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Abstract: Reaction of the diiodo complex [Ir2I2(CO)(M-CO)(dppm)2] (1; dppm = Ph2PCH2PPh2) with oxygen gives 
an unusual peroxo-bridged complex, [Ir2I2(CO)2(M-O2HdPPm)2] (2), in which the bridging dioxygen group is accompanied 
by a metal-metal bond. The reactivity of this species has been investigated. Thus, reaction of SO2 with 2 yields the 
sulfate-bridged compound [Ir2I2(CO)2(M-S04)(dppm)2] (3), which is also produced in the reaction of 2 with CuSO4 
and in the protonation of 2 with H2SO4, with release of H2O2. Reaction of 2 with NO2 and NO affords the nitrate-
and nitrosyl-bridged compounds [Ir2I2(CO)2(M-X)(dppm)2] [NO3] (X = NO3 (4a); NO (5)), respectively. The reaction 
with CO in CH2C12/CH30H yields two compounds together with CO2. One of the species is identified as [Ir2(CO)2-
(M-CO)(M-I)(dppm)2] [I], while the other one is shown to be a dioxygen compound, [Ir2I2(CO)2(M-CO)Oi-O2XdPPm)2] 
(6), formed via formal CO insertion into the Ir-Ir bond of 2. In contrast, isocyanides (RNC; R = 'Pr, 1Bu) are not 
oxidized by 2; instead the hydroxide-bridged methoxycarbonyl species [Ir2(C02CH3)(RNC)3(M-CO)(M-OH)(dppm)2] [I]2 
(R = 'Pr (7); 1Bu (8)) are obtained through involvement of the methanol solvent. Reaction of 2 with HCl yields two 
tetrahalide isomers [Ir2Cl2I2(CO)2(dppm)2] (9a,b). Attempted reactions with NO+, HBF4-OEt2, and CH3SO3CF3 
gave rise to the hydroxide-bridged complex [Ir2I2(CO)2(M-OH)(dppm)2]

+ (10), through involvement of adventitious 
water; although under dry conditions, reaction with NO+ yields 4, with the appropriate anion. The structures of 2 and 
6 have been determined by X-ray crystallography. Complex 2 crystallizes in the tetragonal space group P4i2|2 with 
a = 14.647(2) A, c = 27.973(4) A, V= 6001(1) A3, and Z = 4 and has refined to R = 0.061 and Rv = 0.093 on the 
basis of 3585 observations and 169 parameters varied. Complex 6 crystallizes in the orthorhombic space group Pna2\ 
with a = 30.110(8) A, b = 15.678(6), c = 12.020(6) A, V = 5674(7) A3, and Z = 4 and has refined to R = 0.056 
and Rw = 0.064 on the basis of 2598 observations and 328 parameters varied. 

Introduction 

The enormous interest in transition-metal dioxygen complexes 
over the past half century13 has stemmed in a large part from 
the importance of dioxygen complexation to biological systems2 

and from the involvement of such complexes in the catalytic 
oxidation of organic substrates.3 In the large number of dioxygen 
complexes known, the O2 ligand has demonstrated a variety of 
coordination modes (a-f). Although most species fit into the 
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first four types, as classified by Vaska in 1976,ld a few examples 
of structural types e4 and P are also known. 
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With the exception of cobalt, for which a large number of 
binuclear complexes is known,1M most studies have dealt with 
mononuclear O2 species. As part of a continuing study on the 
activation of small molecules by binuclear complexes, we 
discovered that the electron-rich complex [Ir2I2(CO)(M-CO)-
(dppm)2] (dppm = Ph2PCH2PPh2) formed a novel dioxygen 
adduct in which the dioxygen coordination mode did not belong 
to one of those previously noted (a-f). Instead a new bonding 
mode (g) was observed, in which the bridging peroxo moiety was 
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accompanied by a metal-metal bond.7 It was therefore of interest 
to investigate the reactivity of this new structural class. In this 
paper we present the complete details of the structural deter
mination of [Ir2^(CO)2(M-O2XdPPm)2] and a description of its 
chemistry. A preliminary report of some of this work has 
appeared.7 

Experimental Section 

All solvents were dried and distilled before use. Reactions were 
performed with use of standard Schlenk procedures unless otherwise noted. 
Dinitrogen was passed through columns of Ridox and type 4A molecular 
sieves before use, to remove traces of oxygen and water, respectively. 
Hydrated iridium(IIl) chloride was purchased from Johnson Matthey; 
NOBF4, NOPF6, CH3SO3CF3, and bis(diphenylphosphino)methane 
(dppm) were obtained from Aldrich, and /-propyl isocyanide and tert-
butyl isocyanide from Strem. The 99% carbon-13-enriched carbon 
monoxide was obtained from lsotec Inc. The compound [Ir2I2(CO)(M-
C0)(dppm)2] (1) was prepared as previously reported.8 

The 1H, 1H(31Pi, 31P(1Hj, and 13Cj1H) NMR spectra were recorded 
on a Bruker AM-400 spectrometer, and infrared spectra were run on 
either a Nicolet 7199 Fourier transform interferometer or a Perkin-
Elmer 883 spectrophotometer, either as solids (Nujol mulls on KBr disks) 
or solutions (KCl windows, 0.5-mm path length) unless otherwise 
indicated. Spectral parameters for the compounds prepared are found 
in Table I. Conductivity measurements were carried out on a Yellow 
Springs Instruments Model 31 conductivity bridge, with solutions of 
approximately 10 3M concentration. Elemental analyses were performed 
by the microanalytical service within the department. 

(a) Preparationof[Ir2I2(CO)2(M-O2XdPPm)2](2). A CH2Cl2solution 
of [Ir2I,(CO)(M-CO)(dppmh] (1) (100 mg, 0.078 mmol, in 25 mL) was 
stirred in a flask open to air for several hours, during which time a dark-
purple microcrystalline solid precipitated. The red-orange solution was 
transferred to another flask, while the purple solid was washed with two 
5-mL portions of CH2Cl2 and the washings added to the mother liquor. 
The solution was again stirred for several hours and a second crop of the 
purple solid collected in the same manner as the first. This process was 
repeated several times, ultimately yielding compound 2 in about 70% 
yield. The compound could also be prepared by passing dioxygen through 
the solution. Anal, calcd for Ir2I2P4O4C52H44: C, 41.78, H, 2.97. 
Found: C, 41.44; H, 2.91. 

(b) Reaction of 2 with SO2. Sulfur dioxide was passed through a 
CH2Cl2 suspension of 2 (60 mg, 0.040 mmol, in 10 mL) at a rate of ca. 
0.2 mL/s, causing an immediate color change from dark purple to bright 
yellow. After being stirred for an additional 0.5 h, the solution was 
concentrated to ca. 2 mL followed by addition of 10 mL of diethyl ether, 
resulting in the precipitation of [Ir2I2(CO)2(M-S04)(dppm)2]-CH2Cl2 (3) 
as a yellow-orange solid (95% yield). Anal, calcd for Ir2I2Cl2-
SP4O6C53H46: C, 38.72; H, 2.82; I, 15.43; S, 1.95. Found: C, 38.48; H, 
2.86; I, 15.13; S, 2.47. 

(c) Reaction of 2 with H2SO4. To a CH2Cl2 suspension of 2 (60.0 mg, 
0.040 mmol, in 10 mL) was added 1 equiv of H2SO4 (1.1 ^L in 3 mL 
of CH3OH), causing an immediate color change to yellow-orange. The 
solution was stirred for 0.5 h, and the solvents were then removed under 
vacuum. The resultant product was spectroscopically identified as 3 
(90% yield). 

(d) Reaction of 2 with CuSO4. The procedure was the same as in c, 
except 1 equiv of CuSO4 was used. Compound 3 was isolated in 85% 
yield. 

(e) Reaction of 2 with NO2. The procedure was the same as in b, 
except that 2 equiv of NO2 was used. An immediate color change to 
orange was observed. The product [Ir2I2(CO)2(M-N03)(dppm)2]-
[N03]-CH2C12 (4a) was isolated as yellow microcrystals in 70% yield 
and was determined to be a 1:1 electrolyte in CH3NO2 (A = 81.1 ft~' cm2 

mol '). Anal, calcd for Ir2I2Cl2P4O8N2C53H46: C, 37.35; H, 2.66; N, 
1.68. Found; C, 37.67; H, 2.78; N, 1.67. 

