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Abstract 

The reaction between the cyclopentadienyliridium complexes Cp*Ir(L)CI 2 (where L =  PMe 3, PPh 3, CN-t-Bu) and disodium 
maleonitriledithiolate (Na2mnt) yields the corresponding rant-substituted compounds Cp* Ir(PMe3)(mnt) (1), Cp* Ir(PPh3)(mnt) (2) and 
Cp* Ir(CN-t-Bu)(mnt) (3). All of these new compounds have been isolated in high yield and characterized in solution by IR and NMR 
spectroscopy. The solid state structures of 2 and 3 were determined by single-crYostal X-ray diffraction analysis. 2 crystallizes in the 
triclinic space ~roup PI with a = 10.4557(8) A, b = 10.630(1) ,~, c = 14.894(1) A, o~ = 91.382(8) °, /3 = 91t. 141(6) °, 3/= 118.182(7) °, 
V = 1458.5(3) A 3 and Z = 2. Full-matrix least-squares refinement yielded R = 0.0281 for 3425 (I > 3o-(1)) reflections. 3 crystallizes in 
the monoclinic space group P 2 J n  with a = 8.9609(7) ,~, b = 20.343(1) A, c = 11.9115(9) ,~, /3 = 94.168(6) °, V= 2165.6(3) ~3 and 
Z = 4. Full-matrix least-squares refinement yielded R = 0.0245 for 2266 (1 > 3o-(1)) reflections. The redox properties of 1-3 have been 
explored by cyclic and rotating disc electrode voltammetric techniques in MeCN and CH 2C12 solvents. Each of these compounds exhibit 
a well-defined one-electron oxidation wave that is assigned to the 0 / + 1  redox couple, along with a + 1 / +  2 redox wave, the 
reversibility of which is highly dependent on the nature of the ancillary two-electron donor ligand (L) and the solvent. Extended Hiickel 
calculations have been performed on the model compounds Cplr(PH 3)(mnt) and Cplr(CNH)(mnt), with the results used in a discussion of 
the nature of the HOMO and LUMO levels in 1-3. 

Keyword.s: Iridium; Hiickel molecular orbital calculations; Electrochemistry; Maleonitriledithiolate complexes; Cyclopentadienyl derivatives 

1. I n t r o d u c t i o n  

The maleonitriledithiolate ligand (mnt) has been 
widely used in the construction o f  novel organometall ic  
compounds  [1-3] .  Reports of  multiple redox states [4 -6 ]  
and the novel conductivi ty properties found in selected 
mnt-substituted compounds  [7] account, in part, for the 
continued interest in the synthesis and exploration of  
such compounds  [8]. 

Of  the many different types of  mnt-substituted com- 
pounds presently known,  the subclass of  cyclopentadi-  
enyl-substituted mnt compounds  still continues to re- 
ceive attention [9-16] .  However ,  examples of  corn- 
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pounds possessing an ancillary pentamethylcyclopenta-  
dienyl (Cp*)  ligand are less common  [17]. With this in 
mind, we have been interested in the preparation and 
redox examination of  Cp*-substituted dithiolate com- 
pounds based on the transition metals from Groups 
8 - 1 0 .  Recent work from these labs has dealt with the 
di th iola te  s y s t e m s  C p ~ R u ( N O ) ( m n t )  [18] and 
Cp*Ru(NO)( tdas )  [19]. Accordingly,  we have em- 
barked on a study of  isolobal relatives of  the 
C p * R u ( N O )  fragment in the hopes of  preparing new 
and unusual mnt-substituted compounds.  

Here we report on the synthesis and characterization 
of  a series of  iridium compounds  having the formula 
Cp* IrL(mnt). Included in our work arc the redox prop- 
erties of  1 -3 ,  the X-ray diffraction structures of  2 and 
3, and extended Hiickel MO calculations on the related 
model  compounds  CpIr(PH3)(mnt)  and CpIr (CNH) 
(mnt). 
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2. Results and discussion 
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2.1. Synthesis and solution characterization of  
Cp * IrL(mnt) 

I 

L j i r ~  CI 

Cl 

+ 
N a S ~  CN 

NaS " ! "CN 

All three of the new mnt-substituted complexes 1-3  
were prepared from the requisite dichloride complex 
Cp * Ir(L)CI 2 [20] and a slight excess of disodium male- 
onitriledithiolate [21] in EtOH at 45 °C, as shown in Eq. 
(1). Isolation of the pure products, which ranged from 
red to purple in colour, was achieved by chromatogra- 
phy over silica gel using CH2C1 e as an eluent. Typi- 
cally, the yields of 1-3 were of the order of 75-85%. 

