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Figure 1. Optical purity of photoproduct 2 vs. percent conversion. 

Hence our conclusion is that the reaction proceeds totally 
stereospecifically within experimental error. This is in agree
ment with our study of the stereochemistry of the "diene ver
sion" of the di-ir-methane rearrangement where inversion of 
the methane carbon configuration was also observed.50 Thus, 
the hydrocarbon di-7r-methane rearrangement contrasts with 
the oxa-di-7r-methane variation. 

The rationale that we have used5 for inversion of configu
ration has been the requirement for a Mobius array with six 
delocalized electrons in the excited state. Presently there is no 
such simple array of atomic and hybrid orbitals. The truncated 
set of orbitals, consisting only of those in bonds being formed 
or dissipated, is given in eq 2. There is still a Mobius array5,9 

in the half-reacted species 9 which provides an excited-state-
allowed10 pathway. However, in this case, the nonbonding MO 
of the pentadienyl moiety left in the originally aromatic ring 
is one of the six basis orbitals a-f comprising the Mobius array. 
It has been noted10-1' that MOs as well as AOs can be taken 
as basis orbitals in constructing such cyclic arrays. 

Thus eq 2 illustrates use of the Mobius-Hiickel treatment 
where one moiety is complex. 

We conclude by noting that arylvinylmethane stereo
chemistry parallels that of the divinylmethane version rather 
than the oxa-di-7r-methane variety and that singlet vs.triplet 
factors seem dominant. 
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Reversible Binding of Dioxygen to 
Ruthenium(II) Porphyrins 

Sir. 

We are presently concerned with the interaction of dioxygen 
and carbon monoxide with metalloporphyrin complexes as 
models for biologically important heme proteins.1 In the 
iron(II) systems that have been developed to mimic the re
versible oxygenation of myoglobin, oxidation to iron(III), 
which is brought about by interaction of a second iron(II) 
moiety with an initially formed Fe11^O2 species,2 is prevented 
by (1) designing porphyrins of such a geometry (or supporting 
them on a rigid polymer backbone) so as to physically prevent 
such an interaction or (2) use of low temperatures (subzero) 
to retard such an interaction. An alternative approach to these 
problems using the more substitution-inert ruthenium(II) 
analogues has, in our hands, yielded significant results. 

In this communication we report on reversible O2 binding 
in solution under ambient conditions by solutions of rutheni-
um(II) complexes of meso-tetraphenylporphyrin (TPP) and 
octaethylporphyrin (OEP). 

To our knowledge,3 this is the first report of reversible 
dioxygen binding by a ruthenium(II) species in solution. Hopf 
and Whitten4 have "activated" ruthenium(II) porphyrins to 
do similar chemistry to that described here by using surfactant 
complexes in monolayer assembles; however, we find the 
"activation" of the porphyrins toward O2 (and CO) can be 
accomplished by the use of labile axial ligands, especially ac-
etonitrile. 

The complexes Ru(OEP)L2 and Ru(TPP)L2 (L = CH3CN) 
were synthesized as purple crystals5 by photolysis of the cor
responding Ru(porphyrin)(CO)(C2H50H) complexes6 in 
acetonitrile under argon over 8-10 h (Hanovia medium pres
sure 450-W mercury vapor bulb). Dilute solutions (MO - 5 M) 
of the bisnitrile species are also formed cleanly and rapidly (10 
min) by photolysis of the carbonyl complexes using a Rayonet 
photochemical reactor. Figure 1 shows spectral data for such 
formation of Ru(OEP)(CH3CN)2; a number of isosbestic 
points are generated. Use of solvents such as dimethylacet-
amide (DMA), dimethylformamide (DMF), and pyrrole, gives 
similar in situ spectral changes attributable to formation of the 
corresponding Ru(OEP) (solvent)2 species. 

Solutions of Ru(OEP)(CH3CN)2 in DMA, DMF, or pyr
role absorb 1.0 mol of 02/Ru reversibly at room temperature 
and 1-atm pressure.7 At constant O2 pressure, the reactions 
follow pseudo-first-order behavior: the uptake is almost in
stantaneous in DMA (?i/2~ 1 min); fi/2is~7 min in pyrrole 
and ~30 min in DMF. Figure 2 shows the accompanying 
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Figure 1. Spectral data showing photochemical formation of Ru(OEP)-
(CH3CN)2, curve 1, from dilute acetonitrile solutions of Ru(OEP)-
(CO)(C2H5OH), curve 2; total reaction time ~10 min. 