(7) Vaartstra, B. A.; Xiao, J.; Cowie, M. J. Am. Chem. Soc. 1990, 112. 
9425. 

(8) Vaartstra, B. A.; Xiao, J.; Jenkins, J. A.; Verhagen, R.; Cowie, M. 
Organometallics 1991, 10, 2708. 

(f)Preparationof[Ir2I2(CO)2<M-N03)(dppm)2IBF4](4b). ToaCH2-
Cl2 solution of 4a (79.0 mg, 0.050 mmol, in 10 mL) was added 55.0 mg 
of NaBF4 (0.50 mmol, in 3 mL of CH3OH). The mixture was stirred 
for 0.5 h followed by filtration. Concentration of the solution followed 
by washing with distilled water and addition of diethyl ether resulted in 
the isolation of 4b in ca. 90% yield. Anal, calcd for Ir2I2P4F4O5NC52-
BH44: C, 38.75; H, 2.75; N, 0.87; I, 15.75. Found: C, 39.09; H, 2.67; 
N, 0.99; I, 16.07. 

(g) Reaction of 2 with NO. Nitric oxide was placed over a CH2Cl2 

suspension of 2 (60.0 mg, 0.040 mmol, in 1OmL), causing the formation 
of a deep-orange solution in ca. 15 min. The solution was stirred for an 
additional 0.5 h, the volume was then reduced to ca. 2 mL, and a yellow-
orange solid was precipitated upon addition of diethyl ether (75% yield). 
The product, [Ir2I2(CO)2(M-NO)(dppm)2] [NO3] (5), was determined to 
be weakly conducting in CH2Cl2 (A = 29.6 $]-' cm2 mol~') but a normal 
1:1 electrolyte in CH3NO2 (A = 78.7 Q-] cm2 mol1). Anal, calcd for 
Ir2I2P4O6N2C52H44; C, 40.16; H, 2.86; N, 1.80; 1, 16.32. Found: C, 
39.79; H, 3.08; N, 1.82; I, 16.81 

(h) Reaction of 2 with CO. A stream of CO was passed through a 
CH2Cl2/CH3OH (30 mL, 5:1) suspension of 2 (100.0 mg, 0.067 mmol) 
for 4 h, during which time a yellow solution was formed. The solvents 
were then removed under vacuum. Crystallization from CH2Cl2/diethyl 
ether afforded two distinctive crystalline solids. The yellow microcrystals 
were spectroscopically identified as [Ir2(CO)2(M-I)(M-CO)(dppm)2][I], 
and the pale-yellow crystals as [Ir2I2(CO)2(M-CO)(M-02)(dppm)2]-2CH2-
Cl2 (6). The two compounds were the only products observed by NMR 
spectroscopy; the relative yields of the two species varied from 1:1 to 1:3. 
Elemental analyses, even on hand-picked crystals of 6, were highly variable 
owing to CH2Cl2 loss. 

(i) Reaction of 2 with 'PrNC. In a typical experiment, 36 ML (0.40 
mmol) of 'PrNC was added to compound 2 (60.0 mg, 0.040 mmol) in 25 
mL of CH2Cl2/CH3OH (5:1). A yellow solution was formed in ca. 5 h; 
concentration of the solution followed by addition of diethyl ether 
precipitated [Ir2(C02CH3)(CN'Pr)3(M-CO)(M-OH)(dppm)2][I]2 (7) 
as a yellow crystalline solid (50% yield). Anal, calcd for 
Ir2I2P4O4N3C65H69: C, 45.43; H, 4.06; N, 2.45. Found: C, 44.88; H, 
4.27"; N, 2.57. 

(j) Reaction of 2 with 1BuNC. The procedure was the same as for 7, 
except 1BuNC was used. The product, [Ir2(CO2CH3)(CN1Bu)3(M-CO)-
(M-OH)(dppm)2][I]2 (8), was isolated from CH2Cl2/diethyl ether as 
yellow crystals (70-75% yield). Anal, calcd for Ir2I2P4O4N3C68H75: C, 
46.39; H, 4.30; N, 2.39. Found: C, 46.68; H, 4.42; N, 2.49. 

(k) Reaction of 2 with Excess HCl. Gaseous HCl was bubbled through 
a CH2Cl2 suspension of 2 (60.0 mg, 0.040 mmol, in 10 mL) for 1 min, 
causing the immediate formation of a yellow solution. After being stirred 
for an additional 0.5 h, the solution was concentrated to ca. 3 mL followed 
by addition of diethyl ether, resulting in the precipitation of [Ir2-
Cl2I2(CO)2(dppm)2]-CH2Cl2 (9a) as a microcrystalline solid (80% yield). 
Anal, calcd for Ir2I2C4P4O2C53H46: C, 36.60; H, 2.67; Cl, 8.16; 1,14.59. 
Found: C, 36.53; H, 2.84; Cl, 8.09; I, 15.56. 

Compound 9a was also produced by reacting the solid 2 with HCl. The 
dark-purple solid immediately turned to orange upon purge with HCl. 

(1) Reaction of 2 with 2 equiv of HCl. The procedure was the same 
as for 9a, except that only 2 equiv of HCl (2.0 mL, 0.04 mmol) was 
syringed into a CH2Cl2 solution of 2 (60.0 mg, 0.040 mmol, in 20 mL). 
Isomer 9b, [Ir2Cl2I2(CO)2(dppm)2], was obtained as a yellow solid 75-
80% yield. Anal, calcd for Ir2I2Cl2P4O2C52H44: C, 40.71; H, 2.90; Cl, 
4.62. Found: C, 40.51; H, 2.95; Cl, 4.59. 

(m) Reaction of 2 with HBF4-OEt2. To a benzene suspension of 2 
(60.0 mg, 0.040 mmol, in 10 mL) was added I equiv of HBF4-OEt2 (5.7 
ML) . The mixture was stirred overnight, during which time the suspension 
turned to orange. Concentration followed by addition of diethyl ether 
afforded [lr2I2(CO)2(M-OH)(dppm)2] [BF4] (10a) as a yellow solid. 

(n) Attempted Reaction of 2 with CH3SO3CF3. The procedure was the 
same as for 10a, except that 2 equiv of CH3SO3CF3 (ca. 9 ixL) was used, 
yielding [Ir2I2(CO)2(M-OH)(dppm)2][SO3CF3] (10b). 

(0) Attempted Reaction of 2 with NOBF4. To a mixture of 2 (100.0 
mg, 0.67 mmol) and NOBF4 (7.8 mg, 0.67 mmol) was added 10 mL of 
CH2Cl2. The mixture was stirred for ca. 3 h, during which time an 
orange solution was formed. Compound 10a was obtained as a yellow 
solid in 85% yield. 