Compounds 1-3 were characterized in solution by IR 
and NMR (1H and t3C) spectroscopies. The IR spectra 
of 1-3  exhibit two vCN stretches at ca. 2211 (m) and 
2200 (s) cm -1, which are ascribed to the vibrationally 
coupled asymmetric and symmetric C-=N stretches of 
the coordinated mnt ligand [22], with 3 possessing an 
intense isonitrile stretch at 2179 (vs) cm -1. The NMR 
data for 1-3  are summarized in Table 1. Of interest is 
the relative frequency insensitivity of the 13C chemical 
shifts of the mnt nitrile and olefinic carbons. From 
Table 1 it is seen that the 13C resonances for the nitrile 
carbons and the mnt alkene carbons appear at ca. 6117 
and 123, respectively. These chemical shift assignments 
have been made on the basis of the reported chemical 
shifts of related compounds [18,23] 

EtOH/heat 

2 NaCI 

CN 

1 L = PMe 3 

2 L = PPh 3 

3L=CN-t-Bu 

(1) 

2.2. X-ray diffraction structures of  Cp*Ir(PPh3)(mnt) 
and Cp * Ir(CN-t-Bu) (rant) 

The molecular structures of 2 and 3 were determined 
by X-ray diffraction analysis. Both compounds exist as 
discrete molecules in the unit cell with no unusually 
short inter- or intramolecular contacts. Table 2 lists the 

Table 1 
NMR spectroscopic data for compounds 1-3  

Compound NMR (~)  a 
1H 13 C 

1 1.47 (d, JP-H = 10.6 Hz, PMe 3) 
1.73 (d, JP-H = 2.2 Hz, Cp * ) 

1.42 (d, JP-H = 2.1 Hz, Cp * ) 
7.42 (broad, PPh 3) 

1.46 (Me, t-Bu group) 
1.81 (Cp* ring) 

8.71 (Me, Cp* ) 
13.72 (d, Je-c = 42.3 Hz, PMe 3) 
96.94 (d, JP-c = 3.6 Hz, Cp * ring) 
117.21 (CN) b 
122.98 (mnt C=C) b 
8.26 (Me, Cp * ) 
98.01 (d, JP-c  = 3.3 Hz, Cp* ring) 
116.91 (CN) b 
122.93 (mnt C=-C) b 
127.83 (d, Jv-c = 10.3 Hz, ortho Ph) c 
129.97 (d, JP -c  = 56.6 Hz, P -C  Ph) 
130.76 (para Ph) 
134.68 (d, JP -c  = 8.9 Hz, meta Ph) c 
8.65 (Me, Cp * ) 
31.03 (Me, t-Bu group) 
58.49 (C, t-Bu group) 
97.72 (Cp* ring) 
116.83 (CN) b 
123.22 (mnt C=C) b 

a All NMR spectra were recorded in CDCI 3 at room temperature 
b These rant resonances may be reversed 
c These aryl resonances may he reversed 
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Table 2 
X-ray crystallographic data and processing 
pounds 2 and 3 

parameters for corn- 

2 3 

Space group PI, triclinic P21/n,  monoclinic 

a (,~) 10.4557(8) 8.9609(7) 

b (/k) 10.630(1) 20.343(1) 

c (,~) 14.894(1) 11.9115(9) 
a (deg) 91.382(8) 
/3 (deg) 90.141(6) 94.168(6) 
y (deg) 118.182(7) 

V (,~3) 1468.5(3) 2165.6(3) 
Mol. formula C32H301rN2PS2 CI9H24IrN3S 2 
fw 729.81 550.75 
Formula units per cell (Z) 2 4 
p (g cm- 3 ) 1.662 1.689 
Abs. coeff. (/z) (cm- t ) 47.74 63.33 

A (MoK,~) (,~) 0.71073 0.71073 
Collection range (deg) 2.0 < 20 _< 44.0 2.0 < 20 _< 44.0 
Max. scan time (s) 120 120 
Scan speed range 0.67-8.0 0.67-8.0 

(deg min- ~ ) 
Total no. of data collected 3560 2933 
No. of independent data 3425 2266 

(I  > 3o-(l)) 
R 0.0281 0.0245 
R w 0.0318 0.0279 
Weights [0.04F 2 + [0.04F 2 + 

(o.F2)2] - 1 (o.F)2 ]- I 

X-ray data collection and processing parameters, while 
Tables 3 and 4 give the atomic coordinates and selected 
distances and angles, respectively. 

