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Abstract 

The cyclopentadienylruthenium complex Cp* Ru(NO)Cl, reacts with disodium maleonitriledithiolate (Na,mnt) in methanol 
to give Cp*Ru(NOXmnt) in 85% yield. The product has been characterized in solution by IR and NMR (‘H and 13C) 
spectroscogies. Cp*Ru(NOXmntI crystallizes in the orthorhombic space group Pbcu with a = 7.6042(7), b = 16.368(2), c = 
26.138(3) A, V= 3253.2(6) k, and Z = 8. Full-matrix least-squares refinement yielded R = 0.043 for 777 (F > 6u(F)) reflections. 
The electrochemical properties of Cp*Ru(NOXmnt) have been investigated by cyclic and rotating disk electrode voltammetric, 
and bulk electrolytic methods. Two redox responses were observed and assigned to O/ + 1 and O/ - 1 couples. The composition 
of the HOMO and LUMO levels in Cp*Ru(NOXmnt) has been examined by extended Hiickel molecular orbital calculations, 
and the results discussed with respect to the electrochemical data. 
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1. Introduction 

The synthesis and study of organometallic com- 
plexes possessing an ancillary maleonitriledithioiate 
(mnt) ligand(s) have continued to receive attention 
[l-15]. Such complexes have been thoroughly investi- 
gated in electron-transfer reactions and for their lumi- 
nescent behavior by Eisenberg [16-211 and Volger [22]. 
Moreover, reports of spin exchange between the con- 
duction electrons of certain mnt-substituted complexes 
suggest that these complexes may function as models 
for low-dimensional molecular metals [23,24]. While 
the vast majority of mnt-substituted complexes are 
based on the metals of platinum, cobalt, nickel, and 
iron, few ruthenium-substituted mnt complexes exist. 
Recently, Stiefel and coworkers have reported the syn- 
thesis and redox properties of Ru(bpy),(mnt) [25]. 

Here we report our results on the synthesis, X-ray 
diffraction structure, and electrochemical properties of 
Cp* Ru(NOXmnt). Extended Hiickel molecular orbital 
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calculations have been carried out, and the theoretical 
data discussed with respect to the electrochemical data. 

2. Results and discussion 

2.1. Synthesis and spectral characterization of Cp*Ru- 
(NO) (mn t) 

Treatment of a methanol solution of Cp* Ru(NO)Cl, 
(1) with a slight excess of disodium maleonitriledithio- 
late (Na,mnt) [26] led to an immediate color change 
from green to red-brown. After stirring overnight at 
room temperature, the methanol was removed and the 
solid taken up in CH,Cl,, followed by chromatography 
over silica gel. Cp*Ru(NOXmnt) (2) was subsequently 
isolated in 85% yield as an air stable, black solid (Eq. 
0)). 

Complex 2 is very soluble in polar solvents but only 
slightly soluble in non-polar solvents. The IR spectrum 
of 2 in CH$l, displays an intense uN0 band at 1767 
cm-i, which is readily attributed to the linear nitrosyl 
group 1271. The coordinated mnt ligand exhibits two 
medium intensity uCN stretches at 2213 and 2206 
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cm-‘, assigned to the vibrationally coupled asymmetric 
and symmetric GN stretches, respectively, along with 
a weak mnt-alkene Y(C=C> stretch at 1606 cm-’ [28,29]. 
A single resonance at S = 1.86 is observed in the 
‘H-NMR spectrum of Cp*Ru(NOXmnt) and is as- 
signed to the methyl protons of the Cp* ring while the 
13C-NMR spectrum of 2 exhibits resonances at 6 = 9.6, 
111.5, 115.7, and 125.8. The former two resonances 
belong to the cyclopentadienyl methyl and ring car- 
bons, respectively, with the latter two resonances being 
assigned to the nitrile and alkene carbons, respectively, 
based on the reported chemical shifts of related com- 
pounds [301. 