The same compund was also produced in the presence of water. The 
procedure was the same as above except that, following addition of CH2-
Cl2, ca. 4 ML of H2O was added to the mixture. A color change to orange 
was observed in ca. 10 min. 
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Table I. Spectroscopic Data" 

NMR 

compd IR (cm ')* 

2005 (vs) 
1979(st)'' 
2038 (st) 
2026 (st)'' 
1245(w) 
1140(st) 
952 (med) 
800 (wy 

2049 (st, br)'' 
1518 (med) 
1259 (w) 
1040 (w) 
780 (w)« 
1340(vs) 
1023(w) 
700 (w)* 

2048 (vs)'' 
1519 (med) 
1260(w) 
780 (w)« 

2051 (vs) 
2025 (W)" 
1518(s)' 
I340(vs) 
1028 (w) 
700 (w)* 

2048 (st) 
2038 (st) 
1645 (med)" 
3190 (med)* 
2193 (vs) 
2180 (vsy 
1653(st) 
1625(st)'' 
1036 (med)' 

3188 (med)* 
2181 (vs) 
2174 (vsV 
1655(vs) 
1625(vs)'' 
1070 (med)' 
2066 (st) 
2031 (st)'' 
2025 (vs)'' 

3550(w)* 
2064 (st) 
2032 (vs)" 
3550 (w)* 
2063 (st) 
2031 (st)" 
3550 (W)* 
2062 (st) 
2037 (st)" 

5(11PCHI)' 
-24.4 

-17.6 

-20.0 (m) 
-26.1 (m) 

-20.0 (m) 
-26.2 (m) 

-14.3 (s) 

-28.2 

-8.1 (br) 
-11.8 (br) 

-9.1 (br) 
-12.1 (br) 

-13.9 (s) 

-23.0 (s) 

-13.8 (s) 

-13.7(s) 

-13.8 (s) 

(SCHC 

5.30 (m, 2 H ) 
4.02 (m, 2 H ) 
4.92 (m, 4 H ) 

5.91 (m, 2 H ) 
4.40 (m, 2 H) 

5.86 (m, 2 H ) 
4.32 (m, 2 H ) 

5.32 (m, 2 H ) 
4.44 (m, 2 H) 

3.94 (m, 2 H ) 
2.80 (m, 2 H ) 

4.42 (br, 2 H) 
3.58 (br, 2 H ) 
3.31 (spt, 1 H) 
3.23 (spt, 1 H) 
3.18 (spt, 1 H) 
2.60 (s, 3 H ) 
0.82 (d, 6 H) 
0.78 (d, 6 H) 
0.72 (d, 6 H) 
3.50 (br, 4 H ) 
2.58 (s, 3 H) 
0.83 (s, 9 H) 
0.78 (s, 9 H) 
0.75 (s, 9 H) 

4.97 (m, 2 H) 
4.50 (m, 2 H ) 
5.70 (m, 2 H ) 
5.03 (m, 2 H) 
5.20 (m, 2 H) 
4.17 (m, 2 H ) 
3.06 (q, 1 H) 
5.22 (m, 2 H) 
4.21 (m, 2 H ) 
3.07 (q, 1 H) 
5.20 (m, 2 H) 
4.05 (m, 2 H) 
3.00 (q, 1 H) 

[Ir2I2(CO)2(M-02)(dppm)2] (2) 

[Ir,I:(CO):(M-S04)(dppm);] (3) 

[Ir2I2(CO)2(M-N03)(dppm)2] [NO3] (4a) 

[Ir2I2(CO)2(M-N03)(dppm)2][BF4] (4b) 

[Ir2I2(CO)2(M-NOXdPPm)2][NO3](S) 

[Ir2I2(CO)2(M-CO)(M-O2KdPPm)2] (6) 

[Ir2(CN1Pr)3(CO2CH3)(M-CO)(M-OHKdPPm)2][I]2 (7) 

[Ir2(CN'Bu)3(C02CH3)(M-CO)(M-OH)(dppm)2][I]2 (8) 

[Ir2Cl2I2(CO)2(dppm)2] (9a) 

[Ir2Cl2I2(CO)2(dppm)2] (9b) 

[Ir2I2(CO)2(M-OHKdPPm)2][BF4](IOa) 

[Ir2I2(CO)2(M-OH)(dppm)2] [SO3CF3] (10b) 

[Ir2I2(CO)2(M-OH)(dppm)2] [PF6] (10c) 

" Abbreviations used: vs = very strong, st = strong, med = medium, w = weak, m = multiplet, q = quintet, d = doublet, s = singlet, spt = septet. 
* Nujol mull except compounds 1Oa-C, CH^Ch cast. 'Versus 85% H3PO4, 25 0C, in CD,Ck d Versus TMS, 25 0C, in CD,Ck " HCO). / HSO4). 
* H M - N O 3 ) . * HNO3). ' HNO). i HCN). * HOH). ' HC-O). "> See text. 

(p) Reaction of 2 with NOPF6. The procedure was the same as in o, 
except that 1 equiv of NOPFf, was used, and compound 10c was obtained 
as the PF6 salt. 

(q) Reaction of 2 with PPh3. To a mixture of 2 (60.0 mg, 0.04 mmol) 
and PPh3 (5.5 mg, 0.021 mmol) in 10 mL of CH2Cl2 was syringed ca. 
0.5 mL (0.02 mmol) of gaseous HCl. After the reaction mixture was 
stirred for 1 h, the solvent was removed under vacuum. A mixture of 
several species was formed, but the appearance of OPPh3 (ca. 30% yield) 
was confirmed by "P)1 H} NMR (5 27.5) and IR (HP=O) = 1187 cm ') 
spectroscopy. 

X-ray Data Collection, (a) (Ir2I2(CO)2(M-O2XdPPm)2] (2). Dark-
purple crystals of 2 were obtained by slow diffusion of atmospheric oxygen 
intoaCH2Cl2solutionof[Ir2I2(CO)(M-CO)(dppm)2] (1). Although the 

crystals appeared as well-formed tetragonally elongated octahedral prisms, 
most did not diffract well; even the crystal chosen after many recrys-
tallization attempts was of poorer diffraction quality than desired. The 
crystal was wedged into a capillary tube which was flame-sealed. Data 
were collected on an Enraf-Nonius CAD4 diffractiometer at 22 0C using 
Mo K„ radiation. Unit cell parameters were determined from a least-
squares refinement of the setting angles of 25 reflections in the range 
19.9° < 20 < 23.7°. Automatic peak search and reflection indexing 
programs established a tetragonal crystal system. The systematic absences 
(00/, / ^ An: hOO, h ^ 2«) were consistent with the space groups f41212 
and P4y2]2. The former was established as the probable one on the basis 
of a successful refinement of the structure. 

Intensity data were collected by using the $/28 scan technique up to 



Studies of [Ir2I2(CO)2(fi-02)(Ph2PCH2PPh2)2] J. Am. Chem. Soc, Vol. 115, No. 8, 1993 3215 

Table II. Crystallographic Data for [Ir2I2(CO)2(M-02)(dppm): 

and [Ir2I:(CO)2(M-CO)(u-02)(dppm)2]-2CH2Cl: (6) 
(2) 

compd 
formula 
fw 
space group 
temp (0C) 
radiation (X, A) 
cell parameters 

a (A) 
MA) 
c(A) 
V (A') 
Z 
p(calcd) (g cm •') 

no. of unique data colled 
no. of unique data used 
(F0

2 > 3.7(F1,
2)) 

final no. of params 
refined 

R 
R* 

2 
C^H44O4P4I2Ir2 

1495.03 
F4,2,2 
22 

6 
CH 4 SCl 4 CP 4 I 2 I r , 
1692.91 
Pna2\ 
-85 

graphite-monochromated Mo Ka (0.710 69) 

14.647(2) 

27.973(4) 
6001(1) 
4 
1.655 
4751 (hkl) 
3585 

169 

0.061 
0.093 

30.110(8) 
15.678(6) 
12.020(6) 
5674(7) 
4 
1.982 
5407 (hkl) 
2598 

328 

0.056 
0.064 

26 = 50.0°. Backgrounds were scanned for 25% of the peak width on 
either side of the peak scan. Three reflections were chosen as intensity 
standards, being remeasured after every 120 min of X-ray exposure time. 
The mean decrease in the intensity was 11.3%, and a correction was 
applied assuming linear decay. The data were processed in the usual way 
with a value of 0.04 for p to downweight intense reflections,9 and corrections 
for Lorentz and polarization effects and for absorption were applied.10" 
Crystallographic data for 2 are shown in Table II. 

(b) [Ir2I2(CO)2(M-CO)(M-02)(dppni)2]-2CH2Cl2 (6). Yellow crystals 
of 6 were obtained by slow diffusion of ether into a CH2Cl2 solution of 
the compound. A suitable crystal was mounted on a glass fiber with 
epoxy and optically centered in the X-ray beam of an Enraf-Nonius 
CAD4 automated diffractometer. The crystal was cooled to approxi
mately -85 0C, using a cold-air stream apparatus (Air Jet Model XR-
85-1, FTS Systems, Inc.), and all measurements were made at this 
temperature using Mo K11 radiation. The unit cell parameters were 
obtained at -85 0C from a least-squares refinement of the setting angles 
of 25 reflections in the range 13.5° < 26 < 20.6°. The automatic peak 
search and reflection indexing programs generated an orthorhombic cell. 
The systematic absences (OkI, k + I = odd; hOl, h = odd) led to the choice 
of space group as Pna2\ or Pnam (a nonstandard setting of Pnma). Pna2\ 
was established as the probable one on the basis of the successful refinement 
of the structure. 