Fig. 1 shows the ORTEP diagrams of 2 and 3 and 
confirms the six-coordinate geometry about each irid- 
ium centre, assuming that the Cp * ligand functions as a 

three-coordinate ligand. Each compound possesses ide- 
alized C~ molecular symmetry, as is typically found in 
many three-legged piano stool complexes. Both 2 and 3 
have similar Ir-S bond lengths of 2.346 A (ave.) and 
2.351 ,~ (ave.), respectively, in good agreement with the 
existing values in the literature for a wide variety of 
Ir-S sigma bonds [8e,24]. The distance for the Ir-C(21) 
isonitrile bond of 1.931(8) A and the nearly linear 
Ir-C(21)-N(21) bond angle of 175.9(8) ° in 3 agree well 
with analogous lengths and angles reported for other 
iridium isonitrile complexes [25]. In each structure the 
iridium centre is perpendicular to the plane defined by 
the Cp* ring. The bond lengths and angles associated 
with the Cp * and coordinated-mnt ligands in 2 and 3 
are unexceptional with respect to other rant-substituted 
compounds. 

2.3. Electrochemical studies on compounds 1-3 

All cyclic voltammetry studies were conducted at a 
platinum electrode in C H 2 C I  2 and MeCN, which con- 
tained 0.2 M tetra-butylammonium perchlorate (TBAP) 
as the supporting electrolyte. The pertinent electrochem- 
istry data are summarized in Table 5. 

Both phosphine-substituted compounds displayed two 
redox responses, which are assigned to the 0 / +  1 and 
+ 1 / +  2 redox couples. Fig. 2(a) shows the cyclic 
voltammogram for 1 in MeCN solvent. The well-de- 
fined 0 / +  1 redox couple in 1 and 2 can be regarded as 
a fully reversible, diffusion-controlled process on the 
basis of the peak current (I c/I  ) ratios of unity and p p" 
plots of the current func t ion  (Ip) vs. the square root of 
the scan rate (u), which were linear over the scan rate 
range of 0.1-1.0 V s -1 [26]. The one-electron nature of 

A B 

cl s clc!i 2cll ' 
C1241 

N2X 

Fig. 1. ORTEP drawings of the non-hydrogen atoms of (a) Cp* Ir(PPh3Xmnt) and (b) Cp * lr(CN-t-Bu)(mnt). Thermal ellipsoids are drawn at the 
50% probability level. 
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Table 3 
Positional parameters of the non-hydrogen atoms for compounds 2 
and 3 with estimated standard deviations in parentheses a 

Atom x y z B (~2) 

Cp* Ir(PPh3Xmnt) (2) 
lr 0.51083(2) 0.17712(2) 0.23107(2) 2.296(5) 
S(1) 0.4734(1) - 0.0285(2) 0.1489(1) 2.94(3) 
S(2) 0.4693(1) 0.0462(2) 0.3624(1) 3.30(4) 
P 0.7537(1) 0.2424(2) 0.2402(1) 2.53(3) 
N(I1) 0.3776(6) -0.4037(7) 0.1727(6) 5,4(2) 
N(21) 0.3956(7) -0.3106(7) 0.4382(6) 6.4(2) 
C(I) 0.4350(5) -0.1544(6) 0.2322(5) 2.9(1) 
C(2) 0.4386(5) -0.1195(6) 0.3213(5) 3.0(1) 
C(l l)  0.4045(5) -0.2924(6) 0.2012(6) 3.5(2) 
C(21) 0.4136(6) -0.2259(7) 0.3864(6) 4.3(2) 
C(31) 0.5181(5) 0.3695(6) 0.1704(6) 4.0(2) 
C(32) 0.4064(5) 0.2460(7) 0.1266(6) 4.1(2) 
C(33) 0.3009(5) 0.1711(7) 0.1908(6) 3.8(2) 
C(34) 0.3453(5) 0.2460(6) 0.2737(5) 4.2(1) 
C(35) 0.4799(5) 0.3661(6) 0.2618(6) 3.9(2) 
C(I 11) 0.7949(5) 0.1113(6) 0.2937(5) 3.0(1) 
C(112) 0.7908(5) 0.0004(7) 0.2426(6) 3.8(2) 
C(113) 0.8073(6) - 0.1079(7) 0.2823(7) 4.7(2) 
C(114) 0.8307(7) -0.1028(7) 0.3730(7) 5.6(2) 
C(I15) 0.8377(8) 0.0061(9) 0.4229(7) 6.1(2) 
C(116) 0.8203(7) 0.1154(7) 0.3848(6) 4.9(2) 
C(121) 0.8502(5) 0.2668(6) 0.1352(5) 2.8(1) 
C(122) 0.9964(5) 0.2980(7) 0.1371(6) 3.7(2) 
C(123) 1.0719(5) 0.3199(7) 0.0591(6) 4.0(2) 
C(124) 1.0046(6) 0.3103(9) - 0.0220(6) 4.4(2) 
C(125) 0.8621(6) 0.2793(9) - 0.0250(5) 4.2(2) 
C(126) 0.7856(5) 0.2577(7) 0.0534(5) 3.4(2) 
C(131) 0.8596(5) 0.4120(6) 0.3008(5) 2.9(1) 
C(132) 0.9715(6) 0.5290(7) 0.2623(6) 3.7(2) 
C(133) 1.0451(7) 0.6568(8) 0.3083(7) 4.8(2) 
C(134) 1.0092(7) 0.6683(8) 0.3955(7) 5.5(2) 
C(135) 0.8980(7) 0.5552(8) 0.4360(6) 5.0(2) 
C(136) 0.8211(6) 0.4272(7) 0.3881(6) 3.8(2) 
C(311) 0.6414(7) 0.4880(8) 0.1254(9) 7.0(3) 
C(321) 0.3911 (7) 0.2067(9) 0.0287(7) 6.8(2) 
C(331) 0.1600(7) 0.0338(9) 0.1727(9) 7.2(3) 
C(341) 0.2607(8) 0.208(1) 0.3599(8) 8.7(2) 
C(351) 0.5581(7) 0.4852(8) 0.3299(8) 7.8(2) 