2.2. Solid-state structure of Cp*Ru(NO)(mnt) 

Single crystals of 2 suitable for X-ray diffraction 
analysis were grown from a dichloromethane solution 
of 2 that had been layered with heptane. Cp*Ru- 
(NOXmnt) exists as discrete molecules in the unit cell 
with no unusually short inter- or intramolecular con- 
tacts. The X-ray data collection and processing param- 
eters for 2 are given in Table 1 with the fractional 
coordinates listed in Table 2. 

Table 1 
X-Ray crystallographic and data processing parameters for 
Cp* Ru(NOXmnt) (2) 

Space group Pbca 
Cell Constants 

a 6) 7.6042(7) 

b 6) 16.368(2) 

c GQ 26.138(3) 

v (K, 3253.2(6) 
Molecular formula C&,sN,ORuSz 
FW 406.49 
Formula units/cell (Z) 8 
P C3 cmm3) 1.660 
Crystal size (mm3) 0.18 x 0.15 x 0.44 
Absorption coefficient (CL) (cm- ‘) 11.93 

A (radiation) (AI 0.71073 
Data collection method 
Collection range (“) Y.0 I20 < 40.0 
Total no. of data collected 1796 
No. of independent observed data 777 
R 0.043 

R, 0.049 
Weights w = [0.04F* + k+Y- l 

Table 2 
Positional parameters of the non-hydrogen atoms for Cp*Ru(NO) 
(mnt) (2) with estimated standard deviations in narentheses 

Atom 

Ru 
Sl 
s2 
0 
N 
N3 
N4 
Cl 
c2 
c3 
c4 
Cl1 
Cl2 
Cl3 
Cl4 
Cl5 
Cl11 
Cl21 
Cl31 
Cl41 
Cl51 

x 

0.0329(2) 
0.0504(6) 

-0.1518(6) 
- 0.177(2) 
-0.117(2) 
- 0.096(2) 
- 0.344(2) 
- 0.077(2) 
- 0.162(2) 
- O.OSti2) 
- 0.268(2) 

0.281(Z) 
0.188(2) 
0.160(2) 
0.253(2) 
0.327(2) 
0.335(2) 
0.127(3) 
0.074(3) 
0.267(3) 
0.450(3) 

Y 

0.18942(8) 
0.3290(2) 
0.2277(3) 
0.1131(8) 
0.1546(8) 
0.5345(9) 
O&42(8) 
0.3747(9) 
0.3340(8) 
0.463(l) 
0.3736(9) 
0.1860) 
0.1130) 
0.0681(9) 
0.1087(9) 
0.1784(9) 
0.246(l) 
0.087(l) 

- 0.0140) 
0.0760) 
0.235(l) 

z 

0.10382(5) 
0.0839(2) 
0.1709(2) 
0.0266(5) 
0.0586(5) 
0.1261(8) 
0.2367(6) 
0.1314(6) 
0.1665(6) 
0.1301(6) 
0.2056(6) 
0.1462(5) 
0.1608(7) 
0.1144(6) 
0.0749(6) 
0.0933(5) 
0.1837(7) 
0.2127(7) 
0.1130(7) 
0.0220(7) 
0.0676(7) 

ua 
2.07(2) 
3.00) 
2.76(9) 
5.8(4) 
3.2(3) 
7.0(6) 
4.1(4) 
2.9(4) b 
2.2(3) b 
3.4(4) b 
2.9(4) b 
2.1(3) b 
3.5(4) b 
2.6(3) b 
2.43) b 
2.3(3) b 
3.9(4) b 
4.1(4) b 
4.8(5) b 
5.1(5) b 
4.5(4) b 

a Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as: (4/3) * [a’ * B,,, + 

b’Bz,z + c’Bs,s + abkos y)* B,,, + ackos PI* B1,3 + bdcos 
a)* B,,,. 
b Atoms were refined isotropically. 

