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In 1963, Vaska reported that fra/w-[Ir(PPh3)2(CO)Cl] 
reacts reversibly with dioxygen to give a 1:1 adduct com
plex.1 The subsequent crystal structure determination 
showed the dioxygen to be side-bonded to the metal, the 
IrO2 unit forming an isosceles triangle.2 Similar dioxygen 
adducts have since been prepared with many other central 
metal ions.3-5 Although the formation of such adducts is 
generally thought to involve oxidation of the central metal,5 

little detailed electronic structural information is available 
that bears on the point. For example, there have been very 
few attempts to analyze in any depth the electronic spectra 
of side-bonded dioxygen complexes. 

The investigations outlined in this paper were prompted 
by the report6 of a side-bonded dioxygen adduct of 
[Co(2=phos)2]+ , where 2=phos is m-l,2-bis(diphenyl-
phosphino)ethylene. We have found that it is possible to 
prepare an extensive series of complexes of the type[Co-
(2=phos)2X2]+ , whereas all the 2—phos (l,2-bis(diphenyl-
phosphino)ethane) analogues appear to be unstable. The 
chemistry of these 2=phos complexes has proved to include 
some surprising redox instability patterns, which we have 
attempted to analyze. We also have interpreted the elec
tronic spectroscopic properties of [Co(2=phos)2X2]+ by 
reference to other Co(III) complexes and to Rh(III) ana
logues. The spectrum of [Co(2=phos)2C>2]+ has been ex
amined with particular care, as it contains information 
about the electronic structure of the CoO 2

+ unit. In addi
tion, we have attempted to correlate the electronic spectro-
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scopic properties of [Co(2=phos) 202]+ with those of the 
corresponding rhodium and iridium complexes. 

Experimental Section 
The phosphine ligands were obtained from Pressure Chemical 

Co. and were used as received. All other reagents and solvents were 
at least analytical reagent grade. The compounds Co(2—phos)2X2 
(X - = Cl - , Br -) were prepared by the method of Horrocks et al.7 

The compounds Co(2=phos)2X2-CoX2 (X - = Cl - , Br-, I -) were 
prepared by the same procedure. The formulation given for the lat
ter complexes is based on elemental analyses, which, assuming the 
stoichiometry Co(2=phos)2X2-«CoX2, consistently gave n = 
0.9-1.2. (Example analysis: Calcd for Co(2=phos)2Cl2-CoCl2: C, 
59.34; H, 4.22; Cl, 13.47; Co, 11.2. Found: C, 58.67; H, 3.69; Cl, 
13.11; Co, 12.9.) The compounds presumably are [Co2X6]2- salts 
of [Co(2=phos)2X]+. 

[Co(2=phos)2](C104)2. A solution of 0.75 g of Co(C104)2-6H20 
in 15 ml of acetone was added under nitrogen to a solution of 0.65 
g of 2=phos in 30 ml of acetone. The solution turned orange, and 
a yellow product began to form. After storage at 10° for 1 h, the 
solution was filtered under nitrogen. The bright-yellow crystalline 
product was washed with methanol and ether. It is indefinitely sta
ble in air when dry. Anal. Calcd for [Co(2=phos)2](C104)2: C, 
59.22; H, 4.59; P, 11.75. Found: C, 58.62; H, 4.28; P, 11.72. 

[Co(2=phos)2](BF4)2 was prepared similarly, from Co(BF4)2-
6H2O, and obtained as yellow crystals. Anal. Calcd for [Co(2= 
phos)2](BF4)2: C, 60.91; H, 4.33. Found: C, 60.81; H, 4.33. 

[Co(I=PhOs)2Cl2]ClO4. Chlorine gas was bubbled through a so
lution of Co(2=phos)2Cl2-CoCl2 (0.5 g) in 25 ml of CH2Cl2, in 
the dark. A green solid began to form almost immediately. After 
15 min, the solution was flushed with nitrogen briefly to remove 
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excess chlorine, and the product was filtered off and washed first 
with a small amount of cold CH2CI2, and then thoroughly with 
ether. This chloride salt was dissolved in absolute ethanol, and sev
eral drops of saturated ethanolic NaOC>4 were added. Storage at 
0° overnight gave apple green crystals of the perchlorate salt, 
which were filtered off and washed with cold ethanol and ether. 
Analytical samples were prepared by removing small amounts of 
Co(II) impurities by chromatography on neutral alumina in meth
anol. Anal. Calcd for [Co(2=phos)2Cl2]C104: C, 61.11; H, 4.34; 
Cl, 10.41; P, 12.12. Found: C, 61.34; H, 4.65; Cl, 10.61; P, 12.24. 
The complex [Co(2=phos)2Cl2]+ may also be prepared by treat
ment of either [Co(2=phos)2C03]+ or [Co(2=phos)202] + (vide 
infra) with HCI in methanol. 