Cp* Ir(CN-t-Bu)(mnt) (3) 
lr 0.09224(3) 0.18092(1) 0.05704(2) 3.530(6) 
S(1) 0.0284(2) 0.1577(1) -0.1338(2) 4.38(4) 
S(2) 0.3315(2) 0.1382(1) 0.0331(2) 4.80(5) 
N(3) 0.1832(9) 0.0728(4) -0.3762(6) 7.1(2) 
N(4) 0.5306(8) 0.0380(4) -0.1666(7) 6.9(2) 
N(21) 0.1786(8) 0.3222(3) -0.0024(6) 5.6(2) 
C(1) 0.1869(8) 0.1149(3) -0.1721(6) 3.7(2) 
C(2) 0.3103(8) 0.1056(4) -0.1019(6) 3.9(2) 
C(3) 0.1832(9) 0.0906(4) -0.2861(7) 4.7(2) 
C(4) 0.4320(9) 0.0676(4) - 0.1383(7) 4.6(2) 
C(11) 0.1019(9) 0.1539(5) 0.2353(6) 4.9(2) 
C(12) 0.0087(8) 0.2117(4) .0.2185(6) 4.4(2) 
C(13) -0.1145(8) 0.1947(4) 0.144l(6) 4.3(2) 
C(14) -0.1055(8) 0.1250(4) 0.1185(6) 4.3(2) 
C(15) 0.0266(9) 0.1007(4) 0.1728(6) 4.6(2) 
C(21) 0.1503(9) 0.2688(4) 0.0169(7) 4.9(2) 
C(22) 0.216(1) 0.3902(4) - 0.0221(7) 5.0(2) 
C( l l l )  0.240(1) 0.1465(7) 0.3137(8) 8.6(3) 
C(121) 0.040(1) 0.2761(5) 0.2752(8) 7.7(3) 
C(131) -0.246(1) 0.2390(5) 0.1118(9) 7.5(3) 
C(141) -0.222(I) 0.0880(6) 0.0498(8) 7.4(3) 
C(151) 0.077(1) 0.0306(5) 0.1745(9) 7.6(3) 

Table 3 (continued) 

Atom x y z B (,~2) 

C(221) 0.129(2) 0.413(1) -0.129(2) 7.3(5) * 
C(222) 0.189(2) 0.429(1) 0.083(2) 6.6(5) * 
C(223) 0.393(2) 0.387(1) - 0.044(2) 6.6(4) * 
C(224) 0.093(4) 0.429(2) 0.031(3) 5.4(8) * 
C(225) 0.185(3) 0.398(2) - 0.159(3) 4,4(6) * 
C(226) 0.375(5) 0.405(2) 0.019(3) 6.9(9) * 
C(227) 0.071(4) 0.422(2) - 0.081(3) 5.6(8) * 
C(228) 0.270(4) 0.421(2) 0.099(7) 5.0(7) * 
C(229) 0.345(4) 0.396(2) - 0.090(3) 6.2(8) 

Starred atoms were refined isotropically. Anisotropically refined 
atoms are given in the form of the isotropic equivalent displacement 
parameter defined as: (4/3)[a2B(1,l) + b2B(2,2) + c2B(3,3) + 
ab(cos 7) B(1,2) + ac(cos /3 )B(1,3) + bc(cos a )B(2,3) 

the oxidation in these compounds was also demon- 
strated by calibration of the peak current (L~) against 
[Cp2Co][PF 6 ] and rotating disc electrode (RD[~) voltam- 

