
[Ru(SnPh3)(CO)2(iPr-DAB)]- may indicate a lower sta-
bility of the former, less π-delocalized5,25 anion. Indeed,
[Ru(SnPh3)(CO)2(iPr-DAB)]- remains fairly stable in the
presence of a large excess of PPh3, while [Ru(Me)(CO)2-
(iPr-DAB)]- decomposes10 at room temperature to Ru0-
(PPh3)2(CO)3 and Ru0(PPh3)(CO)2(iPr-DAB).

Electronic Structure of [Ru(E)(E′)(CO)2(iPr-
DAB)]O•- (E ) Me, GePh3, SnPh3, E′ ) SnPh3; E )
E′ ) PbPh3). The electronic structure of the inherently
stable radical anion [Ru(SnPh3)2(CO)2(iPr-DAB)]•- has
been discussed in detail elsewhere.8 The σ(Sn-Ru-Sn)-
π*(DAB) electron delocalization responsible for the stabil-
ity and very close bonding properties of the couple
[Ru(SnPh3)2(CO)2(iPr-DAB)]0/•- also applies, on the basis
of the UV-vis, IR, and EPR data, for the other com-
plexes [Ru(E)(E′)(CO)2(iPr-DAB)]0/•- (E, E′ * Cl) under
study.
Notably, the EPR g-factors of the title radical anions

[Ru(E)(E′)(CO)2(iPr-DAB)]•- are considerably smaller
than the free-electron value ge ) 2.0023 due to a spin-
orbit interaction given by the presence of the heavy Ru
and group 14 metal (M(14)) atoms and due to an
admixture of the higher unoccupied orbitals σ*(E-Ru-E′)
into the π* SOMO possessing significant contributions
from the Ru and M(14) orbitals.8 These arguments
correspond with the smaller g-factors (i) on coordination
of axial ligands containing heavier metals (Ge < Sn <
Pb) and (ii) on decreasing the energetic separation
between the π* and σ* frontier orbitals reflected in a
lower-energy shift of the π* SOMO f σ*(E-Ru-E′) absorp-
tion band8 in the UV-vis spectra of [Ru(E)(E′)(CO)2-
(iPr-DAB)]•-, viz. [Ru(PbPh3)2(CO)2(iPr-DAB)]•-: g )
1.9919, λmax ) 812 nm; [Ru(SnPh3)2(CO)2(iPr-DAB)]•-:
g ) 1.9960, λmax ) 652 nm; [Ru(SnPh3)(GePh3)(CO)2-
(iPr-DAB)]•-: g ) 1.9968, λmax ) 641 nm; [Ru(SnPh3)-
(Me)(CO)2(iPr-DAB)]•-: g ) 1.9986, λmax ) 428 nm.
The 117/119Sn hyperfine splitting constant (aSn) is

smaller for [Ru(SnPh3)2(CO)2(iPr-DAB)]•- than for [Ru-
(E)(SnPh3)(CO)2(iPr-DAB)]•- with more polarized E-Ru-
Sn bonds (E ) Me, GePh3). This also applies for the
theoretical aSn constants (Table 3), derived from the
DFT-MO calculations on [Ru(SnH3)2(CO)2(H-DAB)]•- 8

and [Ru(Me)(SnH3)(CO)2(H-DAB)]•- (see Supporting
Information). Indeed, these calculations predicted that
the contribution of the single SnH3 ligand to the SOMO
of [Ru(Me)(SnH3)(CO)2(H-DAB)]•- is larger than that of
the methyl group and also than each of the SnH3 ligands
to the SOMO of [Ru(SnH3)2(CO)2(H-DAB)]•-.
In order to relate the hyperfine splitting constants of

the 73Ge, 117,119Sn, and 207Pb nuclei (aM), the experimen-
tal aM values have been divided by the theoretical
isotropic hyperfine splitting constants of the free ions.
The larger values of aM/Aiso reflect higher relative spin
densities on the M(14) nuclei in the order Ge(0.027) <
Sn(ca. 0.050) < Pb(0.083). This trend agrees with the
increasing contributions expected from the more diffuse
orbitals of the heavier M(14) elements to the SOMO of
the radical anions.
Electronic and Geometric Structure of [Ru-

(SnPh3)(CO)2(iPr-DAB)]-. Valuable information about
the bonding properties of the closed-shell anion [Ru-
(SnPh3)(CO)2(iPr-DAB)]- can be derived from the NMR
spectral data in Table 2. The effect of the two added
electrons is best illustrated (i) in the 1H NMR spectra
by the upfield chemical shift of the signal due to the
iPr-DAB imine protons from 7.9-8.3 ppm for the
neutral SnPh3 complexes, to 6.9 ppm for [Ru(SnPh3)-
(CO)2(iPr-DAB)]-, and (ii) in the 13C NMR spectra by
the large upfield chemical shift of the NC signal from
150-160 ppm to 125.8 ppm in the same sequence.
These upfield shifts are induced by increased electron
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density in the lowest π* orbital of the iPr-DAB ligand.
The 1H and 13C NMR signals of the phenyl groups also
shift slightly upfield, indicating partial localization of
the negative charge on the phenyl rings of SnPh3 as
well, see Table 2 and Figure 3.
Due to the hindered rotation of the iPr-groups of iPr-