[Co(2=phos)2Br2]C104. This compound was prepared initially 
by a procedure similar to that employed for the analogous dichloro 
derivative, using a stoichiometric amount of liquid Br2. However, 
elemental analyses consistently indicated considerable incorpora
tion of chloride ion (presumably derived from solvent) in the prod
uct. A pure sample of the compound was obtained by refluxing a 
methanolic solution of [Co(2=phos)2C03]C104 (vide infra) with 
a few milliliters of concentrated aqueous HBr. The orange-brown 
precipitate was recrystallized from methanol by addition of con
centrated methanolic NaClO4, yielding orange crystals of the per
chlorate salt. Anal. Calcd for [Co(2=phos)2Br2]C104: C, 56.22; 
H, 3.99; Br + Cl, 17.57. Found: C, 55.43; H, 3.87; Br + Cl, 17.13. 
This compound is strongly thermochromic, reversibly changing 
color from yellow-green at liquid nitrogen temperature to bright 
red at 160°. 

[Co(I=PhOs)2X2]CIO4 (X- = N 3
- , NCO-, NCS"). These com

plexes were all prepared from [Co(2=phos)2Cl2]Cl by stirring in 
methanol at ~50° with an excess of the sodium salt of the desired 
anionic ligand until the 630-nm absorption band of the starting 
material was undetectable (~0.5 h). The complexes were crystal
lized as perchlorate salts by addition of excess saturated methanol
ic NaClO4 and cooling to 0°, and recrystallized in the same fash
ion from methanol. All were obtained as brown crystals. Anal. 
Calcd for [Co(2=phos)2(N3)2]C104: C, 60.56; H, 4.30; N, 8.15. 
Found: C, 59.73; H, 4.25; N, 8.02. Calcd for [Co(2= 
PhOs)2(NCO)2]ClO4: C, 62.89; H, 4.30; N, 2.72; Found: C, 61.40; 
H, 4.30; N, 2.57. Calcd for [Co(2=phos)2(NCS)2]C104: C, 60.76; 
H, 4.16; N, 2.62; S, 6.01; Cl, 3.32. Found: C, 59.31; H, 4.20; N, 
2.97; S, 5.99; Cl, 3.61. 

[Co(2=phos)2C03]CI04. [Co(2=phos)2Cl2]Cl (0.2 g) was agi
tated overnight with 1 g of Ag2CO3 in 3 ml of CH3OH and 1 ml of 
H2O, in the dark. The orange solution was filtered off. Addition of 
1 ml of saturated methanolic NaClO4 and cooling for several hours 
gave red-orange prisms of the product. Anal. Calcd for [Co(2= 
PhOs)2CO3]ClO4: C, 62.96; H, 4.39; Cl, 3.51; P, 12.26. Found: C, 
60.98; H, 4.38; Cl, 3.79; P, 12.17. The ir spectrum of the complex 
in a KBr disk exhibits an intense band at 1680 cm-1, attributable8 

to bidentate carbonate. 
[Co(2=phosXNO)2]C104. (a) [Co(2=phos)2Cl2]Cl (0.5 g) was 

dissolved in 100 ml of refluxing methanol under nitrogen, and solid 
NaNO2 (2 g) was added. The solution gradually became deep or
ange during 3 h of refluxing. The solution was cooled and filtered, 
and 10 ml of saturated methanolic NaClO4 was added. After cool
ing to 0° for ~0.5 h, any precipitate of [Co(2=phos)2CI2]C104 
was filtered off, and the solution was maintained at 0° overnight, 
giving ~0.1 g of dark red crystals, which were washed with water 
and ether, (b) Co(2=phos)2Cl2 was stirred under nitrogen in 
methanol with excess NaNO2, the solution rapidly becoming yel
low brown. The solution was filtered and O2 was bubbled through 
it, after which the solution darkened. After 15 min, a dark precipi
tate had begun to form. The precipitate was filtered off after 0.5 h, 
and was crystallized as the perchlorate salt from a methanolic so
lution containing NaClO4. Anal. Calcd for [Co(2=phos) 
(NO)2]ClO4: C, 50.79; H, 3.61; N, 4.56; Cl, 5.77; P, 10.08. Found; 
C, 51.16; H, 3.75; N, 4.53; Cl, 6.64; P, 11.02. The ir spectrum of 
the product showed no bands attributable to NO 2

- or NO3
- ; how

ever, very intense bands were observed at 1858 and 1800 cm-1, ev
idencing the presence of coordinated NO.9 

[Co(2=phos)2]BF4. To a solution of 4.5 g of 2=phos and 4.0 g of 
NaBF4 in 350 ml of refluxing ethanol under nitrogen was added 
2.5 g of [Co(PPh3)3Cl] (prepared as an apple green powder by the 
zinc reduction method of Aresta et al.10) After refluxing for 1 h, 
the solution was cooled 1 h in an ice bath. Filtration under nitrogen 

gave 3.5 g of glistening, dark green, crystalline product. (The prod
uct at this point contained impurities, mainly cobalt metal, which 
were difficult to remove from the sample. The product could be re
crystallized from ethanol or CH2CI2, but was found to be quite 
oxygen-sensitive.) Exposure of the green filtrate to air and addition 
of excess solid NaBPh4 gave [Co(2=phos)202]BPh4 as a light 
brown powder (yield =*1 g), which was purified as described 
below. 