A 

20 pA 

B 

c / 
I 0.4 m A ~  

I I I I 1.2 0.4 

Potential (Volts) 
Fig. 2. Anodic scan cyclic voltammograms of ca. 1)<10 -3 M 
Cp* Ir(PMe3Xmnt) at room temperature containing 0.2 M TBAP at 
0.5 V s 1 in (a) MeCN and (b) CH2C12, and (c) rotating disc 
electrode voltammogram of ca. 1 × 10 -s M Cp* Ir(PM%)(mnt) at 
room temperature in MeCN containing 0.25 M TBAP at 0.05 V s-1. 
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metry (vide infra). Analogous behaviour for the 0 / +  1 
redox couple in C H z C I  2 solvent was observed. 

The second oxidation step in 1 and 2 is highly 
dependent on the nature of the solvent, as the + 1 / +  2 
redox couple is best considered as quasi-reversible in 
MeCN solvent, on the basis of current ratios of the 
order of 0.90 at 0.5 V s - l .  By comparison, the same 
redox couple is completely irreversible in CH2C12, as 
evidenced by the absence of a well-defined reverse 
couple. In the case of 1, there is an irreversible adsorp- 
tion of the transient dication [Cp* Ir(PMe3)(mnt)] 2+ on 
the platinum electrode. The initial scan cyclic voltam- 

mogram of 1 in C H 2 C I  2 showing this adsorption can be 
seen in Fig. 2(b). 

The isonitrile-substituted compound 3 exhibits a re- 
versible 0 / +  1 redox couple in both of the solvents 
e x a m i n e d  (Ew2 '~0.55 g ) ,  which suggests that the 
resulting one-electron oxidation product is similar in 
this family of compounds. However, a major difference 
that does exist between 3 and the phosphine-substituted 
compounds 1 and 2 is the presence of two irreversible 
oxidation waves at Ep~ ~ 1.23 V and Ep~ ~ 1.37 V. 
Increased scan rates (5 V s -1) and lowered tempera- 
tures did not lead to any significant improvement in the 

Table 4 
Selected bond distances (,~) and angles (deg) in Cp* Ir(PPh3Xmnt) and Cp* Ir(CN-t-Bu)(mnt) " 

Cp* Ir(PPh3)(mnt) (2) 
Bond distances 

lr-S(1) 2.343(2) Ir-S(2) 
Ir-P 2.298(1) Ir-C(31) 
It-C(32) 2.226(8) Ir-C(33) 
It-C(34) 2.262(7) Ir-C(35) 
S(1)-C(1) 1.752(7) S(2)-C(2) 
P-C(111 ) 1.839(7) P-C(121) 
P - C(131 ) 1.822(6) N(11 ) - C(1 l ) 
N(21)-C(21 ) 1.15(1) C(1)-C(2) 
C(1)-C(11) 1.411(9) C(2)-C(21) 
C(31)-C(32) 1.421(8) C(31)-C(35) 
C(32)-C(33) 1.406(9) C(33)-C(34) 
C(34)-C(35) 1.399(6) Ir-Cp * (centroid) 

Bond angles 
S(1 )- Ir-S(2) 88.20(6) S(1)-Ir-P 
S(2)-Ir-P 90.33(6) Ir-S(1)-C(1) 
lr-S(2)-C(2) 102.5(3) S(1)-C(1)-C(2) 
S(1)-C(1)-C(I 1) 115.6(6) C(2)-C(1)-C(11) 
S(2)-C(2)-C(1) 124.2(5) S(2)-C(2)-C(21) 
C(1)--C(2)-C(21) 119.0(6) N(11)-C(I 1)-C(1) 
N(21)-C(21 )-C(2) 179.0(8) 

Cp* lr(CN-t-Bu)(mnt) (3) 
Bond distances 
Ir-S(1) 2.352(2) lr-S(2) 
Ir-C(11) 2.189(7) Ir-C(12) 
Ir-C( 13 ) 2.206(7) lr-C(14) 
lr-C( 15 ) 2.241(8) Ir-C(21) 
S(1)--C(1) 1.754(7) S(2)-C(2) 
N(3)-C(3) 1.13(1) N(4)-C(4) 
N(21)-C(21) 1.14(1) N(21)-C(22) 
C( 1 ) -C(2) 1.35(1) (2(1)-(2(3) 
C(2)-C(4) 1.43(1) C(11)-C(12) 
C(I 1)-C(15) 1.45(1) C(12)-C(13) 
C(13)-C(14) 1.45(1) C(14)-C(15) 
Ir-Cp* (centroid) 1.88(1) 