The ORTEP diagram in Fig. 1 shows the molecular 
structure of 2 and confirms the six-coordinate geome- 
try about the ruthenium atom, assuming the Cp* ring 
serves as a three-coordinate ligand. The molecule pos- 
sesses idealized C, molecular symmetry as is commonly 
observed with many three-legged piano-stool com- 
plexes. Selected bond distances and angles are given in 
Table 3. The two Ru-S distances of 2.347(4) and 
2.332W A are in agreement with the distances re- 
ported for other metal-sulfur complexes [6,7,21,31], 
while the Ru--N~,~~~,_,,) length of 1.74(l) L% [32,33] and 

Fig. 1. OR~P diagram of Cp*Ru(NOXmnt) with the thermal ellip- 
soids drawn at the 50% probability level. 
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Table 3 
Selected bond lengths (A) and angles (“) in Cp*Ru(NOXmnt) (2) a 

Bond distances 
Ru-S(1) 2.347(4) Ru-S(2) 2.332(5) 
Ru-N 1.740) Ru-Ctll) 2.190) 
Ru-C(12) 2.27(2) Ru-c(13) 2.220) 
Ru-C(14) 2.26(2) Ru-C(l5) 2.260) 
SW-c(l) 1.74(2) S(2)-c(2) 1.750) 
O-N 1.17(2) N(3)-c(3) 1.18(2) 
N(4)-c(4) 1.12(2) CWCt2) 1.31(2) 
C(l)-C(3) 1.45(2) c(2)-Ct4) 1.45(2) 

Bond angles 
S(l)-Ru-S(2) 
S(l)-Ru-C(11) 
S(l)-Ru-C(13) 
S(l)-Ru-C(15) 
N-Ru-all) 
N-Ru-C(13) 
N-Ru-C(15) 
Ru-%2)-C(2) 
SW-c(l)-C(2) 
c(2)-C(l)-c(3) 
S(2)-C(2)-C(4) 
N(3)-c(3)-C(l) 

86.5(2) 
95.0(4) 

150.7(4) 
89.7(4) 

154.3(6) 
94.4(6) 

122.7(6) 
104.3(5) 
124.0) 
12O.W 
115.0) 
176.(2) 

SWRu-N 
S(l)-Ru-Ct12) 
SWRu-C(14) 
S(2)-Ru-N 
N-Ru-C(12) 
N-Ru-C(14) 
Ru-S(l)-C(1) 
Ru-N-O 
SWCWc(3) 
S(2)-Ct2)-CW 
c(l)-c(2)-c(4) 
N(4)-C(4)-Ct2) 

101.8(4) 
130.5(4) 
116.9(4) 
101.8(5) 
127.4(6) 
93.9(6) 

103.2(5) 
159.0) 
116.0) 
122.0) 
123.0) 
177.(2) 

a Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

the 159W bond angle observed for the Ru-N-O 
linkage [34] are unexceptional with regard to other 
linear nitrosyl complexes. The bond lengths and angles 
of the coordinated-mnt and the cyclopentadienyl lig- 
ands in (2) are unexceptional and require no comment. 

2.3. Electrochemical studies 

Cyclic voltammetry studies on Cp* Ru(NOXmnt) 
were carried out at a platinum electrode in either 
CH,Cl,, THF, or MeCN solvent containing 0.25M 
tetra-n-butylammonium perchlorate (TBAP) as the 
supporting electrolyte. No major differences were ob- 
served in the cyclic voltanunograms (CV) as a function 

Table 4 
Cyclic voltammetric data for Cp* Ru(NOXmnt) * 

Redox Couple: b o/+1 
Solvent/Temp ’ 

E: Et 

MeCN/RT 1.08 1.00 

0.3mA 

J 

I I I 1 I I I 

1.2 0.0 -1.2 

Potential (Volts) 
Fig. 2. (A) cathodic scan cyclic voltammogram of ca. 1 x 10W3 M 
Cp*Ru(NOXmnt) at room temperature in MeCN containing 0.25 M 
TBAP at 0.1 V s-‘, and (B) rotating disk electrode voltammogram of 
ca. 2.5X10m3 M Cp*Ru(NOXmnt) in MeCN containing 0.25 M 
TBAP at 0.05 V s-r. 