[Co^=PhOS)2O2]X (X- = ClO4-, BF4-, BPh4-, PF6-). These 
complexes were prepared by three different methods. Details are 
given for X - = BF4-. (a) Solid [Co(2=phos)2]BF4 was dissolved 
in CH2Cl2 in the presence of air. The initially bright green solution 
rapidly turned dark brown. After filtration to remove gray powd
ery impurities, the solution was evaporated in a stream of air to 
give a partly crystalline, dark brown solid. The solid was redis-
solved in methanol, the solution was filtered, and a large excess of 
a saturated solution of NaBF4 in methanol was added. Storage at 
—5° overnight gave large, well-formed, dark brown plates of the 
product, which were filtered off, washed with cold methanol, and 
air-dried. The product could additionally be recrystallized from 
CH2Cl2-benzene, but solvent molecules were present in the resul
tant crystals. This recrystallization procedure was useful for the 
tetraphenylborate, which was otherwise difficultly crystallizable, 
but which formed large, shiny, blunt needles from CH2Cl2-ben-
zene. (b) Solid 2=phos (1.20 g) was added slowly to a solution of 
0.50 g of Co(BF4)2-6H20 in 20 ml of acetone, with dioxygen being 
constantly bubbled through the solution. Acetone was periodically 
added to maintain the solvent level. The solution changed color, 
through gold, to dark brown. After completion of the addition, O2 
bubbling was continued for 0.5 h. Ether was then added, precipi
tating a light brown product. The precipitate was filtered off and 
washed with benzene (to remove unreacted 2=phos and its decom
position products) and ether. The product (yield =* 1 g) was recrys
tallized as described in (a), (c) [Co(2=phos)2](BF4J2 (0.32 g) was 
dissolved in methanol (350 ml) and refluxed for 0.5 h, with air 
being constantly bubbled through the solution. The solution turned 
dark brown within a 20-min period. Reduction of the solution vol
ume in a stream of air gave dark brown crystals of the product, 
with by-products of the reaction crystallizing when the mixture 
was nearly dry. The product could be recrystallized, as previously 
described. 

[Rh(2=phos)2Cl2]C104. Solid 2=phos (1.5 g) was added slowly 
to a boiling solution of 0.4 g of RhCl3OH2O in 25 ml of absolute 
ethanol. The solution became lighter in color, and a yellow precipi
tate formed. The product was filtered off, dissolved in boiling etha
nol, and precipitated by dropwise addition of saturated ethanolic 
NaClO4, as a bright yellow powder. Anal. Calcd for [Rh(2= 
PhOs)2Cl2]ClO4: C, 58.37; H, 4.52; Cl, 9.94; P, 11.56. Found: C, 
57.1; H, 4.52; Cl, 10.3; P, 11.5. 

[Rh(2—PhOS)2CI2]Cl-SC2HsOH. The crude chloride salt was ob
tained as for the 2=phos complex above. This salt was dissolved in 
a minimum amount of boiling ethanol, the solution was rapidly fil
tered, and ether was added (~0.5 volumes). After cooling the mix
ture to —5° for 2 h, large yellow crystals were filtered off and 
washed with ethanol and ether. Anal. Calcd for [Rh(2— 
phos)2Cl2]Cl-3C2H5OH: C, 60.8; H, 5.81; Cl, 9.3; P, 10.8. Found: 
C, 60.8; H, 5.69; Cl, 9.4; P, 11.1. 

Other Compounds. [Rh(2-phos)2]Cl was prepared by the meth
od of Sacco and Ugo.11 [Rh(2=phos)2]Cl was similarly prepared. 
These complexes were recrystallized from methanol under nitro
gen. The ClO4

-, BF4", and PF 6
- salts of both complexes were also 

crystallized from methanol under nitrogen. Brown crystals of the 
dioxygen adduct [Rh(2—phos)202]PF6 were prepared by a stan
dard method.3 An analyzed sample of [Ir(2=phos)2]Cl was fur
nished by G. L. Geoffroy and was converted to [Ir(2=phos)2-
O2]ClO4 by addition of saturated methanolic NaClO4 to an O2-
saturated methanol solution of the compound. 

Spectroscopic Measurements. Ultraviolet, visible, and near-in
frared spectra were measured using a Cary Model 17 spectropho
tometer. Low-temperature spectra were obtained using a quartz 
Dewar with optical quality windows. Infrared spectra were record
ed on a Perkin-Elmer 225 spectrometer. 

Results and Discussion 
We have prepared the complexes [Co(I=PhOs)2X2]ClO4 

by halogen (X2) oxidation of [Co(2=phos)2X]+ . The pseu-
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dohalide derivatives (X - = N 3
- , NCO-, NCS -) and the 

carbonato complex (X2
2 - = CO3

2-) were then prepared by 
substitution reactions. In each case only one isomer was ob
tained. Based on their electronic spectral properties, trans 
stereochemistry may be assigned to all the [Co(2= 
phos)2X2]+ complexes (vide infra), except, of course, where 
X22- is bidentate, as in the carbonato case. The trans for
mulation is additionally supported in each of the pseudohal-
ide derivatives by the presence of a single, sharp ir band 
(KBr disk) attributable to a ligand stretching mode, as fol
lows: 2028 (N3-); 2245 (NCO -); and 2098 cm"1 (NCS -). 