Bond angles 
S( 1 )-Ir-S(2) 88.20(7) S( 1 )-Ir-C(21) 
S(2)-Ir-C(21) 92.8(3) Ir-S(1)-C(1) 
Ir-S(2)-C(2) 102.4(3) C(21)-N(21)-C(22) 
S( t )-C( 1 )-C(2) 123.4(6) S( 1 )-C( 1 )-(2(3) 
C(2)-C(1)-C(3) 119.8(7) S(2)-C(2)-C(1) 
S(2)-C(2)-C(4) 116.9(5) C(1)-C(2)-C(4) 
N(3)-C(3 )-C(1) 178.1(9) N(4)-C(4)-C(2) 
Ir-C(21)-N(21) 175.9(8) 

2.349(2) 
2.224(7) 
2.245(6) 
2.218(7) 
1.730(7) 
1.819(7) 
1.15(1) 
1.36(1) 
1.44(1) 
1.42(1) 
1.41(1) 
1.886(7) 

88.85 (5) 
103.1(2) 
121.9(5) 
122.6(7) 
116.7(6) 
177.2(9) 

2.350(2) 
2.205(8) 
2.271(8) 
1.931(8) 
1.737(8) 
1.14(1) 
1.45(1) 
1.44(1) 
1.45(1) 
1.41(1) 
1.40(1) 

89.9(2) 
101.9(2) 
177.7(8) 
116.8(5) 
123.3(6) 
119.7(7) 
179.0(8) 

a Numbers in parentheses are estimated standard deviations in the least significant digits 
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Table 5 
Cyclic voltammetric 
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data for compounds 1-3  a 

Compound Redox couple b 

0/+1 +1/+2  O/-lC 

Ep. Epc ip~-/ip,, El/2 Ep,, Epc ip.-/ip. El/2 Epc 
1 (MeCN) 0.51 0.43 1.0 0.47 1.23 1.15 0.90 1.19 -2 .21  
1 (CHeCI 2 ) 0.54 0.46 1.0 0.50 1.23 c _ _ d 
2 (MeCN) 0.50 0.43 1.0 0.47 1.26 1.19 0.91 1.23 - 2.11 
2 (CH2CI 2) 0.60 0.53 1.0 0.57 1.39 c _ _ d 
3 (MeCN) e 0.56 0.48 1.0 0.52 1.21 c _ - - 2.00 
3 (CH 2C12 ) f 0.62 0.54 1.0 0.58 1.25 c _ _ a 

a All cyclic voltammograms were recorded at room temperature in solutions containing 0.2 M TBAP at a scan rate of 0.5 V s -  ~. Potentials are in 
volts relative to a silver wire quasi-reference electrode calibrated against added [Cp2Co][PF 6] 
b Ep. and E #  refer to the anodic and cathodic peak potentials for a given redox couple 
c No reverse redox couple was observed 
o Reduction wave outside the solvent window 
e An additional redox response at Ep. = 1.34 V was observed 
f An additional redox response at Ep. = 1.39 V was observed 
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Fig. 3. CACAO drawings of the LUMO (left side) and the HOMO (right side) of (a) Cplr(PH3)(mnt) and (b) Cplr(CNH)(mnt). 
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stability of the + 1 / +  2 redox couple in 3. This trend is 
consistent with a greater destabilization of the + 1 / +  2 
redox couple by the ancillary isonitrile ligand, as it is 
known that isonitriles are stronger 7r acceptors relative 
to alkyl- and arylphosphines [27]. 

Compounds 1-3 all reveal the presence of an irre- 
versible reduction wave in MeCN solvent at ca. -2 .1  V 
(see Table 5). The reduction remained irreversible under 
a variety of conditions (i.e. fast scan rates and reduced 
temperatures) and was not examined further. 

The electron stoichiometry associated with the 0 / +  1 
redox couple was also explored at a platinum electrode 
by rotating disc voltammetry (RDE) in MeCN solvent 
containing 0.25 M TBAP. In each case, the half-wave 
potential obtained from the RDE experiment agreed 
well with the data obtained from cyclic voltammetry. 
Nernstian behaviour was observed for all of the 0 / +  ! 
redox couples in 1-3, on the basis of the data obtained 
from plots of E vs. log[(i d - i ) / i] .  Such plots afforded 
slopes of the order of 60 mV, consistent with a re- 
versible one-electron transfer. Treatment of the same 
RDE data using Tomes' reversibility criterion (I E3,4 - 
E1/41) gave values of 60-65 mV for 1-3 [281, in 
excellent agreement with the potential/current plots. 
The RDE for I is shown in Fig. 2(c), where near 
identical limiting currents (i d) are seen for both oxida- 
tion couples. 