Intensity data were collected using the 6/26 scan technique to a 
maximum 26 = 50°. Backgrounds were measured by extending the scan 
by 25% on each side of the calculated range. One reflection was chosen 
as a standard reflection, being remeasured at 120-miri intervals of X-ray 
exposure time. The intensity of this reflection was found to fluctuate 
about its mean, suggesting movement of the crystal in the cold stream, 
but otherwise no decrease was noted; therefore no decay correction was 
applied. The data were processed in the usual way with a value of 0.04 
used for p to downweight intense reflections.' Corrections for Lorentz 
and polarization effects and for absorption, using the method of Walker 
and Stuart, were applied to the data.10" Crystallographic data for 6 are 
shown in Table II. 

Structure Solution and Refinement. Both structures were solved in the 
respective space groups (F4|2|2 for 2, Pna2\ for 6) by using direct 
methods.': The remaining non-hydrogen atoms were located in subsequent 
difference Fourier maps. Full-matrix least-squares refinements proceeded, 
minimizing the function Iw(|F0 | - |FJ)2, where w = 4F0-/(a

2(F0
2)). Atomic 

scattering factors and anomalous dispersion terms were taken from the 
usual tabulations.'•' l? Positional parameters for the hydrogen atoms 

(9) Doedens, R. J.; lbers, J. A. lnorg. Chem. 1967, 6, 204. 
(10) Walker,N.;Stuart, D. ActaCrystallogr.,Sect. A: Found. Crystallogr. 

1983, A39. 158. 
(11) Programs used were those of the Enraf-Nonius Structure Determi

nation Package, in addition to local programs by R. G. Ball. 
(12) Germain, G.; Main, P.; Woolfson, M. M. Acta Crystallogr. A 1971, 

27. 368. 
(13) Cromer, D. T.; Waber, J. T. International Tables for Crystallography: 

Kynoch Press: Birmingham, England, 1974; Vol. IV, Table 2.2A. 
(14) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys. 1965, 

42, 3175. 
(15) Cromer, D. T.; Liberman, D. J. Chem. Phys. 1970. 53, 1891. 

were calculated from the geometries of their attached carbon, using C-H 
distances of 0.95 A. All hydrogen atoms were included in the calculations 
with fixed thermal parameters 1.2 times those of the attached atoms and 
were constrained to ride on the attached atoms. 

The final model for complex 2, with 169 parameters varied, converged 
to values of R = 0.061 and R» = 0.093. Attempts to refine in the 
enantiomorphic space group F4?2|2 resulted in higher residuals of R = 
0.080 and /?» = 0.115, suggesting that F4|2|2 was the correct choice. In 
the final difference Fourier map, the 10 highest peaks were in the range 
1.788-1.188 e/A-1 and were primarily located near the phenyl carbon 
atoms. The final model for complex 6, with 328 parameters varied, 
converged to values of R = 0.056 and R*. = 0.064. The 10 highest peaks 
in the final difference Fourier map were in the range 2.48-1.37 e/A3 and 
were primarily located near the iridium atoms. 

Results and Discussion 

The peroxo-bridged complex [Ir2I2(CO)2(M-O2)CdPPm)2] (2) 
is readily obtained by exposing solutions of [Ir2I2(CO)(M-CO)-
(dppm)2] (l)toairorpureoxygen. All spectroscopic data support 
the formulation shown for 2. In particular, the 31P[1H) NMR 
spectrum displays a singlet, indicating the chemical equivalence 
of all phosphorus nuclei, and the carbonyl stretches in the IR 
spectrum (2005,1979 cm-1) show the frequency increase expected 
upon oxidizing 1 (e(CO) = 1948, 1741 c m ' ) to a binuclear Ir-
(II)/Ir(II) species. 

(2) 

A close inspection of the IR spectra for compounds 1 and 2 
has failed to identify a band that can be unambiguously attributed 
to the 0 - 0 stretch in 2, and attempts to obtain Raman spectra 
of 2 failed, owing to decomposition in the laser beam. The Ir-
(II)/Ir(II) formulation shown for 2 is not unusual in the context 
of small-molecule additions to binuclear Ir(I) complexes and is 
not unlike related alkyne-bridged products.16 However, in the 
context of O2 complexes, this peroxo-bridged formulation is 
unprecedented in requiring the presence of a metal-metal bond; 
no previous example was known in which a bridging peroxo unit 
was accompanied by a metal-metal bond. In order to confirm 
this unusual formulation and to determine whether the strain 
imposed on the bridging O2 moiety by the metal-metal bond 
would result in unusual structural consequences within the 
complex, we undertook a structural determination of 2 by X-ray 
techniques. 

The structure of 2, shown in Figure 1, clearly confirms the 
peroxo-bridged formulation. Selected distances and angles for 
the compound are given in Tables III and IV. The complex has 
crystallographic 2-fold symmetry in which the 2-fold axis bisects 
the O2 moiety and the Ir-Ir bond. As is typical for dppm-bridged 
complexes, both dppm ligands bridge the metals in a trans 
arrangement, and most parameters associated with these groups 
are normal. 

The formulation of 2 as a peroxo-bridged species requires an 
Ir(II)/Ir(II) formulation and an Ir-Ir single bond. Consistent 
with these ideas, the Ir-Ir separation, at 2.705(1) A, is short and 
clearly indicates that the metals are bonded; this distance is over 
0.1 A shorter than that observed in the precursor (2.8159(5) A).8 

The resulting geometry at each metal is distorted octahedral, in 
which the major distortions result from the strain imposed by the 
small bridging O2 group. As a result of the short Ir-Ir separation, 
the two halves of the complex are significantly staggered, with 
torsion angles about the Ir-Ir bond ranging from 16.4° to 20.7°. 

(16) Sutherland, B. R.; Cowie, M. Organometallics 1984, 3. 1869. 
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Figure 1. Perspective view of [Ir2I2(CO)2(M-02)(dppm)2] (2). Thermal 
ellipsoids are shown at the 20% level except for hydrogen atoms, which 
are shown artificially small for the methylene groups and omitted for the 
phenyl groups. 

Table III, Selected Bond Distances (A) in 
[Ir2I2(CO)2(M-O2)(CiPPm)2] (2) 

(a) Bonded Distances 
Ir-Ir' 2.705(1) Ir-0(2) 2.04(1) 
Ir-I 2.764(1) Ir-C(I) 1.82(2) 
Ir-P(I) 2.377(4) 0(I)-C(I) 1.22(2) 
Ir'-P(2) 2.367(4) 0(2)-0(2)' 1.58(2) 

(b) Nonbonded Distances 
P(l)-P(2) 2.996(6) Ir-I(2)' 2.83(1) 

Table IV. Selected Angles (deg) in [Ir2I2(CO)2(M-02)(dppm)2] (2) 

(a) Bond Angles 
I r - I r - I 
Ir '-Ir-P(l) 
Ir'-Ir-P(2)' 
Ir '-Ir-0(2) 
Ir '-Ir-C(l) 
1-Ir-P(I) 
I-Ir-P(2)' 
I- lr-0(2) 
1-Ir-C(I) 

P(I ) - I r - I r -
P(I)-Ir-Ir '-
0(2)-Ir-Ir'-

P(2) 
P(D' 

-0(2) ' 

160.66(3) 
94.6(1) 
90.5(1) 
71.7(3) 

101.3(7) 
88.5(1) 
86.6(1) 
89.4(3) 
97.8(7) 

P(l)-Ir-P(2) ' 
P( l ) - I r -0(2) 
P ( I H r - C ( I ) 
P(2) '-lr-0(2) 
P(2)'-Ir-C(l) 
0 ( 2 H r - C ( I ) 
I r -0(2) -0(2) ' 
Ir-C(I)-O(I) 

(b) Torsion Angles 
-16.4(2) 
163.7(2) 
-20.7(7) 