DAB along the N-CH(CH3)2 bond, the 1H NMR spec-
trum of the asymmetric complex Ru(Cl)(SnPh3)(CO)2-
(iPr-DAB) in Figure 3A exhibits two doublet signals of
the methyl protons. For Ru(SnPh3)2(CO)2(iPr-DAB)
with identical axial ligands, obviously only one doublet
is observed, see Figure 3B. The methyl groups of iPr-
DAB pointing toward the SnPh3 ligand are directed
toward the deshielding cone of the phenyl groups, and
their signals are, therefore, considerably shifted to
smaller values. Importantly, the 1H NMR spectrum of
the low-symmetry anion [Ru(SnPh3)(CO)2(iPr-DAB)]-
also shows only one CH(CH3)2 doublet at an averaged
value of the two doublet signals of Ru(Cl)(SnPh3)(CO)2-
(iPr-DAB), see Figure 3C. From these data we conclude
that the Ru(SnPh3)(CO)2 unit freely rotates relative to
the iPr-DAB ligand. Due to this fluxional process on
the NMR time scale at room temperature, the four
methyl groups become magnetically equivalent, result-
ing in only one CH(CH3) doublet with a slightly in-
creased natural line width. No attempts were made to
determine the rotation barrier with the aid of low-
temperature NMR spectroscopy. Due to the five-
coordinate geometry of the anion, the SnPh3 ligand is
bent away from the iPr-DAB ligand. The methyl groups
are, therefore, placed further away from the deshielding
cones of the phenyl groups, resulting in a downfield shift
of the methyl signals relative to those of Ru(SnPh3)2-
(CO)2(iPr-DAB), see Table 2 and Figure 3.
The chemical shift of the 119Sn nucleus in the neutral

complexes Ru(E)(SnPh3)(CO)2(iPr-DAB) (E ) Cl, SnPh3,
(carbonyl)metal fragment) is typically ca. -50 ppm.7 In
contrast, δ ) -4 ppm is observed for [Ru(SnPh3)(CO)2-
(iPr-DAB)]- regardless of the increased negative charge.
It is difficult to provide a straightforward explanation
for this downfield shift owing to the unknown effects of
the shielding and deshielding cones of the Ru(DAB) and
phenyl rings on the position of the 119Sn resonance
signal.
Clear evidence for delocalized π-bonding in [Ru-

(SnPh3)(CO)2(iPr-DAB)]- has been gathered from its
resonance Raman spectrum. On excitation into the
lowest electronic transition at 503 nm, the main reso-
nance Raman effect is observed the for bending modes
of the Ru(DAB) metallacycle in the 800-950 cm-1

region,1a,25,26 see Table 1. These Raman modes are not
enhanced significantly on excitation into electronic
transitions between strongly Ru/E′- and iPr-DAB-local-
ized orbitals.1a,2c Their occurence therefore reveals
delocalized bonding within the metal-DAB metalla-
cycle.1a,2c,25-30 At the same time, the resonance effect
is rather weak due to a small overall excited-state

distortion, distributed over many normal coordinates.
These results thus clearly show that the resonant
lowest-energy (πHOMO f π*LUMO)1f,25 electronic transition
of [Ru(SnPh3)(CO)2(iPr-DAB)]- can be considered as
having a strongly mixed dπ(Ru) + π*(DAB) f π*(DAB) -
dπ(Ru) character. The extensive mixing between the
frontier orbitals of the Ru(SnPh3)(CO)2 fragment and
the iPr-DAB ligand in the anion is also accompanied
by a strong σ-donation from the reduced iPr-DAB ligand
to the Ru(SnPh3) unit, contributing to the relatively
large coupling constant 4J(117/119Sn,Himine) ) 19.5 Hz
determined from the 1H NMR spectrum of [Ru(SnPh3)-
(CO)2(iPr-DAB)]-, see Table 2.
The redox series Ru(SnPh3)2(CO)2(iPr-DAB)/[Ru-

(SnPh3)2(CO)2(iPr-DAB)]•-/[Ru(SnPh3)(CO)2(iPr-
DAB)]-, thus, consists of complexes with a strongly
delocalized electronic structure. The six-coordinate
complexes are characterized by a delocalization of the
σ-electron density along the 3-center, 4-electron σ(Sn-Ru-Sn)
bond and further on the iPr-DAB ligand via an extensive
mixing of the Ru(5pz) + 2Sn(sp3) + DAB(π*) characters.8
In contrast, the bonding properties of [Ru(SnPh3)(CO)2-
(iPr-DAB)]- are markedly determined by the strong σ,π-
donor capacity of the reduced iPr-DAB ligand typically
exerted in a five-coordinate complex.5,25,31 A similar
conclusion can be drawn for the other non-halide [Ru-
(E)(E′)(CO)2(iPr-DAB)]0/•- and [Ru(E)(CO)2(iPr-DAB)]-
complexes.
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