Scheme I 
- L +O2 

Ru(OEP)L2 =«=*= Ru(OEP)L ^ Ru(OEP)(O2)L 
+L - O 2 

CO 11 +CO 

Ru(OEP)(CO)L 
spectral changes for the pyrrole system which changes from 
purple to orange: the initial double maximum in the visible 
broadens out, and there is a small increase in intensity of the 
Soret band which also shows a very slight blue shift to 394 nm. 
Regeneration of the Ru(OEP)L2 species by pumping is much 
slower than the forward reaction. About 24 h under vacuum 
are required to reverse the pyrrole system: no ruthenium(II) 
is lost to oxidation, and complete reoxygenation can be carried 
out. Addition of 1 atm of CO to the oxygenated system at 20 
0C leads to slow formation of a monocarbonyl Ru(OEP)-
(CO)L with no net change in the gaseous volume'} the same 
species is also formed by carbonylation of Ru(OEP)-
(CH3CN)2, 1.0 mol of CO/Ru being absorbed. The spectra 
of all the Ru(OEP)(CO)L complexes are very similar to that 
shown in curve 1 of Figure 1. The data are readily interpreted 
in terms of Scheme I. 

Interestingly, solutions OfRu(OEP)(CH3CN)2 in toluene 
under O2 undergo only a slow irreversible oxidation with 
consumption of ~0.25 mol of 02/Ru; the product is probably 
a bridged oxo dinuclear ruthenium(III) species, although a 
hydroxy complex formed with traces of water cannot be ruled 
out.le Solutions of the Ru(OEP)(O2)L complexes do eventu
ally oxidize to the same species over long periods at 20 °C. The 
electronic spectrum of the oxidized species resembles that of 
a ruthenium(III) species (Figure 3, see below). 

The reactivity of the acetonitrile complexes according to 
Scheme I contrasts markedly with that of the Ru(OEP)L2 
complexes (L = pyridine) or /V-methylimidazole; these systems 
in DMF undergo only a slow irreversible oxidation. Dissocia
tion of L is much slower for the amines, as judged by formation 
of the monocarbonyl complexes from the Ru(OEP)L2 com
plexes, but it is not clear why this allows an oxidation process 
(presumably via a Ru11O2 + Ru" process) to dominate over 
reversible oxygenation. 

The site of oxidation of ruthenium(II) porphyrins (metal 
or porphyrin) is dependent on the nature of the axial ligand. 
In a manner similar to the Ru(OEP)py2 and Ru(TPP)py2 
systems,9 the first reversible oxidation of our nitrile complexes 
occurs at the ruthenium to give red-orange solutions of the 
ruthenium(III) cation; for Ru(OEP)(CH3CN)2, £ i / 2 = 0.23 
V in acetonitrile/tetrabutylammonium hexafluorophosphate 
(0.1 M) relative to Ag/AgCl at 25 0C. Figure 3 shows the 
development of the [Ru(OEP)(CH3CN)2]+ cation spectrally. 

Figure 2. Spectral data as a function of time for oxygenation of-
Ru(OEP)(pyrro!e)2, curve 1, in pyrrole at 20 °C and 1 atm of O2 to give 
Ru(OEP)(02)(pyrrole), curve 2; /1 / 2 ~ 7 min. 
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Figure 3. Spectral data showing electrochemical production of • he 
RU(OEP)(CH3CN)2

+ cation, curve 2, from Ru(OEP)(CH3CN)2, cu ve 
1. 

compared with the ruthenium(II) species, the two bands in ;he 
visible are more separated and the Soret peak lies furthei to 
the blue and is reduced in intensity by a factor of 2. 

We have not yet been able to isolate a dioxygen comp ex 
since, during workup, the oxidation to ruthenium(III) is m-
hanced. A similar phenomenon has been noted for the corre
sponding chemistry of iron(II) species.10 Indeed, the chemistry 
of our systems, not surprisingly, parallels closely that of c Dr-
responding iron(II) systems, but at more convenient temper
atures. The enhanced oxygenation in the polar aprotic solvents, 
as in the iron systems, may be rationalized in terms of stabili
zation of a superoxide formulation Ru111O2

-, but detection of 
the coordinated dioxygen moiety by infrared will likely require 
difference techniques.lb ESR measurements on DMF solutions 
of oxygenated species frozen to liquid temperatures have 
yielded no signals. 
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Tetrakis[methylaminobis(difluorophosphine)]-
carbonyldiiron: Unsymmetrical Bonding of 
Methylaminobis(difluorophosphine) to a Pair 
of Transition Metals Involving 
Phosphorus-Nitrogen Bond Cleavage 

Sir: 