C( l ) - I r - I r ' -C( l ) ' 
I r -0(2)-0(2) ' - I r ' 

174.8(2) 
89.5(3) 
89.6(6) 
92.2(3) 
89.5(6) 

172.7(7) 
102.0(4) 
171(4) 

-17(1) 
-34.6(9) 

The Ir-I distance of 2.764(1) A lies intermediate between the 
values of 2.6811(7) and 2.8032(8) A in the precursor.8 

Although the Ir-0(2) distance (2.04( 1) A) is normal, agreeing 
closely with such distances (2.00-2.07 A) in mononuclear iridium 
peroxo complexes,1"1 as well as with those in some peroxo-bridged 
diplatinum species, such as [Pt2(02)(OH)(PPh3)4] [ClO4],17 the 
0(2) -0(2) ' separation, at 1.58(2) A, is extremely long. Only 
[La2(N(SiMe3)2)4(02)(OPPh3)2] appears to have a longer O-O 
distance (1.65(4) A).18 Typically peroxides, such as Na2O2 and 
BaO2, display O-O distances of ca. 1.49 A,le and the O-O 
separation for binuclear peroxo-bridged compounds generally falls 

(17)Bhaduri, S.; Casella, L.; Ugo, R.; Raithby, P. R.; Zuccaro, C; 
Hursthouse, M. B. J. Chem. Soc, Dalton Trans. 1979, 1624. 

(18) Bradley,D. C.;Ghotra, J.S.; Hart, F. A.; Hursthouse, M. B.; Raithby, 
P. R. J. Chem. Soc, Dalton Trans. 1977, 1166. 
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in the range from 1.40 to 1.50 A. le2b Although it is tempting to 
attempt to rationalize this extremely long O-O distance on the 
basis of its bonding in the compound, the thermal ellipsoids 
associated with the oxygen atoms and the relatively poor 
diffraction quality of the crystal suggest that this abnormally 
long separation may be an artifact arising from systematic errors 
in the data. The contact between Ir and the distal oxygen of the 
O2 unit (Ir-0(2)'), at 2.83(1) A, is well outside of bonding 
distance, as expected for an TJ'ITJ1 peroxo binding mode. As is 
typical of peroxides, this unit is skewed about the 0 - 0 bond, 
yielding an Ir-0(2)-0(2) ' -Ir ' torsion angle of 34.6°. This torsion 
angle is much less than is normally observed in peroxo-bridged 
compounds, where values between 60° and 80° appear more 
typical,lel7 and appears to be restricted by the presence of the 
Ir-Ir bond. This Ir-Ir bond also gives rise to an angle at 0(2) 
(102.0(4)°) which is less than the range typically observed (110— 
120°) in the absence of metal-metal bonding. 

It was of obvious interest to investigate the reactivity of this 
unusual peroxo moiety on the assumption that the inherent strain 
associated with this unit might give rise to unusual reactivity, 
either at the O2 moiety or at the metal-metal bond. Passing SO2 

through a CH2Cl2 or benzene suspension of 2 causes an immediate 
reaction, as evidenced by the color change from dark-purple to 
yellow, and the complete dissolution of the otherwise rather 
insoluble precursor 2. The 31P(1H) NMR spectrum shows the 
presence of only 3, as a symmetric species in which all phosphorus 

p p p-^"^^^p 

I 1IlL n Ir 1 I Ir- - I r— CO X" 

I 0 ^ 0 I I V ° * I 

(3) X -NO 3 (4a), BF4 (4b) 

nuclei are chemically equivalent. Elemental analyses, which 
indicate one sulfur atom per complex molecule, and the IR 
spectrum, which shows three sulfate bands at 1245, 1140, and 
952 cm-1, suggest the presence of a bridging sulfate group.19 By 
comparison, the analogous mononuclear complexes [IrX(SO4)-
(CO)(PPh3)2] (X = Cl, Br, I) showed sulfate bands at ca. 1300, 
1170,890,860, and 670 cm"1,20 and the sulfate-bridged diplatinum 
species [Pt2(M-OH)(M-SO4)(PPh3),,] [ClO4] displayed similar 
stretches at 1275, 1155, and 887 cm-1. On the basis of these 
data, the structure shown for [Ir2I2(CO)2(M-S04)(dppm)2] (3), 
in which the M-O2 unit is replaced by M-SO4, is proposed. 
Compound 3 can also be obtained by reaction of 2 with H2SO4, 
with release of H2O2, or by reaction of 2 with CuSO4. 

The O2 adduct (2) also reacts readily with 2 equiv of NO2 to 
.give the nitrate-bridged product [Ir2I2(CO)2(M-N03)(dppm)2]-
[NO3] (4a). The IR spectra of 4a show bands at 1518, 1259, 
1040, and 780 cnr1 associated with the coordinated nitrate group 
and bands at 1340, 1023, and 700 cnr1 associated with the free 
nitrate anion. These latter three bands disappear upon replace
ment of the nitrate ion by tetrafluoroborate anion resulting from 
reaction of 4a with NaBF4, yielding 4b. The bands for the 
coordinated nitrate group are comparable to those reported for 
a variety of related species.202' Although compounds 3 and 4 are 
rather analogous, the 31P(1Hj NMR spectra of 4a,b show an 
AA'BB' pattern, indicating that the two metal centers are 
inequivalent. This inequivalence most likely results from the 
arrangement of iodo and carbonyl ligands as shown in the sketch; 
the arrangement shown for 4 is as observed in the alkyne adducts 
of I.8 

(19) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 5th ed.; 
Wiley: New York, 1988; p 487. 

(20) Levinson, J. J.; Robinson, S. D. J. Chem. Soc A 1971, 762. 
(21) (a) Otsuka, S.; Nakamura, A.; Tatsuno, Y.; Miki, M. J. Am. Chem. 

Soc 1972, 94, 3761. (b) Collman, J. P.; Kubota, M.; Hosking, J. J. Am. 
Chem. Soc. 1967, 89, 4809. 
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Compound 2 was found to be unreactive with carbon dioxide; 
after 24 h, suspensions of 2 in CH2CI2 in the presence of a large 
excess of CO2 showed the presence of only starting material. 
With CS2, compound 2 reacted readily; however several species 
were obtained under a variety of conditions, and these products 
were not characterized. 

Although the O2 adduct of closely-related mononuclear 
dioxygen compounds are reported to be inert to reaction with 
nitric oxide or carbon monoxide,20 our binuclear analogue 2 reacts 
with both of these diatomics. Reaction of 2 with excess NO 
requires about 15 min for completion, yielding the nitrosy 1-bridged 
product [Ir2I2(CO)2(M-NO)CdPPm)2] [NO3] (5). Compound 5 

OC. I I , .CO 

P^, ^ p 

(5) 

is a 1:1 electrolyte in CH3NO2 (A = 78.7 S)-1 cm2 mol"1) but is 
weakly conducting in CH2Cl2 (A = 29.6 fi-' cm2 mol1). The IR 
spectrum shows two carbonyl bands at 2051 and 2025 cm-1 and 
a strong band at 1518 cm-1, due to the bridging nitrosy 1 group, 
as well as bands typical of the nitrate anion. The nitrosyl stretch 
falls in the range (1400-1600 cm-') typical of bridged nitrosyls.22 

The 31PJ1HJ NMR spectrum is again typical of a symmetrical 
species. Dppm-bridged diiridium or dirhodium nitrosyls have 
not previously been reported, but the above reaction is not without 
precedent. Treatment of [Ni(O2)(

1BuNC)2] with NO in the 
presence of 1BuNC produced the nitrosyl complex [Ni(NO)-
(1BuNC)3] [NO3] also as a nitrate salt,2,a although, in the related 
Pd and Pt species [M(02)(PPh3)2] (M = Pd, Pt), formation of 
dinitro compounds was suggested instead,202 lb and reaction of a 
peroxo-bridged dicobalt complex yielded a nitrito-bridged prod
uct.23 