of the solvent at room temperature. Fig. 2(A) shows 
the CV of Cp*Ru(NOXmnt) in MeCN solvent at room 
temperature. Two well-defined, reversible redox cou- 
ples at E1,2 = 1.04 and -0.92 V are observed at a scan 
rate of 100 mV s-l, which have been assigned to the 
O/ + 1 and O/ - 1 redox couples, respectively, as out- 
lined in Eq. (2). Both redox couples exhibit current 
ratios (ii/i;> of near unity, and plots of the current 
function (i,) vs. the square root of the scan rate (v) are 
linear over the scan rates examined. Calibration of the 

O/-l 

iE/iz K/2 -% Ei ii/i’, E l/2 
0.90 1.04 - 0.97 - 0.88 0.89 - 0.92 

MeCN/ - 30°C 1.07 1.01 1.0 1.04 - 0.96 -0.88 1.0 -0.92 
THF/RT 1.12 1.01 0.71 1.07 - 1.03 - 0.92 0.61 - 0.98 
THF/O”C 1.03 1.14 0.80 1.09 d d - 1.05 - 0.83 
THF/ - 30°C 1.05 1.17 0.80 1.11 1.04 - 0.66 d d - 
THF/ - 67°C 0.99 1.12 0.89 1.06 0.99 - 0.76 d d - 

CH,CI,/RT 1.10 1.02 1.0 1.06 - 1.07 - 0.98 CH,CI,/- 67°C 1.10 1.04 1.1 1.07 1.19 -0.90 $82 - 0.98 
d 

- 

a All cyclic voltammograms were recorded in solutions containing 0.25 M TBAP at a scan rate of 0.1 V s-t. Potentials are in volts relative to a 
silver wire quasi-reference electrode, calibrated against added ferrocene. b E; and Ei refer to the anodic and cathodic peak potentials for a 
given redox couple. The half-wave potential E,,2, which represents the chemically reversible redox couple, is defined as <E: + EE)/2. ’ All 
temperatures have been measured with the aid of a digital thermometer and are considered to be accurate to within f 1°C. d No reverse redox 
couple was observed. 
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peak currents (i,) against ferrocene, coupled with the 
data obtained from rotating disk electrode (RDE) 
voltammetry experiments, unequivocally establishes the 
reversible, one-electron nature of the oxidation and 
reduction waves under the given conditions [35]. When 
the same CV sample was examined at -30°C both 
redox couples exhibited increased stability, as judged 
by the calculated current ratio of unity for each redox 
couple. Table 4 shows these data along with the CV 
data as a function of the solvent and temperature. 

Cp*Ru(NOXmnt) was also examined at a platinum 
electrode by rotating disk voltammetry in MeCN sol- 
vent at room temperature containing 0.25 M TBAP. 
The RDE voltammogram shown in Fig. 2(B) reveals 
the presence of a well-defined oxidation and reduction 
wave. The half-wave potential for the O/ + 1 redox 
couple is observed at 1.00 V while the half-wave poten- 
tial for the O/ - 1 redox couple is found at - 0.99 V. 
These E1,2 values from the RDE voltammogram are 
essentially the same as those obtained from the CV of 
Cp*Ru(NOXmnt). The Nernstian nature of both cou- 
ples was readily demonstrated by plots of E vs. log[(i, 
- i)/i], which afforded slopes close to the theoretically 
predicted value of 59.1 mV for a reversible, one-elec- 
tron transfer process [35]. A value of 64 mV and 70 mV 
for the O/ + 1 and O/ - 1, respectively, was obtained 
when the RDE data were analyzed according to the 
relationship developed by Tome: (i.e. I E3,4-E,,4 I > [361, 

consistent with the proposed one-electron nature of 
these couples. No kinetic complications were observed 
with these couples based on the linearity observed in 
the plots of i, vs. &I2 over the electrode rotation rate 
of 200-1200 rev min- ’ [37]. When these data were 
examined with the Levich equation, a diffusion coeffi- 
cient (II,) of 1.17 X lo-’ and 1.07 X 10d5 cm2 s-l for 
the oxidation and the reduction wave respectively, was 
calculated for Cp* Ru(NOXmnt). The experimentally 
measured values of D, are in excellent agreement with 
the theoretically calculated value for D, of 1.00 X lop5 
cm2 s-l, determined by using the crystallographic data 
and the Stokes-Einstein equation (Eq. (3)) [381: 