The bidentate ligand CH3N(PF2)2 is now well established 
to be very effective in replacing pairwise the maximum number 
of carbonyl groups in a variety of metal carbonyls. For exam
ple, ultraviolet irradiations of CH3N(PF2)2 with the metal 
hexacarbonyls M(CO)6 (M = Cr, Mo, and W) give the car-
bonyl-free complexes1 [CH3N(PF2)2]3M (M = Cr, Mo, and 
W). Similarly, reactions of CH3N(PF2)2 with Co2(CO)8 under 
various conditions give [CH3N(PF2)2]3Co2L2 (L = CO,2 

CH3NHPF2,2 and monodentate CH3N(PF2);,
3). This com

munication describes the preparation and structure of 
[CH3N(PF2)2]4Fe2CO, suggested by its stoichiometry to be 
derived from Fe2(CO)9 by pairwise replacement of the maxi
mum number of carbonyl groups with bidentate CH3N(PF2)2 
ligands. However, x-ray crystallography shows this complex 
to have a totally unexpected structure in which a phospho
rus-nitrogen bond in one of the CH3N(PF2)2 ligands is broken 
completely to give separate CH3NPF2 and PF2 units both of 
which are bonded to iron atom(s). 

A solution of 2.0 g (4 mmol) of Fe3(CO), 2,4.0 g (24 mmol) 
of CH3N(PF2)2,4 and 250 mL of diethyl ether was exposed for 
2 h to the ultraviolet irradiation from a 450-W Englehard-
Hanovia lamp. Removal of diethyl ether from the filtered re
action mixture followed by chromatography of a concentrated 
dichloromethane solution on a Florisil column gave up to 1.78 
g (37% yield) of yellow, crystalline, relatively air-stable 
[CH3N(PF2)2]4Fe2CO, mp 181-183 0C, after elution with 
diethyl ether and crystallization from a mixture of dichloro
methane and hexane. Anal. Calcd for CsHi2F]6Fe2N40P8: 
C, 7.4; H, 1.5; N, 6.9. Found: C, 7.8; H, 1.6; N, 6.7. 

The single carbonyl group in [CH3N(PF2)^Fe2CO ex
hibits a strong infrared frequency at 1990 cm-1 indicating that 
this carbonyl group is terminal rather than bridging. Since 
there is no way of formulating a [CH3N(PF2)2]4Fe2CO with 
a terminal carbonyl group and all eight donor phosphorus 
atoms each bonded to a single iron atom without either vio
lating the rare gas electronic configuration for one or both iron 
atoms or introducing an iron-iron dative bond as found in the 

complexes R.4C4Fe2(CO)6,5 the structure of this unusual 
complex was determined by single-crystal x-ray diffraction. 

The iron complex [CH3N(PF2)2 ^Fe2CO forms monoclinic 
crystals by slow evaporation of an n-hexane solution at room 
temperature: space group C2/c; a = 31.023 (7) A, b = 9.273 
(3) A, c = 17.401 (5) A, j3 = 96.57°, Z = 8. Least-squares 
refinement using the 2376 observed reflections (R 0.0489, /?„ 
0.0485) indicates the structure I (L = CO) depicted in detail 

9H3 CH3 

P \ PF2 

PP2 

M 
Fe Fe -F2?-

/ 
.N F, 

CH3 F2P PF2 

CH3 

in Figure 1. The iron-iron distance is 2.725 (2) A indicating 
an iron-iron bond. This iron-iron bond is bridged by three 
CH3N(PF2)2 ligands and one PF2 group, thereby providing 
a relatively rare example of a metal-metal bond bridged by 
four groups. The terminal CH 3 NPF 2 ligand bonded to Fe( 1) 
functions as a one-electron donor. Alternatively the unit 
FePF2NCH3 may be regarded as a metal-substituted phos-
phinimine containing a phosphorus-nitrogen double bond. In 
support of this latter idea is the relatively short P(5)-N(4) 
bond length of 1.590 (10) A as compared with bond lengths 
in the range of 1.647 to 1.676 A for the six phosphorus-nitro
gen bonds in the three bridging CH 3 N(PF 2 ) 2 ligands. 

The structure of [CH3N(PF2)2]4Fe2CO (1,L = CO) indi
cates that the phosphorus-nitrogen bond in one of the 
CH 3 N(PF 2 ) 2 units has been broken in the formation of this 
complex from iron carbonyls and CH3N(PF2)2 . Such cleavage 
of a CH3N(PF2)2 unit to a one-electron donor terminal 
CH 3 NPF 2 ligand and a bridging PF2 unit donating two elec
trons to the metal atom bearing the CH 3 NPF 2 ligand and a 
single electron to the other metal atom is a method for 
CH3N(PF2)2 to bridge a metal-metal bond by donating three 
electrons to one of the metal atoms and a single electron to th< 
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