Simple oxidative reaction procedures do not produce sta
ble 2—phos analogues of [Co(2=phos)2X2]+ 12 For exam
ple, even rapidly isolated and dried products from reactions 
of Co(2—phos)2X2 (X" = Cl - , Br -) with their respective 
halogen molecules discolored and decomposed quickly in 
the solid state, and immediately upon dissolution in CH2CI2 
or CH3OH. The fact that we were able to prepare and iso
late [Rh(2=phos)2Cl2]+ and [Rh(2—phos)2Cl2]

+, which 
are both very stable, suggests that steric effects may be im
portant, as Rh(III) is larger than Co(III). Differences in 
steric effects may also explain the observation that the 
square pyramidal [Ni(2—phos)2X]+ complexes are less 
stable than their 2=phos analogues.13-14 It is apparent from 
an examination of the crystal structures of [Co(2= 
phos)202]+,15 [Rh(2—PhOs)2O2]+,3 and [Ir(2— 
phos)202]+3 salts that the puckered3 P-C-C-P moiety of 
the 2—phos chelate ring necessarily causes rotation of PPh2 
units about P-M bonds, relative to their orientation in 
2=phos complexes, thereby affecting nonbonding interac
tions between the phenyls and other groups in the coordina
tion sphere. We suggest that the Ph-X repulsions in the 
trans disubstituted Co(III) complexes are large, thereby 
weakening the Co-X bonds and promoting redox decompo
sition processes.16 These repulsions apparently are particu
larly severe in the case of 2—phos. 

Straightforward attempts to prepare [Co(2=phos)2-
(N0 2 ) 2 ]+ from [Co(2=phos)2Cl2]+ and N O 2

- gave 
[Co(2=phos) (NO)2]+,17 and a ligand molecule was oxi
dized to cw-l,2-bis(diphenylphosphine oxide)ethylene, ab
breviated 2=phosox.18 We infer that [Co(2=phos)2-
(N02)2]+ is unstable, owing to highly unfavorable steric in
teractions19 involving NO2 - and PPh2 groups, and under
goes redox decomposition: 

[Co(2=phos)2(N02)2]+ — fCo(2=phos)(NO)2] + 
+ 2=phosox (1) 

We have prepared [Co(2=phos)202]+ both by dioxygen 
addition6 to [Co(2=phos)2]+ and by oxidation of 
[Co(2=phos)2]2+. This latter complex may readily be crys
tallized either as a bright yellow tetrafluoroborate or per-
chlorate salt upon addition of the appropriate cobaltous salt 
to an acetone solution of 2=phos under anaerobic condi
tions. When the reaction is carried out aerobically, the solu
tion turns dark brown and no product crystallizes. Work-up 
of the solution affords [Co(2=phos)202]+, in somewhat 
less than 50% yield based on starting materials, as well as 
considerable amounts of cobalt(II). Reaction of [Co(2= 
phos)2]

2+ with O2 in various other polar organic solvents 
(e.g., methanol, acetonitrile, dichloromethane) similarly 
gives [Co(2=phos)202]+ The reaction is quite slow and we 
observed no intermediates. In a quantitative experiment in 
which we forced the reaction to completion, the absorbance 
of the product solution at the low-energy peak of the dioxy
gen adduct (476 nm) indicated a yield of 50.5 ± 1.0% based 
on the amount of [Co(2=phos)2]

2+ initially present. The 
remainder of the products were present in the form of 
Co(II) complexes. The following reaction sequence ac
counts for our observations: 

[Co(2=phos)2]2+ + O2 — [Co(2=phos)202]2+ (2) 

[Co(2=phos)202]2+ + [Co(2=phos)2]2+ — 
[(Co(2=phos)2)202]4+ (3) 

fast 

[(Co(2=phos)2)202]4+ —*- [Co(2=phos)202] + 

+ [Co(2=phos)2]
3+ (4) 

[Co(2=phos)2]3+ - • Co(II) + oxidized phosphines (5) 
The fast step in the reaction (eq 4) may be viewed as a 

formal disproportionation of Co(II) into Co(I) and Co(III), 
with O2 stabilizing the Co(I) (by irreversibly forming a 
strong complex). The instability of the Co(III) product 
[Co(2=phos)2]3+ (which is probably better represented as 
[Co(2=phos)2L2]3+, where L is a solvent molecule) is con
sistent with our observations on such species (vide supra). 
The /u-peroxo intermediate is probably unstable for steric 
reasons. In order for this Co(III) complex to attain distort
ed octahedral coordination, solvent molecules must coordi
nate trans to the peroxide group.20 Such solvent coordina
tion should be unfavorable because of steric interactions 
with the phosphine ligands, and dissociation of one of the 
[Co(2=phos)2]

3+ groups is a likely pathway. 
The dioxygen adduct, [Co(2=phos)202]+, is extremely 

stable. Acetonitrile solutions containing [Co(2=phos)2-
O2]+ show very minor decomposition (from electronic spec
tral monitoring) over several days, and solutions in aqueous 
ethanol are fairly stable in the presence of strong acids, 
implying that the basicity of the complexed O2 unit is low. 
As the "bite" of the coordinated dioxygen is small, steric in
teractions involving PPh2 groups apparently are not severe. 