The oxidation of carbon monoxide by mononuclear dioxygen 
complexes generally yields carbonates,le although the nickel 
complex noted above affords a dicarbonyl species and carbon 
dioxide.2 Ia Compound 2 also reacts with CO, although in CH2-
Cl2 the reaction is slow, requiring more than 100 h. The same 
reaction in either a CH2C12/CH30H or a CH2C12/CH3CN solvent 
mix is complete within 4 h. In all cases the same two products 
are obtained, together with carbon dioxide, which can be detected 
by using an aqueous sodium carbonate/phenolphthalein solution, 
which turns from pink to colorless in the presence of 2 and CO.24 

One of the complexes is readily identified as the previously 
characterized [Ir2(CO)2(M-I)(M-CO)(dppm)2][I]

8 and is pre
sumably the metal-containing product in the reaction yielding 
CO2. The other metal-containing product displays a singlet in 
the 31Pj1H] NMR spectrum at 8 -28.2 and shows bands in the 
IR spectrum at 2048,2038, and 1645 cm"1. Although it originally 
appeared that the low-frequency stretch arose from a carbonate 
group, subsequent studies have shown that it results from a 
carbonyl which has inserted into the Ir-Ir bond of 2 to give 6. 
This is the only product in this study which reacts via ligand 
insertion into the metal-metal bond, while leaving the peroxo 
moiety intact, and presumably this reaction is driven in a large 
part by the relief of strain that results upon expanding the four-
membered dimetallo peroxide ring to a five-membered ring. It 
can also be shown by 13CO labeling that it is one of the originally 
bound carbonyls that moves to the bridging position and that 
direct insertion of free CO into the Ir-Ir bond does not occur. 

(22) (a) Gladfelter, W. L. Adv. Organomei. Chem. 1985, 24, 41. (b) 
Mingos, D. M. P.; Sherman, D. J. Adv. Inorg. Chem. 1989, 34, 293. 

(23) Yang, C-H.; Keeton, D. P.; Sykes, A.G.J. Chem. Soc, Dalton Trans. 
1974, 1089. 

(24) Vogefs Textbook of Macro and Semimicro Qualitative Inorganic 
Analysis; 5th ed.; Revised by G. Svehla; Longman: New York, 1979; p 300. 

The reaction of 2 with 13CO gives IR bands at 2040, 1993, and 
1643 cm-1, in which only one of the terminal carbonyl bands has 
shifted significantly. Furthermore, the 13Cj1H) NMR spectrum 
of this product shows only one carbonyl resonance at h 164.4, in 
the region typical of terminal carbonyls, although it is noteworthy 
that carbonate carbons have also been found to resonate in this 
region.25 In addition, when the totally 13CO-enriched 6 is 
prepared, the two resonances at 6 224.5 and 164.4, integrating 
as 1:2, confirm that the high-field resonance results from the 
terminal carbonyls. As was the case with compound 2, the IR 
spectrum of 6 displays no obvious 0 - 0 stretch and the Raman 
spectrum again could not be obtained owing to decomposition. 

The structural formulation of 6 has been confirmed by an 
X-ray structure determination. A drawing of the compound is 
given in Figure 2, and relevant bond lengths and angles are shown 
in Tables V and VI. Compound 6 has the expected geometry in 
which both dppm groups bridge the metals in a trans arrangement. 
The most obvious difference in the geometry of these groups 
results from cleavage of the metal-metal bond with a concomitant 
increase in the Ir-Ir separation to 3.388(2) A. The geometries 
at the metals are distorted octahedral, characteristic of an Ir-
(III)/Ir(III) system. Such a description requires formulation of 
the bridging carbonyl as a formally dianionic group, which is 
consistent with formulating 6 as a dimetallo ketone. Although 
this is not the normal formulation for a bridging carbonyl, it has 
previously been suggested26 and is consistent with the geometry 
at this group, which suggests sp2 hybridization of carbon, as 
indicated by the wide Ir(l)-C(2)-Ir(2) angle of 110(2)°. This 
formulation is also consistent with the low IR stretch for this 
group. This class of bridging carbonyl, not accompanied by a 
metal-metal bond, is uncommon but is found in several examples 
in which the metals are also bridged by dppm groups.26b27 

Cleavage of the Ir-Ir bond in 2 to give 6 has resulted in a relaxation 
of the strain at the peroxo bridge. Therefore the angles at the 
oxygens (Ir(l)-0(4)-0(5) = 110(2)° and Ir(2)-0(5)-0(4) = 
108(2)°) have opened up slightly from the value of 102.0(4)° in 
2. Similarly the Ir( 1 )-0(4)-0(5)-Ir(2) torsion angle of 61 (2)° 
is also closer to the values observed in other peroxo-bridged species. 
The widening of the Ir-Ir separation in 6 has also resulted in less 
repulsion between the substituents on both metals, so although 
the two octahedra are staggered slightly about the Ir-Ir vector, 
the associated torsion angles (av 9.2°) are about half the values 
in 2. 

The 0(4)-0(5) separation in 6 (1.43(3) A) is normal for an 
O-O single bond and is shorter than the exceptionally long distance 
found in 2. Whether this shortening is of chemical significance 
is of doubt; as noted, we suspect that the distance in 2 is artificially 
long. 

Compound 6 is one of several examples of peroxo-bridged 
complexes in which the O2 unit forms part of five-membered 

(25) (a) Antonelli, D. M.;Cowie, M. Organometallics 1991,10,2173. (b) 
Lundquist, E. G.; Folting, K.; Huffman, J. C; Coulton, K. G. Inorg. Chem. 
1987, 26, 205. (c) Allen, D. L.; Green, M. L. H.; Bardy, J. A. J. Chem. Soc, 
Dalton Trans. 1990, 541. 

(26) See for example: (a) Hoffman, D. M.; Hoffmann, R. Inorg. Chem. 
1981, 20, 3543. (b) Cowie, M.; Southern, T. G. Inorg. Chem. 1982, 21, 246. 

(27) See for example: (a) Cowie, M.; Vasapollo, G.; Sutherland, B. R.; 
Ennett, J. P. Inorg. Chem. 1986, 25, 2648. (b) Kullberg, M. L.; Kubiak, C. 
P. Organometallics 1984,3,632. (c) Brown, M. P.; Keith, A. N.; Manojlovii-
Muir, Lj.; Muir, K. W.; Puddephatt, R. J.; Seddon, K. R. Inorg. Chem. Acta 
1979, 34, L223. (d) Colton, R.; McCormick, M. J.; Pannan, C. D. Aust. J. 
Chem. 1978, 31, 1425. (e) Mague, J. T. Inorg. Chem. 1983, 22, 45. 
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Figure 2. Perspective view of [Ir2I2(CO)2(M-CO)(M-O2)(CIpPm)2] (6). 
Thermal ellipsoids are shown at the 20% level except for hydrogen, which 
are shown artificially small for the methylene groups but are not shown 
at all for the phenyl groups. 

Table V. Selected Distances (A) in 
[Ir2I2(CO)2(M-CO)(M-02)(dppm)2]-2CH2Cl2(6) 

Ir(I)-I(I) 
Ir(D-P(D 
Ir(D-PO) 
Ir( l )-0(4) 
Ir(D-C(D 
Ir(D-C(2) 
Ir(2)-I(2) 
Ir(2)-P(2) 

Ir(l)-Ir(2) 
P(l)-P(2) 
P(3)-P(4) 

(a) Bonded Distances 
2.822(3) 
2.363(9) 
2.350(9) 
2.05(2) 
1.86(4) 
2.03(4) 
2.821(2) 
2.347(9) 

Ir(2)-P(4) 
Ir(2)-0(5) 
Ir(2)-C(2) 
Ir(2)-C(3) 
0 ( D - C ( I ) 
0(2)-C(2) 
0(3)-C(3) 
0(4)-0(5) 

(b) Nonbonded Distances 
3.388(2) Ir( l ) -0(5) 
3.13(1) Ir(2)-0(4) 
3.14(1) 

2.378(9) 
2.01(2) 
2.12(3) 
1.80(4) 
1.16(4) 
1.11(4) 
1.18(4) 
1.43(3) 

2.87(2) 
2.81(2) 

metallocycle.le'2b-d'8 However this appears to be the first such 
metallocycle in which a carbonyl is a bridging group together 
with O2. 