D,, = (1 X 107) RT/6rrNT (3) 

While the effect of the solvent on the CV of 2 at 
room temperature is very similar, both THF and 
CH,Cl, were found to yield a reduction couple that is 
extremely temperature dependent. These data are 
summarized in Table 4, with the CV’s of Cp*Ru(NO) 
(mnt> in THF solvent as a function of temperature 
being shown in Fig. 3. The cyclic voltammograms in 
CH,Cl, mirror those recorded in THF and are not 
shown. Fig. 3(A) shows the room temperature CV of 
Cp* Ru(NOXmnt) and the presence of two major redox 
couples, whose assignments are identical to those in 
MeCN solvent. However, unlike the CV recorded in 
MeCN, the O/f 1 and O/ - 1 redox couples are not as 
stable as those in MeCN based on the diminished 
current ratio of 0.71 and 0.61, respectively, and the 
presence of redox responses at 0.00 and -0.15 V. 
These latter CV waves were shown to originate from 
the O/ - 1 redox couple. Lowering the temperature to 
0°C reveals the existence of a significant change in the 
O/ - 1 redox couple, as shown in Fig. 3(B), where a 
potential shift of 90 mV is observed in the anodic 
direction of the reverse wave. At this temperature the 
O/ + 1 redox couple experiences a slight stabilization 
as evidenced by the increased current ratio of 0.80. 
Further cooling to - 30°C and - 67°C affords the CV’s 
shown in Fig. 3(C) and 3(D) respectively; the CV 
behavior at these temperatures mirrors that observed 
in Fig. 3(B) which was obtained at 0°C. 

This separation of the anodic couple from the O/ - 1 
redox wave as the temperature is lowered signals the 
irreversible nature of the initial reduction product 2-‘. 
One such scenario for this behavior involves the bend- 
ing of the nitrosyl ligand, as illustrated in Eq. (4). Here 
the rate constant (k-t) for the bent-to-linear nitrosyl 
transformation is slow at low temperatures in CH,Cl, 
and THF solvents, making the reduction process irre- 
versible. Repetitive scanning from 0 to - 1.3 V in the 
low-temperature CV’s did not yield any evidence for 
the reversibility of the anodic wave derived from the 
O/ - 1 redox couple. The overall process outlined in 
Eq. (4) conforms to an ECE scheme [35] and has been 
invoked in the reduction of CpM(CO),(NO) (where 
M = Cr, MO) [39,40]. 

rhs ===ON/ \ / -em CN 
s -t- 

CN (2) 

‘CN CN 
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Cp*Ru(NOXmnt) was next examined by constant- 
potential coulometry in order to verify the electron 
stoichiometry associated with each individual redox 
process and to explore the effect of oxidation/reduc- 

I I 

0.0 -1.2 

Potential (Volts) 

Potential (Volts) 

Fig. 3. Cathodic scan cyclic voltammograms of ca. 1~10~~ M 
Cp*Ru(NOXmnt) in THF containing 0.25 M TBAP at 0.1 V s-l as a 
function of temperature: (A) room temperature, (B) OT, (C) - 30°C, 
and (D) -67°C. 