Electronic Spectra of [Co(2=phos)2X2]+ and Related 
Complexes. The electronic spectrum of 2=phos exhibits a 
broad, intense band at 39.1 kK (Figure 1). Assignment of 
this band to an n —*• x* transition is suggested.21 The ener
gy of the lowest phenyl x -* x* transition can be estimat
ed22 to be ~35.5 kK from the position of the second x —• x* 
absorption at ~43.5 kK (e =*29 000). Presumably, the 
lower x -» ir* absorption contributes to the unsymmetrical 
tail of the n —• x* band. Both n —»• x* and x —*• x* transi
tions should be blue-shifted upon coordination of 2=phos, 
by analogy to the observed band positions in phosphine ox
ides.23 These expectations are fulfilled, and phenyl x —• x* 
vibronic structure was observed near 38 kK for many of the 
metal complexes in the present study (particularly at low 
temperatures). We are confident, therefore, that any bands 
in [Co(2=phos)2X2] + at energies lower than 37 kK are not 
attributable to ligand-localized transitions. 

The electronic spectra of the [Co(2=phos)2X2]+ com
plexes are depicted in Figures 2 and 3. Spectral data are set 
out in Table I. The complexes /ra«.y-[Co(en)2Cl2] + and 
/raw-[Co(diars)2Cl2]+ show 1Ai8 -* 1Eg

a ligand-field (LF) 
transitions at 16.124 and 16.4 kK,25 respectively, in remark
ably close agreement with the position of the 15.9 kK band 
in [Co(2=phos)2Cl2] + The band in [Co(2=phos)2Br2] + 
at 14.9 kK is in similarly close agreement with the 'A ]g —• 
1E8

3 transition of fran.s-[Co(en)2Br2]+ at 15.2 kK.24 The 
fact that the intensities of the 'Aig —• 'Eg

a bands in the 
[Co(2=phos)2X2]+ complexes are unexceptional for LF 
transitions is of interest, as intensification effects are often 
observed when phosphine ligands are present.26 The rela
tively low intensities in the present case, however, are ex
pected for an "axially localized" 'Aig —*• 'Eg

a (dX2, dyz —• 
dz2) transition27 in an effectively D^h center. Thus both the 
positions and intensities of the lowest LF bands accord well 
with a formulation of trans stereochemistry for the 
[Co(2=phos)2X2]+ complexes under consideration. 

The observed LF band at ~18 kK in [Co(2= 
phos)2(NCO)2]

+ is entirely consistent with the ranking of 
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Table I. Electronic Spectra of [Co(2=phos)2X2]C104 in 
Acetonitrile Solution at 300 K 

250 
X(nm) 

Figure 1. Electronic spectrum of m-l,2-bis(diphenylphosphino)eth-
ylene (2=phos) in acetonitrile solution at 300 K. 
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Figure 2. Electronic spectra in acetonitrile solution at 300 K of 
[Co(2=phos)2Cl2]C104 (—) and [Co(2=phos)2Br2]C104 (- - -). 
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600 700 

Figure 3. Electronic spectra in acetonitrile solution at 300 K of 
[Co(2=phos)2X2]C104 complexes: X" = NCO~ (—), NCS" (- - -), 
and N3" (•••). 

N C O - in the spectrochemical series for [C0X4]2- com
plexes.28 The LF bands of the N 3

- and N C S - derivatives 
(Table I), on the other hand, appear at anomalously low 
energies, relative to the bands reported for trans-
[Co(en)2(N3)2] + (17.8 kK)29 and ?ra>w-[Co(en)2(NCS)2] + 

(19.9 kK).25 Yamada25 noted a similar anomaly for trans-
[Co(diars)2(NCS)2]+ , and proposed that the arsine com
plex contained S-bonded thiocyanato ligands, leading to a 
sharp decrease in ligand field strength relative to the N-
bonded ethylenediamine complex. Although a formulation 
involving S-bonded thiocyanate helps explain the band posi
tion in [Co(2=phos)2(NCS)2] + as well, it is apparent that 

X -

C i -

Br" 

N C O -

N C S -

N 3 " 

^max (nm) 

630 
~440 

388 
325 

671 
~490 
~435 
~390 

354 
284 

~555 
386 
302 

~595 
442 
360 

~625 
~465 

346 

i w (kK) 

15.9 
22.7 
25.8 
31.0 

14.9 
20.5 
23.0 
25.7 
28.2 
35.1 

18.0 
25.9 
33.1 

16.8 
22.6 
27.8 

16.0 
21.5 
28.9 

e 

128 
~ 7 800 
25 200 

9 000 

110 
3 000 
9 000 

18 000 
22 700 
14 300 

280 
33 000 

8 800 

~400 (sh) 
13 400 
21900 

~750 (sh) 
8 400 

19 200 

Assignment 

1 A 1 8 - 1 E 8
3 

<7(P) -d z 2 
o-(P) — dx2_j,2 
TT(Cl)- dz 2 

I A , —» Ip a 

a 
a 
a 
a 

CT(Br) — dz2 

I A , _ » I p a 

<r(P) — dx2_y2 
T r ( N C O ) - d z 2 

I A , - , I C 1 / \ l g — Cg 
<T(P) — dx2_>,2 

b 

I A , _» Ip a 
/ \ l g Cg <r(P) — d^2_>,2 

b 

a Overlapping <r(P) — dz2, <r(P) -
sorptions. * Overlapping cr(P) — dj 
dz2 absorptions. 

• dx2_y2, and 7r(Br) —• dz2 ab-
i-yi and x(pseudohalide) —• 

any anomalous features in the spectrum of [Co(2= 
phos)2(N3)2]+ cannot be accounted for in the same way. 