Examples involving the oxidation of isocyanides by dioxygen 
compounds, as in the reaction of [Ni(O2)(

1BuNC)2] with 1BuNC 
to give [Ni(1BuNC)4] and 1BuNCO,2'3 are rare. In CH2Cl2/ 
CH3OH (5:1), compound 2 reacts with excess (5-10 equiv)-
'PrNC, yielding a product containing three isocyanide ligands. 
However no evidence for oxidation of the isocyanide is observed, 
and all of the added isocyanide is accounted for in the 1H NMR 
spectrum by the three coordinated groups and that remaining 
unreacted. The product is formulated as the hydroxide-bridged 
methoxycarbonyl complex [Ir2(C(O)OCH3)(

1PrNC)3(M-OH)-
(M-CO)(dppm)2][I]2 (7). The IR spectrum of 7 displays two 

RNC. I C . . . I .-CO2CH3 

"Ir' ^ Ir" 2I-

R N C ^ I ^ g ^ ' ^ r »CNR 

R - 1Pr (7) 

• 1Bu (8) 

strong absorptions at 2193 and 2180 cm-1, assignable to the 
coordinated isocyanide ligands. Two low-frequency bands at 1653 
and 1625 cm-1 can be assigned to the bridging carbonyl and to 
the carbonyl group of the methoxycarbonyl ligand. Bridging 
carbonyls in the absence of metal-metal bonds have been shown 
to display stretches in this region, as shown by compound 6, and 

Table VI. Selected Angles (deg) in 
[Ir2I2(CO)2(M-CO)(M-02)(dppm)2]-2CH2Cl2(6) 

Ir(2)-Ir( D-I(I) 
Ir(2)-Ir(l)-P(l) 
Ir(2)-Ir(l)-P(3) 
Ir(2)-Ir(l)-0(4) 
Ir(2)-Ir(l)-C(l) 
KD-Ir(I ) -P(D 
I(l)-Ir(l)-P(3) 
I ( l ) - I r ( l ) -0(4) 
KD-Ir(I)-C(I) 
I(D-Ir(D-C(2) 
P ( l H r ( D - P ( 3 ) 
P ( D - M l)-0(4) 
P ( D - M D - C ( D 
P(l)-Ir(l)-C(2) 
P(3)-Ir(D-0(4) 
P(3)-Ir( I)-C(D 
P(3)-Ir(l)-C(2) 
0 ( 4 H r ( I ) - C ( I ) 
0(4)-Ir( l)-C(2) 
C(l)-Ir(D-C(2) 
Ir(l)-Ir(2)-I(2) 
Ir(l)-Ir(2)-P(2) 

I(l)-Ir(l)-Ir(2)-K2) 
P(l)-Ir(l)-Ir(2)-P(2) 
P(3)-Ir(l)-Ir(2)-P(4) 

(a) Bond 
146.61(7) 
82.9(2) 
90.5(2) 
56.0(7) 

126(1) 
89.6(2) 
95.5(2) 
92.3(6) 
87(1) 

171.1(9) 
173.4(3) 
93.3(7) 
95(1) 
82.4(9) 
82.4(7) 
90(1) 
92.8(9) 

172(1) 
92(1) 
89(1) 

145.5(1) 
90.3(2) 

(b) Torsion Angles 
-11.1(2) C(l)-Ir(l)-Ir(2)-C(3) 

8.8(2) Ir( l)-0(4)-0(5)-Ir(2) 
6.8(4) 

Angles 
Ir(l)-Ir(2)-P(4) 
Ir(l)-Ir(2)-0(5) 
Ir(l)-Ir(2)-C(3) 
I(2)-Ir(2)-P(2) 
I(2)-Ir(2)-P(4) 
I(2)-Ir(2)-0(5) 
I(2)-Ir(2)-C(2) 
I(2)-Ir(2)-C(3) 
P(2)-Ir(2)-P(4) 
P(2)-Ir(2)-0(5) 
P(2)-Ir(2)-C(2) 
P(2)-Ir(2)-C(3) 
P(4)-Ir(2)-0(5) 
P(4)-Ir(2)-C(2) 
P(4)-Ir(2)-C(3) 
0(5)-Ir(2)-C(2) 
0(5)-Ir(2)-C(3) 
C(2)-Ir(2)-C(3) 
Ir(l)-C(2)-Ir(2) 
I r ( l ) -0(4)-0(5) 
Ir(2)-0(5)-0(4) 

83.4(2) 
57.8(6) 

124(1) 
94.4(2) 
91.5(2) 
89.2(6) 

177.9(8) 
90(1) 

173.6(3) 
81.3(7) 
83.5(9) 
92(1) 
96.3(7) 
90.6(9) 
91(1) 
90(1) 

173(1) 
91(3) 

110(2) 
110(2) 
108(2) 

10(2) 
61(2) 

this range is also common for alkoxycarbonyl ligands.28 The 
13CO-enriched compound displays the expected shift of these two 
bands (to 1614 and 1592 cm-1), ruling out the possibility that 
they may arise from an isocyanide group. An additional band 
at 1036 cm-1 can be assigned to v(C-O) of the methoxycarbonyl 
group.28 The O-H stretch of the hydroxy group appears as a 
broad band at 3190 cm-'. This is at slightly lower frequency 
than expected, possibly due to hydrogen bonding involving the 
iodide ion, as has been observed in other hydroxy halide 
compounds.29 The conductivity of 7 (120.0 ft-1 cm2 mol-1 in 
CH3NO2) is also lower than expected for a 1:2 electrolyte;30 this 
may result from the proposed hydrogen bonding. The hydroxide 
group of 7 readily undergoes proton exchange with H2O, even in 
the solid state, as evidenced by the appearance of O-H and O-D 
bands (3190, 2360 cm-1) when the compound is prepared in the 
presence of D2O. 

The presence of the methoxycarbonyl group is further supported 
by the ' 3Cf' H} and ' H NMR spectra of 7. In the ' 3C{' H} NMR 
spectrum the bridging carbonyl appears as a broad singlet at & 
228.1 and the methoxycarbonyl appears as a triplet at 5 150.6 
(2/pc = I-1 Hz). This latter resonance falls at the high-field end 
of the range typically found (6 158-215)28 for alkoxycarbonyls 
and related groups. The methoxy protons appear as a singlet at 
5 2.60 in the 1H NMR spectrum, changing to a doublet in the 
l3CO-enriched compound (VHc = 3.8 Hz). When CD3OD is 
used as solvent, no methyl signal is observed for the methoxy-
carbonl protons, confirming that methanol is the origin of the 
methoxy moiety. The' H N MR spectrum also shows the expected 
pattern of doublets and septets (VH H = 6 Hz) for the 'PrNC 
groups in the expected regions. The hydroxide resonance was 
not observed so is presumably obscured by the isocyanide 
resonances. 

The analogous compound [Ir2(CO2Me)(1BuNC)3(M-OH)(M-
CO) (dppm) 2] [I] 2 (8), shown above, is obtained in a similar manner 
by the reaction of 2 with 1BuNC and is characterized in the same 
way. Both compounds 7 and 8 appear to be fluxional, as shown 
by their 1H and 31P[1H) NMR spectra. However the nature of 
this fluxionality was not elucidated. 

(28) Ford, P. C; Rokicki, A. Adv. Organomet. Chem. 1988, 28, 139. 
(29) (a) Sutherland, B. R.; Cowie, M. Organometallics 1985,4, 1637. (b) 

Deraniyagala, S. P.; Grundy, K. R. lnorg. Chem. 1985, 24, 50. 
(30) Geary, W. J. Coord. Chem. Rev 1971, 7, 81. 
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Alkoxycarbonyl complexes are commonly prepared by the 
reaction of carbonyl complexes with the nucleophilic alkoxide 
anions.28 However their generation from weak nucleophiles such 
as alcohols is less common.31 Significantly compound 2 itself 
does not react with methanol, even after several days. It may be 
that iodide substitution by the isocyanide ligands renders the 
carbonyls more electrophilic because of the resulting dipositive 
charge on the complex, leading to nucleophilic attack by methanol. 
However it should be pointed out that we have no mechanistic 
information on this reaction, and although we assume that 
protonation of the dioxygen moiety by methanol occurs, we are 
unable to comment on the stage at which this occurs, on the fate 
of the oxygen atom which is lost, or on the possible role of 
adventitious water. 