I 
L j l r++ 

L ~  

L'4" 

J 
x 

L U M O  

iii 
Fig. 4. Qualitative molecular orbital diagram for Cplr(L)(mnt) show- 
ing selected valence orbital interactions. 

2.4. Extended Hi~ckel molecular orbital calculations 

The orbital composition of the HOMO and LUMO in 
1-3 was established by extended Hfickel molecular 
orbital calculations, using the model phosphine and 
isonitrile compounds CpIr(PH3)(mnt) and CpIr(CNH) 
(mnt). Fig. 3 shows the three-dimensional CACAO 
drawings of these orbitals along with their respective 
energies [29]. 

The HOMO in each compound may be described as 
being derived from an out-of-phase overlap of iridium 
dyz (30%) and sulphur (38%) pz orbitals. This type of 
orbital interaction (i.e. filled-filled 7r interaction) has 
been previously observed find discussed by Enemark for 
the dithiol complex CpMo(NO)(SH) 2 [30]. The qualita- 
tive molecular orbital diagram in Fig. 4, which was 
constructed from the known fragment [Cp* IrL] 2+ and 
rant 2- [31], illustrates this interaction and shows se- 
lected interactions of the important valence orbitals of 
each fragment. Clearly observed in the MO diagram is 
the two-below-one pattern from the remnant t2g orbitals 
that gives the dTr orbitals (dxz and dyz) involved in 
iridium dTr-sulphur pTr overlap [30]. The MO diagram 
reveals that the LUMO in Cp*Ir(PH3)(mnt) and 
Cp* Ir(CNH)(mnt) is composed of an overlap of pz 
orbitals derived from the rant ligand (98%), with a 
minor contribution from the iridium dxz orbital. The 
metal-sulphur overlap in the LUMO is antibonding, 

with the mnt 7r level being slightly destabilized by the 
lower-lying metal orbitals. 

3. Conclusions 

The mnt-substituted iridium complexes Cp* Ir(L) 
(mnt) have been synthesized and characterized in solu- 
tion by IR and NMR spectroscopies and by X-ray 
crystallography in the case of the PPh 3 and CN-t-Bu 
derivatives. The electrochemical properties of 1-3 have 
been examined by cyclic and rotating disc electrode 
voltammetric techniques. Extended Hiickel MO data 
have allowed for the determination of the HOMO and 
LUMO in these complexes. 

4. Experimental  section 

The starting materials disodium maleonitriledithiolate 
[21] and the cyclopentadienyl complexes Cp* Ir(L)C12 
[20] were prepared by using known literature proce- 
dures. The EtOH employed in the synthesis of 1-3 was 
degassed immediately before use with argon. The tetra- 
n-butylammonium perchlorate (caution: strong oxidant) 
used in the CV and RDE studies was purchased from 
Johnson Matthey Electronics and recrystallized from 
ethyl acetate/petroleum ether, after which it dried un- 



68 K. Yang et al. /Journal of Organometallic Chemistry 495 (1995) 61-69 

der vacuum for 2 days. The microanalyses were per- 
formed by Atlantic Microlab, Atlanta, GA. 

All infrared spectra were recorded on a Nicolet 20 
SXB FT-IR spectrometer in 0.1 mm NaCI cells. The 1H 
and ~3C NMR spectra were recorded on a Varian 200 
VXR spectrometer at 200 and 50 MHz, respectively. 

4.1. Synthesis of Cp* Ir(PMe3)(mnt) 

Since all of the procedures were carried out in an 
identical fashion, only the synthesis for Cp* Ir(PMe 3) 
(mnt) will be described in detail. To 0.10 g (0.21 mmol) 
of Cp*Ir(PMe3)C12 and 43.0 mg (0.23 mmol) of 
Na2mnt in a Schlenk tube was added degassed EtOH 
(ca. 50 ml), after which the reaction was heated for 
several hours at 45°C. TLC analysis using CH2C12 as 
the eluent revealed a slow-moving spot having an Rf 
value of 0.27. This material was next isolated by prepar- 
ative column chromatography over silica gel using the 
same solvent as the TLC. Recrystallization of the crude 
product from CH2C12/pentane afforded analytically 
pure 1 as a red solid. Yield: 0.09 g (79%). IR (CH2C12): 
2211 (m, CN), 2200 (s, CN) cm -1. Anal. Found C, 
37.46; H, 4.40. C17H24IrN2PS2 calcd: C, 37.55; H, 
4.45. 