All of the 2=phos complexes of Co(III) show intense 
bands between 20 and 37 kK, which may be assigned to Ii-
gand-to-metal charge transfer (LMCT) transitions.30 The 
LMCT spectra are extremely similar to those of Co(III) ar
sine complexes,31 and very similar optical electronegativi
ties are inferred for arsenic and phosphorus ligands. As 
both cis and trans isomers are known for several of the ar
sine complexes,32 the close similarity of the present spectra 
to those of known trans isomers accords with the ligand 
field analysis. 

We shall attempt a detailed interpretation of the LMCT 
bands based on the assumption that the [CoP4X2]+ core 
possesses D^ symmetry. In D^, two allowed o-(phosphine)-
to-metal transitions are expected, eu(P) — dz2 and eu(P) 

dx2_^2, both being 1Ai 1Eu. Excitation to dxi-yi 
should be the higher energy of the two ' Aj g — 1E11 transi
tions, given the Aa* splitting implied by the LF spectra, and 
should also give rise to the more intense absorption band, 
owing to the larger overlap of the orbitals involved. The in
tense bands of [Co(2=phos)2Cl2]+ at (25.8 kK) and 
[Co(2=phos) 2(NCO) 2]+ (25.9 kK) are therefore assigned 
to this transition. The weak shoulder in the [Co(2= 
phos)2Cl2]+ spectrum at 22.7 kK is assigned to the transi
tion to dz2. The fact that no such shoulder is observable in 
the spectrum of the N C O - complex is reasonable, as this li
gand would not be expected to produce a large do-* split
ting. 

The lowest energy LMCT band in the spectrum of trans-
[Co(en)2Cl2]+ is a ir(Cl) — d22 transition at 32.5 kK (t 
1300).24 Thus the band in [Co(2=phos)2Cl2]+ at 31.0 kK 
can reasonably be assigned similarly. The conventional opti
cal electronegativity of ir(NCO) is the same as that of 
Tr(Cl),33 and the [Co(2=phos) 2(NCO) 2]+ band at 33 kK 
can therefore be assigned to 7r(NCO) — dz2 charge trans
fer. If, as seems reasonable from these assignments, the 
energies of the charge transfer transitions are assumed to fit 
into the series defined by ?ra«i-[Co(en)2X2]+ complexes, 
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the inferred value of the optical electronegativity of CT(P) is 
roughly equal to that of x(Br), which is entirely consistent 
with other estimates.33 

Bromide-to-cobalt(III) charge-transfer transitions are 
observed at 28.1 (Tr(Br) — dzz) and 34.6 kK (<r(Br) — dzi) 
in the spectrum of f/*<ms-[Co(en)2Br2] + 24 We can thus as
sign the 35.1-kK band of [Co(2=phos)2Br2]+ to <r(Br) — 
dz2, whereas x(Br) -*• dz2 and <r(P) -* da* transitions evi
dently overlap to produce the extremely complicated ab
sorption region between 20 and 32 kK. 

The charge transfer spectra of [Co(2=phos)2(NCS)2]
 + 

and [Co(2=phos)2(N3)2]+ are also difficult to interpret, as 
two relatively intense bands between 20 and 30 kK are ob
served in each' case. For comparison, bands attributable to 
x(pseudohalide)-to-cobalt(III) transitions are observed at 
30.9 kK for */ww-[Co(en)2(NCS)2]+,34 and at 32.3 kK for 
//•(mj-[Co(en)2(N3)2]

 + 29 One possibility is that the two 
bands in the 2=phos complexes represent transitions to two 
highly split components of 'Eu (cr(P) -» d^ -^ ) , and that 
the x(pseudohalide) -»• Co(III) transitions form part of the 
higher band system near 30 kK. Indeed, it could be argued 
that a large splitting of the 'Eu excited state in the azido 
and thiocyanato derivatives should occur. Whereas 
M-NCO is generally linear or almost linear in isocyanato-
metal complexes,35 M-N3 and M-SCN units are usually 
strongly bent.36"38 Such bending will clearly remove the de
generacy of the 1Eu excited state, and the effect could con
ceivably be very large in 2=phos complexes, in view of the 
steric hindrance to axial coordination. Furthermore, unusu
ally low LF transition energies would be expected if the 
metal-pseudohalide bonds were forced to be somewhat 
longer than normal. It is also possible that the aforemen
tioned broad absorption system of [Co(2=phos)2Br2]+, 
consisting of at least four bands, has a related explanation, 
as the large radius of bromide could lead to distortions in 
the coordination sphere. 

The spectrum of [Rh(2=phos)2Cl2]+ (Figure 4) can be 
assigned completely by analogy to that of [Co(2= 
phos)2Cl2]+. The 1Aj8 -»• 'Eg

a ligand-field transition is ob
served at 24.6 kK (« 420). For comparison, the same transi
tion is found in trans-[Rh(en)2C\2]

 + at 25.0 kK (« 82.2).39 

The 1Ai8 —• 'EU((7(P) -* dx2_>,2) transition of the 2=phos 
complex is at 31.2 kK (« 35 000). The shifts of both the LF 
and LMCT transitions to higher energy relative to the 
Co(III) case accord well with experience.40 It is especially 
noteworthy that the positions of the absorption bands in 
[Rh(2=phos)2Cl2] + and [Rh(2—phos)2Cl2]

+ are virtually 
identical,41 which is consistent with observed similarities in 
the spectra of complexes of the two ligands with other cen
tral metals.13'14'42 In the absence of severe steric interac
tions, therefore, it is apparent that there are no important 
electronic differences in M-P bonds between 2=phos and 
2—phos complexes. 