As with other dioxygen complexes,'e compound 2 reacts rapidly 
with protic acids, yielding H2O2, as detected iodimetrically. 
Treatment of 2, either in solution or the solid state, with excess 
gaseous HCl yields [Ir2I2Cl2(CO)2(dppm)2] (9a) immediately. 

9a 9b 

This species is shown by 31P(1H) NMR to be a symmetric species 
(singlet 6 -13.9) and has two carbonyl bands at 2066 and 2031 
cm^1. If 2 is instead treated with only 2 equiv of HCl, a different 
species, 9b, is obtained, having a singlet in the 31P(1Hj NMR 
spectrum at 5 -23.0 and a carbonyl band at 2025 cm-1. Elemental 
analyses indicate that both 9a and 9b are dichloro diiodo 
complexes, so they are formulated as the isomers shown. The 
isomer with the good ir-donor iodo ligands trans to the carbonyls 
is formulated as 9b on the basis the lower carbonyl stretch for 
this isomer. The isomers having inversion symmetry and one 
halide and one carbonyl on each side of the Ir2P4 plane are ruled 
out, since both 9a and 9b display two resonances for the CH2 
protons of the dppm groups, indicating different environments 
on each side of this plane. 

Protonation of 2 with 1 equiv of HBF4-Et2O yields a symmetric 
species having two carbonyl bands at 2064 and 2032 cm'1 in the 
IR spectrum and a weak absorption at 3550 cnr1 attributed to 
the OH stretch of a hydroxide group. The 1H NMR spectrum 
displays a quintet at 8 3.06 {2JPH - 2.8 Hz), which simplifies to 
a singlet upon 31P decoupling. This product is formulated as 
[Ir2I2(CO)2(M-OH)(dppm)2] [BF4] (10a) and apparently results 

=. BF4 (ioa) 

= SO3CF3(IOb) 

= PF6 (10C) 

from adventitious water, as has been previously observed in 
protonation reactions involving O2 complexes.17 Attempts to 
obtain this product more directly, by the oxidative addition of I2 
to the known hydroxy-bridged [Ir2(CO)2(M-OH)(dppm)2] [BF4],

29a 

did yield 10a in about 30% yield together with other unidentified 
products, adding support to its formulation. Attempts to detect 
intermediates containing coordinated hydroperoxo groups in these 
protonation reactions were not successful, even when the reactions 
were attempted at low temperature. In addition, attempts to 
alkylate the peroxo moiety of 2 by reaction with methyl triflate 
were also unsuccessful; again the only product detected was the 

(31) Carmona, D.; Lahoz, F. J.; Oro. L. A.; Reyes, J.; Lamata, M. J. 
Chem. Soc, Dalton Trans. 1990, 3551. 
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hydroxide-bridged 10b (having a triflate anion), the result of 
adventitious water. 

Initial attempts to prepare the nitrate-bridged complex 4b (as 
either the BF4- or PF6" salts) by reaction of 2 with NOBF4 or 
NOPF6 in CH2Cl2 instead gave rise to the hydroxy-bridged 
compounds 10a and 10c. Similar results have previously been 
obtained, even when precautions were taken to dry solvents and 
glassware.32 The above reaction proceeds more readily in the 
presence of added H2O and yields significant quantities of the 
OD-bridged product when D2O is added, as judged by the decrease 
in the OH resonance in the' H NMR spectrum. When the reaction 
of 2 with NOBF4 is carried out in carefully dried THF, the major 
product is the nitrate-bridged species 4a, although 10a is still 
observed in varying amounts. 

Although peroxo compounds of group VIII metals are known 
to catalyze the oxidation of organic phosphines,3aJ3 no reaction 
was observed between 2 and PPh3, even after several days. 
However in the presence of 1 equiv of protic acid (e.g. HCl and 
CH3CO2H), PPh3 is readily oxidized to OPPh3, along with the 
formation of other unidentified species. The amount of oxidation 
depends directly on the amount of acid added and is therefore 
not catalytic in acid. It appears therefore that protonation of the 
peroxo group to yield the hydrogen peroxide anion occurs, and 
it is this anion which performs the oxidation. Such a mechanisn 
has previously been proposed for the oxidation of PPh3 by Pt-
(PPh3)4.

34 

Dioxygen complexes are known to oxidize olefins and ketones.'e 

However compound 2 was found to be unreactive with the few 
substrates that we investigated; no reaction was observed with 
ethylene, tetrafluoroethylene, tetrachloroethylene, cis-1,2-dichlo-
roethylene, or acetone. Although 2 did react with hexafluoro-
acetone, several species were obtained under a variety of 
conditions, and this has not been pursued. 

Conclusions 

The structural determination of [Ir2I2(CO)2(/x-02)(dppm)2] 
(2) confirms this as the first example in which a peroxo moiety 
bridges two metals which are linked by a metal-metal bond. 
Although such a coordination mode of dioxygen is unprecedented, 
this is not unusual for other related unsaturated substrates. It is 
therefore likely that such species will become more prevalent as 
the chemistry of binuclear, group VIII complexes with dioxygen 
is expanded. For the most part the chemistry of 2 with small 
molecules is as expected. Therefore reactions with SO2 and NO2 
yield the respective sulfate- and nitrate-bridged products. How
ever compound 2 does exhibit a significant variety of unusual 
reactivities with other small molecules. With nitric oxide, 
oxidation occurs to give the unusual nitrosyl-bridged species as 
the nitrate salt [Ir2I2(CO)2(^-NO)(dppm)2][N03]. Reaction 
with carbon monoxide results in both oxidation of the substrate 
to give carbon dioxide and [Ir2(CO)2(/i-CO)(dppm)2] [I] andCO-
addition to yield the unusual carbonyl- and peroxo-bridged species 
[Ir2I2(CO)2(/i-02)(M-CO)(dppm)2]. Compound 2 in methanol 
reacts with isocyanides to give [Ir2(C(O)OMe)(CNR)3(M-OH)-
(M-CO)(dppm)2][I]2, in which the methoxy carbonyl group has 
come from methanol through nucleophilic attack on a coordinated 
carbonyl. The bridging hydroxide group has originated through 
protonation of the peroxy group either by methanol or adventitious 
water. Adventitious water was found to play a role in a number 
of reactions, so although 2 reacted with NOBF4 to give [Ir2I2-
(CO)2(jt-N03)(dppm)2] [BF4] in carefully dried solvents, the 
hydroxide-bridged species [Ir2I2(CO)2(M-OH)(dppm)2] [BF4] was 
also obtained, sometimes as the major or sole product depending 
on the wetness of the solvent. 

As suggested earlier, the presence of a metal-metal bond 
accompanying the bridging peroxide ligand should not be viewed 

(32) Phillips, D. A.; Kubota, M.; Thomas, J. Inorg. Chem. 1976, IS, 118. 
(33) Read, G.; Urgelles, M. J. Chem. Soc, Dalton Trans. 1986, 1383. 
(34) Sen, A.; Halpern, J. J. Am. Chem. Soc 1977, 99, 8337. 



3220 J. Am. Chem. Soc, Vol. 115, No. 8, 1993 Xiao et al. 

as an exceptional occurrence. In this context, an Ir(II)/Ir(II), 
peroxo-bridged intermediate, previously formulated without an 
Ir-Ir bond,3f should probably be reformulated. Assuming that 
this dimeric formulation is correct, we would suggest that it 
represents another example in which the peroxide bridge is 
accompanied by a metal-metal bond. 

It appears that the presence of a metal-metal bond should 
influence the reactivity of the peroxide group through the added 
strain in the four-membered dimetallo peroxide moiety. Although 
it is difficult to confirm such a postulate on the basis of the 
chemistry of one species, a clear example showing one consequence 
of this strain is the CO-insertion into the metal-metal bond of 
[Ir2I2(CO)2U-02)(dppm)2] to give [Ir2I2(CO)2(M-O2)Gi-CO)-
(dppm)2]. 
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