tion on the IR stretching bands of the nitrosyl and mnt 
ligands. Cp* Ru(NOXmnt) was oxidized electrochemi- 
tally at 1.20 V in CH,Cl, solvent containing 0.25 M 
TBAP at -78°C. This solvent was chosen because of 
the unity value found for the current ratio (Z,“/Z,“) and 
the absence of solvent overlap with the nitrile bands in 
the IR spectrum. The total charge passed upon com- 
pletion of the oxidation was (2 = 0.97 coulombs per 
mole of 2 in agreement with the one-electron nature of 
this redox couple. IR analysis of the anolyte at - 70°C 
revealed the presence of two new bands at 2338 (m) 
and 1833 (vs) cm-‘. The higher frequency band is 
assigned to the GN stretch of the mnt ligand while the 
other IR band belongs to the linear nitrosyl group. The 
observed high-frequency shifts of these ligands are 
consistent with an oxidation process that takes place at 
a metal-based HOMO, which is accompanied by a 
concomitant decrease in the ability of the ruthenium 
center to back donate electron density into the r* 
orbitals of the nitrosyl and mnt ligands [41,421. At- 
tempts to isolate 2+’ were unsuccessful as only neutral 
2 was obtained. The thermally sensitive nature of 2+’ 
was demonstrated by allowing a solution of electro- 
chemically generated 2+’ to warm up from -78°C to 
room temperature. Here decomposition is noticeable 
starting at -4o”C, being complete by room tempera- 
ture. The IR spectrum of this solution at room temper- 
ature revealed the presence of 2 along with new IR 
bands at 1820 and 1608 cm-‘. 2 could be isolated in 
60% yield by column chromatography, but the un- 
known material was irreversibly adsorbed onto the 
silica gel and no further effort was directed at its 
isolation. 

The controlled-potential electrolysis of Cp*Ru(NO) 
(mnt) at - 1.2 V was also explored in CH,Cl, and 
MeCN solvent containing 0.25 M TBAP. Unlike the 
one-electron oxidation process observed during bulk 
electrolysis, the total charge passed during our reduc- 
tions ranged from Q = 1.5 to 1.9 coulombs per mole of 
2 in CH,Cl, at -78°C and from Q = N 4.0 to 5.0 
coulombs per mole of 2 at room temperature for both 
solvents. The consumption of more than two electrons 
is inconsistent with the one-electron nature of the 
O/ - 1 redox couple determined by the CV and RDE 
experiments. IR analysis of this extremely oxygen-sen- 
sitive catholyte solution showed only the presence of a 
single Y(CN) band at 2185 cm-‘. No terminal nitrosyl 
band was noticed over the spectral range of 2000-1600 
cm-‘. Unfortunately, we were not able to explore the 
region below 1600 cm-’ owing to IR contributions 
from the solvent and the electrolyte. 

The CV of the unknown material after electrolysis 
(not shown) revealed a prominent irreversible oxida- 
tion wave at Z$ = -0.2 V at a scan rate of 0.1 V s-l. 
The observed E: values were found to be dependent 
on the scan rate (u) as expected for an irreversible, 
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one-electron transfer. A plot of E; vs. log (v) afforded 
a slope on the order of 96 mV per decade, which is 
greater than the theoretically predicted 30 mV per 
decade slope for a reversible electron-transfer step 
[43]. 

2.4. Extended Hiickel calculations 

The nature of the HOMO and LUMO in Cp*Ru- 
(NOXmnt) was examined by extended Htickel molecu- 
lar orbital calculations. Fig. 4 shows the three-dimen- 
sional CACAO drawings of the molecular orbitals [44]. 
The HOMO in Cp*Ru(NOXmnt) occurs at - - 11.3 
eV and is primarily a ruthenium-based orbital (dx’ - y* 
with a small amount of dz* hybridization); minor out- 
of-phase contributions from the non-bonding electron 
pairs from the sulfur atoms and the nitrosyl ligand 
along with in-phase Cp*-Ru overlap are also readily 
observed. An analogous out-of-phase interaction be- 

A 

B 

Fig. 4. CACAO drawings of the HOMO (A) and LUMO (B) of 
Cp* Ru(NOXmnt). The Cp*-methyl groups have been eliminated 

from the side-view drawings on the left while the Cp* ring has been 
eliminated from the top-view drawing on the right. 

tween the p-type lone electron pair on the thiolate 
ligand and a filled d-orbital has been reported in 
CpMo(NOXSH), by Enemark [45]. We have seen this 
same HOMO pattern in other mnt-substituted com- 
plexes that are derived from the mnt ligand and d8-ML, 
fragments of the form CpML [46]. It is of interest to 
emphasize that the formal oxidation of the ruthenium 
center certainly accounts for the observed high fre- 
quency IR shifts in the nitrosyl and nitrile stretching 
bands in [Cp* Ru(NOXmnt)]+’ (vide supra). 