In Figure 5 we show the electronic spectra of [Co(2= 
phos)202]+, as the PF 6

- salt, in 12:1 EPA-CHCl3 solution 
at room temperature and 77 K. The room temperature 
spectrum is insensitive to both solvent and anion. The spec
trum shows three absorption features, a poorly defined 
shoulder at ~16 (e =*75), a sharp peak at 21.0 (« 1020), 
and an intense band at 31.0 kK (« 17 800). A broad feature 
at ~38 kK is ascribable to phenyl x —• 71-* absorption, with 
the very weakly structured higher energy portion of the 
spectrum being, as usual for aryl phosphine complexes, dif
ficult to interpret. 

The peak at 21 kK at room temperature blue-shifts 
strongly at 77 K and increases slightly in intensity. A shoul
der is discernible at ~26 kK (« a* 1200). The band in.the 
near-ultraviolet sharpens, intensifies considerably, and 
shifts moderately to higher energy. Finally, the phenyl x —• 
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Figure 4. Electronic spectra of [Rh(2=phos)2Cl2]C104 in 6:1 EPA-
CH2Cl2 glass at 300 (—) and 77 K (- - -). 
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Figure 5. Electronic absorption spectra of [Co(2=phos)202]PF6 in 
12:1 EPA-CHCl3 at 300 (—) and 77 K (- - -). 

x* band at higher energy shows increased resolution into 
individual vibronic transitions. 

We initially remark that this spectrum is not consistent 
with a formulation involving either Co(I) or Co(II). Com
plexes of Co(I) have intense, low-energy electronic absorp
tion bands. For example, the square planar, low-spin 
[Co(2=phos)2]+ complex exhibits a prominent band at 
13.5 kK (c 1300).6 Complexes of Co(II) similarly show very 
low energy transitions, the square pyramidal low-spin [Co-
(2—phos)2Cl]+ having bands at 16.7 (« 600), 14.7 (« 730), 
0.72 (6 120), and 0.48 kK (e 8O).7 

However, the observed electronic spectrum of [Co(2= 
phos)202]+ is exactly that expected for a cis-disubstituted 
cobalt(III) phosphine complex. In Figure 6 we present the 
electronic absorption spectrum of [Co(2=phos)2C03]+. 
The observed bands are compared to those exhibited by 
[Co(2=phos)202]+ in Table II. The electronic spectral fea
tures of the two complexes are remarkably similar, both in 
energies and intensities. 

The complex [Co(Cn)2CO3]"
1" exhibits LF bands at 19.6 

and 27.8 kK,43 which are attributable to transitions to levels 
derived from the !Tig and 'T2g states, respectively, of octa
hedral symmetry. Therefore the band near 20 kK in 
[Co(2=phos)2C03]+ and [Co(2=phos)202]+ can immedi
ately be assigned 1Ai —• 1Ti, whereas the shoulder resolved 
at 26 kK (77K) for the dioxygen adduct is attributed to 1Ai 
—• 1T2. The relatively high molar extinction coefficients ob
served for the ligand field bands in these complexes are at-
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50 45 40 

Figure 6. Electronic absorption spectrum of [Co(2=phos)2C03]ClC>4 
in acetonitrile solution at 300 K. 

fributable to their low symmetry, in conjunction with the 
phosphine "intensification" effect.26 The intense band ob
served near 30 kK in both complexes is assigned to an 
LMCT transition of the type o(P) — do*(Co). The ob
served bands are slightly blue-shifted from those of the 
[Co(2=phos)2X2]+ complexes of apparent trans stereo
chemistry (Table I), and are considerably broader. 

It is apparent that the spectroscopic results strongly favor 
a ground-state electronic structure of [Co(2=phos)2C>2] + 

involving Co(III) and coordinated peroxide ion. Further, 
the spectrochemical properties of side-bonded O22- appear 
to be quite normal for a bidentate, oxygen-donor ligand. No 
bands are observed that can be ascribed to transitions in
volving the dioxygen unit. The lowest energy LMCT transi
tions in the CoC>2+ unit must originate in a filled -TT* orbital 
of O22-. In a side-bonded metal complex, the x* level is 
split into an in-plane cr-bonding orbital and an out-of-plane 
7r-bonding orbital. There are two allowed LMCT transi
tions from these x*(C"22_) orbitals to the cobalt(III) do-* 
orbital ("d^--^") involved directly in the electronic struc
ture of the CoC"2+ group. It has been found44 that ju-peroxo-
dicobalt(III) complexes exhibit two broad LMCT bands be
tween 25 and 35 kK, both of which are rather weak (s 
~3000). In the ju-peroxo case, however, the O22- — 
Co(III) (j-bonding is shared by both filled x* orbitals. For a 
side-bonded peroxo complex, we expect the transition from 
the (r-bonding component to be shifted to higher energy; 

1Ti absorption, or might 

hence, it is probably obscured in the [Co(2=phos)2C<2] + 

spectrum by intense ligand absorption above 35 kK. The 
transition from the out-of-plane x* (022_) orbital, on the 
other hand, should be shifted to lower energy relative to a 
/i-peroxo case, and should become considerably weaker, as 
spatial overlap with do-* orbitals is decreased. Thus, the 
out-of-plane x*(C>22_) — Co(III) band could be masked by 
the moderately intense 1Ai 
even correspond to the weak shoulder at 16 kK. 