4.2. Cp* Ir(PPhs)(mnt) 

The sample was isolated in manner as described 
above for 1, and recrystallization from CH 2 CI 2/pentane 
afforded the analytical sample and single crystals of 2 
suitable for X-ray diffraction analysis. Yield: 0.13 g 
(85%). IR (CH2C12): 2212 (m, CN), 2200 (s, CN) 
cm -1. Anal. Found C, 52.43; H, 4.09. C32H30IrNzPS2 
calcd: C, 52.66; H, 4.14. 

4.3. Cp* Ir(CN-t-Bu)(mnt) 

The sample was isolated in an analogous fashion and 
recrystallized from CH2Cl2/pentane, which gave ana- 
lytically pure 3 and crystals suitable for X-ray diffrac- 
tion analysis. Yield: 0.09 g (78%). IR (CH2C12): 2212 
(m, CN), 2201 (s, CN), 2179 (vs, CN-t-Bu) cm -l.  Anal. 
Found C, 41.39; H, 4.32. C19H24IrN3S 2 calcd: C, 41.42; 
H, 4.36. 

4.4. X-ray diffraction structure for Cp*Ir(PPh3)(mnt) 

A purple crystal of dimensions 0.08 × 0.42 × 0.57 
mm 3 was sealed inside a Lindemann capillary and then 
mounted on an Enraf-Nonius CAD-4 diffractometer. 
Cell constants were obtained from a least-squares re- 
finement of 25 reflections with 2 0 > 36 °. Intensity data 
in the range 2.0 ~< 20~< 44 ° were collected at room 
temperature using the 0 /20  scan technique in the vari- 
able-scan mode and were corrected for Lorentz, polar- 

ization and absorption (DIFABS). Three reflections 
(800, 080, 004) were measured after every 3600 s of 
exposure time in order to monitor crystal decay ( < 1%). 
The structure was solved by using standard Patterson 
techniques, which revealed the position of the iridium 
atom. All remaining non-hydrogen atoms were located 
with difference Fourier maps and full-matrix least- 
squares refinement and refined anisotropically. Refine- 
ment converged at R = 0.0281 and R w = 0.0318 for 
3425 unique reflections with I > 3o"(1). 

4.5. X-ray diffraction structure for Cp* Ir(CN-t-Bu)(mnt) 

A red crystal of Cp * Ir(CN-t-Bu)(mnt) of dimensions 
0.05 × 0.22 X 0.54 mm 3 was prepared as discussed for 
2. Cell constants were obtained from a least-squares 
refinement of 25 reflections with 20 > 40 °. Intensity 
data in the range 2.0 ~< 2 0 ~< 44 ° were collected at room 
temperature using the w scan technique in the variable- 
scan speed mode and were collected for Lorentz, polar- 
ization and absorption (DIFABS). Three reflections 
(600, 0140, 008) were measured after every 3600 s of 
exposure time in order to monitor crystal decay ( < 1%). 
The structure was solved by using standard Patterson 
techniques, which revealed the position of the iridium 
atom. All remaining non-hydrogen atoms were located 
with difference Fourier maps and full-matrix least- 
squares refinement. With the exception of the t-butyl 
carbons, all non-hydrogen atoms were refined anisotrop- 
ically. Refinement converged at R = 0.0245 and R w = 
0.0279 for 2266 unique reflections with I > 3o"(1). 

4.6. Electrochemical studies 

Cyclic and rotating disc electrode voltammograms 
were obtained with a PAR Model 273 potentiostat/ 
galvanostat, equipped with positive feedback circuitry 
to compensate for IR drop. The cell used in the CV 
studies was of airtight design and based on a three-elec- 
trode configuration. All CV experiments employed a 
platinum disc (area = 0.0079 cm 2) as the working and 
auxiliary electrode. The RDE studies were recorded in a 
Vacuum Atmospheres Dribox at room temperature us- 
ing a PAR Model 616 RDE unit. The working electrode 
consisted of a commercially available platinum disc 
electrode (area = 0.126 cm2). All voltammograms (CV 
and RDE) utilized a silver wire quasi-reference elec- 
trode, and all potential data are referenced relative to 
the formal potential of the Cp2Co+/CP2Co (internally 
added) redox couple, taken to have E~/2 = -1.00 V 
[32]. 

4. 7. Extended Hiickel molecular orbital calculations 

The extended Hiickel calculations reported here were 
carried out with the original program developed by 
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Hoffmann [33], as modified by Mealli and Proserpio 
[29]. 

5. Supplementary material available 

Listings 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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