The LUMO in Cp*Ru(NOXmnt) ( - - 9.5 eV) is 
composed of major contributions from the ruthenium, 
the nitrosyl group, and the mnt ligand. The drr-pP 
overlap between the ruthenium dxz orbital (hybridized 
with some dxy) and the nitrosyl ligand is antibonding, 
with an added contribution from the ancillary r* mnt 
ligand. The nodal pattern of the mnt ligand in 
Cp*Ru(NOXmnt) is similar to ?Ph of the isolated six 
P-electron dithiol compound cis-(HSXCN)GC(CN) 
(SH). It is not immediately clear as to the initial site of 
electron accession in the O/ - 1 redox couple, but we 
favor electron association with the RuNO linkage in 
Cp*Ru(NOXmnt) given the loss of the IR band of the 
terminal nitrosyl group after bulk electrolysis and the 
published ESR data that support nitrosyl bending in 
CpM(COXN0) (where M = Cr, MO) during electro- 
chemical reduction [39,47]. Future MO calculations 
will explore the role of nitrosyl bending in [Cp*Ru- 
(NOXmnt>]-‘. 

2.5. Conclusions 

The new cyclopentadienyl complex Cp*Ru(NO) 
(mnt) has been prepared and characterized by X-ray 
diffraction analysis and IR and NMR spectroscopies. 
Cp* Ru(NOXmnt) exhibits both reversible one-electron 
oxidation and reduction behavior when examined by 
cyclic and rotating disk electrode voltametries in MeCN 
solvent; however, the O/ - 1 redox couple has been 
found to be unstable on the bulk electrolysis time 
scale. The nature of the HOMO and LUMO in 
Cp*Ru(NOXmnt) has been established by extended 
Hiickel molecular orbital calculations. 
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3. Experimental section 

Disodium maleonitriledithiolate (Na,mnt) [261 and 
Cp*Ru(NOj& [48] were prepared according to pub- 
lished literature procedures. Methanol was degassed 
with argon immediately before each reaction. CH,Cl, 
and MeCN were distilled from CaH, while THF was 
distilled from sodium/ benzophenone. All solvents 
were distilled under argon using inert-atmosphere 
techniques and stored in Schlenk vessels equipped with 
Teflon stopcocks [49]. The tetra-n-butylammonium per- 
chlorate used in the electrochemical studies was pur- 
chased from Johnson Matthey Electronics and recrys- 
tallized from ethyl acetate/petroleum ether. The C 
and H analysis was performed by Atlantic Microlab, 
Atlanta, GA. 

Room temperature infrared spectra were recorded 
on a Nicolet 20 SXB FT-IR spectrometer in 0.1 mm 
NaCl cells. The low-temperature IR spectra were 
recorded on the same spectrometer using a Specac 
Model P/N 21.000 variable-temperature cell equipped 
with inner and outer CaF, windows. Dry ice/acetone 
was the coolant, and the cell temperature was deter- 
mined with a copper-constantan thermocouple. The ‘H 
and 13C NMR spectra were recorded on a Varian 200 
VXR spectrometer at 200 and 50 MHz respectively. 