Electronic spectral data for [Ir(2=phos)202]+ are also 
given in Table II. A shoulder at about 33 kK is assigned to 
the 1Ai — 1Ti LF transition. It may be noted that the shift 
to higher energy of ~12 kK relative to the cobalt complex is 
in accord with experience, as the lowest energy LF band in 
rra/tt-[Ir(en)2Cl2]+, for example, is blue-shifted by 12.6 
kK45 from that observed for trans-[Co(en)2C\2]

+. An in
tense shoulder at ~43 kK (e =*70 000) in the spectrum of 
[Ir(2=phos)202]+ is evident, and has no counterpart at the 
same energy in the spectrum of [Co(2=phos)2<I)2]+. The 
energy is reasonable for o(P) — do*(Ir) charge-transfer, by 
arguments similar to those used for the ligand field band. 

Comparison to the spectrum of [Rh(2=phos)202] + 

would be instructive, as dioxygen addition to rhodium com
plexes is generally very reversible; thus, the ground state de
scription of these complexes might conceivably not be anal
ogous to the cobalt complex. Unfortunately, the equilibrium 
constant of the oxygenation reaction lies to the left in solu
tion and we could not isolate any pure solids. The complex 
[Rh(2—phos)202]

+ can be isolated as a crystalline salt,3 

but satisfactory spectral data could still not be obtained. 
Dissolution of [Rh(2—phos)202]X complexes in any sol
vent or preparation of a KBr pellet reversed the oxygenation 
reaction, whereas mull spectra were extremely poorly re
solved. Difference spectral methods employed on the com
plex in solution indicate with certainty an intense band at 
~36 kK, and this is tentatively assigned to the o-(P) —* 
d(T*(Rh) charge-transfer. The estimated intensity of the 
band, based on decreased Rh(I) absorption at lower energy, 
is comparable to that of the corresponding band in 
[Co(2=phos)202]+, whereas the energy is consistent with 
(T(P) — do*(Rh) transitions in the bona fide Rh(III) phos
phine complexes discussed earlier. The intense absorption of 
the Rh(I) complex made it impossible to detect a LF band. 
Some rhodium-dioxygen complexes are more stable,46,47 

but the ligand variations are too great to permit meaningful 
comparisons with the [M(2=phos)202]+ systems. 

Conclusions and Additional Observations 

The electronic spectroscopic properties of the dioxygen 
adduct [Co(2=phos)2C>2]+ are those of a normal cobalt-
(III) complex. Any unusual properties of this complex are 
thus due to the [Co(2=phos)2]3+ moiety, and not to the 
dioxygen unit. The latter is well-defined as a chelating per
oxide ligand, which in no way is more special than a biden-

Table II. Electronic Spectra of [MP4O2]+ Complexes 

Compound 

[Co(2=phos)2-
O2]PF6 

[Co(2=phos)2-
CO3]ClO4 

[Ir(2=phos)2-
O2]ClO4 

Conditions 

12:1 EPA-CHCl3 

(300 K) 

12:1 EPA-CHCl 3 

(77K) 

CH3CN soln 
(300 K) 
EPA soln 
(300 K) 

soln 

soln 

Xmax (nm) 

~620 
475.5 
322.5 
462 

- 3 8 5 
319 
487.5 
342 

- 3 0 0 
- 2 3 0 

i>max (kK) 

- 1 6 
21.03 
31.00 
21.6 

- 2 6 
31.3 
20.51 
29.2 

- 3 3 
- 4 3 

6 

- 7 5 (sh) 
1020 

17 800 
1 170 

~ 1 200 (sh) 
24 500 

1 630 
19 850 

- 8 000 (sh) 
70 000 (sh) 

Assignment 

7 

' A i - 1 T , 
(T(P) — d<r*(Co) 

' A , - ' T , 
' A 1 - I T 2 

<T(P) — d(T*(Co) 
1 A , - ' T , 

(T(P) — d<r*(Co) 
' A , - ' T i 

(T(P) — d<r*(Ir) 
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tate carbonato group. Additionally, it should be noted that 
the infrared spectra of [M(2=phos)202] + complexes are in 
excellent agreement with a bidentate peroxide formulation. 
Thus, [Co(2=phos)202]+ exhibits an ir band at 909 cm -1, 
whereas [Rh(2=phos)202] + and [Ir(2=phos)202]+ have 
corresponding bands at 876 and 845 cm-1.6 The only rea
sonable interpretation of these bands is that they corre
spond to O-O stretching,48-50 and their positions corre
spond well to the value of 880 cm -1 observed for H2O2.51 

Similar conclusions to those we have reached regarding 
the [Co IU(02

2-)]+ formulation of [Co(2=phos)202]+ have 
been put forward independently by Bosnich and co-work
ers52 in the case of arsine analogues. It is interesting that, 
for the less-sterically-hindered arsine ligands, it was possi
ble to prepare /Lt-peroxodicobalt(III) derivatives, by reaction 
of the cobalt(II) complexes with O2. This observation adds 
support to our proposed mechanism for the reaction of 
[Co(2=phos)2]2+with02. 
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