3.1. Synthesis of Cp”Ru(NO)(mnt) 

To 0.40 g (1.2 mmol) of Cp*Ru(NO)Cl, in 40 ml of 
MeOH was added 0.30 g (1.6 mmol) of disodium male- 
onitriledithiolate. The reaction was stirred overnight at 
room temperature, upon which time IR analysis re- 
vealed complete conversion to Cp*Ru(NOXmnt). Af- 
ter the MeOH was removed, the crude product was 
taken up in CH,Cl, and then chromatographed over 
silica gel using CH,Cl, as the eluant. Recrystallization 
of Cp*Ru(NOXmnt) from a CH,Cl, solution contain- 
ing Cp*Ru(NOXmnt) that had been layered with hep- 
tane afforded both the analytical sample and single 
crystals suitable for X-ray diffraction analysis. Yield: 
0.41 g (85%). IR (CH,Cl,): 2213 (m, CN), 2206 (m, 
CN), 1767 (s, NO) cm- ‘. ‘H NMR (CDCI,): S 1.86 
(Cp*). 13C NMR (CDCl,): S 9.6 (Me), 111.5 (Cp* 
ring), 115.7 (CN), 125.8 (mnt C=C>. Anal. Found C, 
41.48; H, 3.75. C,,H,,N,ORuS, calcd: C, 41.37; H, 
3.72. 

3.2. X-ray Crystallography 

A black crystal of Cp*Ru(NOXmnt) suitable for 
X-ray diffraction analysis, which was obtained after 
multiple crystallization attempts, of dimensions 0.18 x 

0.15 x 0.44 mm3 was sealed inside a Lindemann capil- 
lary tube and mounted on the goniometer of an Enraf- 

Nonius CAD-4 diffraction. The radiation used was MO 
Ka monochromatized by a crystal of graphite. Cell 
constants were obtained from a least-squares refine- 
ment of 25 with 28 > 32”. Intensity data in the range 
2.0” I 28 _< 40”, which were collected at room tempera- 
ture using the o scan technique in the variable-speed 
mode, were corrected for Lorentz, polarization, and 
absorption (DIFABS). Three reflections (358, 080, 0014) 
were measured after every 3600 seconds of exposure 
time in order to monitor crystal decay, which was less 
than 2%. The structure was solved by using standard 
Patterson techniques, which revealed the position of 
the ruthenium atom. All remaining non-hydrogen atoms 
were located with difference Fourier maps and full-ma- 
trix least-squares refinement. With the exception of the 
carbon atoms, all non-hydrogen atoms were refined 
anisotropically. Refinement converged at R = 0.043 
and R, = 0.049 for 777 unique reflections with F > 
6&F). 

3.3. Electrochemical measurements 

Cyclic and rotating disk electrode voltammograms 
were obtained with a PAR Model 273 potentiostat/ 
galvanostat using positive feedback circuitry to com- 
pensate for IR drop. The CV cell used was of airtight 
design and based on a three-electrode configuration, 
permitting all cyclic voltammograms to be recorded 
free from oxygen and moisture. The CV experiments 
utilized platinum disk (area = 0.0079 cm’) working and 
auxiliary electrodes. The RDE voltammogram was 
recorded in a Vacuum Atmospheres Dribox at ambient 
temperature using a PAR Model 616 RDE unit. The 
working electrode consisted of a commercially avail- 
able platinum disk electrode (area = 0.126 cm*>. Both 
the CV and RDE experiments employed a silver wire 
quasi-reference electrode, and all potential data are 
referenced to the formal potential of the Cp,Fe/Cp,- 
Fe+ redox couple run under identical conditions, taken 
to have an El,* = 0.307 V [35]. 

The bulk electrolysis experiments were conducted in 
the constant-potential mode in an air-tight cell with 
0.25 M TBAP and the specified solvent. After the 
electrolysis was completed, the solution was examined 
by IR spectroscopy. 

3.4. Molecular orbital calculations 

The extended Hiickel calculations conducted in this 
study were done with the original program developed 
by Hoffmann, [50], as modified by Mealli and Proser- 
pio [441. The atomic parameters used in this study were 
taken from the CACAO drawing program with all 
bond distances and angles used being taken directly 
from the X-ray crystallographic coordinates. 
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Supplementary material available [231 

Listing of observed and calculated structure factor 
amplitudes, tables of anisotropic thermal parameters, 
and idealized hydrogen parameters. Ordering informa- 
tion can be supplied by the authors upon request. 
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