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Figure 1. ORTEP drawing of the structure of W(Q)(CHCMe;)(PE1;)Cl,
showing all nonhydrogen atoms.

half of the data is systematically weak. Discrepancy indices
are Rr = 0.147 and R,r = 0.068 for all 3055 reflections and
Rp = 0.082 and R,,r = 0.060 for those 1769 reflections with
|Fobsd| > 30[|Fobsd|]~

The molecular geometry is shown in Figure 1. The molecule
is a distorted trigonal bipyramid in which the oxo ligand, C,
and Cg of the neopentylidene ligand, and the chloride ligand
all lie in the equatorial plane [W==C(1) = 1.882 (14), W=0
= 1.661 (11), and W—CI(1) = 2.389 (5) A]. The triethyl-
phosphine ligand and the second chloride ligand occupy the
“axial” sites [W—P = 2.518 (4), W—CI(2) = 2.379 (5) A].
Although many features of this molecule are worth some dis-
cussion we want to comment on only two of them here. The first
is the W==C(1) bond length; it is intermediate between the
tungsten-alkylidene and tungsten-alkylidyne bond lengths
found in W(=CCMe;)(=CHCMe;3)(CH,CMes)(dmpe)
[W==C = 1.942 (9), W=C = 1.785 (8) A].14 The second is
the W=C(1)—C(2) angle [140.6 (11)°]; it is the smallest of
any observed so far in several neopentylidene complexes of
Ta4e15,16 ynd W.14

We conclude from these studies that alkylidene ligand
conformations are more “normal” in electron-deficient!” Ta
or W complexes which contain “hard” alkoxide!® or oxo li-
gands, respectively. These complexes are metathesis catalysts.?
When only “softer” ligands are present (#°-CsRs, Cl, Br,
PR;)!% and/or when such Ta-alkylidene complexes are for-
mally reduced by two electrons,?0 the alkylidene ligand is
distorted such that the M—C,—Cg angle is 160-170°. These
“reduced” alkylidene complexes do not metathesize olefins.*
We have shown?2a:10.21 that, in these cases, the initial metal-
lacyclobutane complex rearranges to an olefin complex too
rapidly relative to the rate at which it cleaves to form a new
alkylidene complex.
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Intermolecular Reactions of
4,4-Dimethylcyclohex-2-enylidene?
Sir:

In an important paper describing intramolecular insertion
reactions of alkylcarbenes, Chang and Shechter? made the

suggestion that excited singlet carbenes could be responsible
for much of the chemistry occurring on direct irradiation of

© 1980 American Chemical Society
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Table I

olefin + 1 conditions “, o “, ©<
trans-2-butene hv 0 0 35 65
cis-2-butene hy 23 25 0 52
cis-2-butene hv, Ph,CO 29 22 14 35
cis-2-butene 125 °C 34 23 13 30

alkyl diazo compounds and diazirines. Chang and Shechter
noted that (1) direct irradiation or singlet sensitization pro-
duced a carbene more indiscriminate than did either thermal
decomposition or triplet photosensitization, and (2) triplet
photosensitization and pyrolysis produced an identically be-
having pair of intermediates, presumably the triplet and lowest
singlet states. As the photosensitization must produce triplet
carbene, this implied rapid equilibration through intersystem
crossing followed by reaction of the singlet and triplet states
with ks > k.4 The authors reasoned that the less discriminating
k.
— singlet :.:*:a triplet «—

k-j
lks lkt

singlet triplet
products products
reagent formed by direct irradiation might be an electronically
excited singlet state, thus amplifying early suggestions by Frey
and his co-workers.3
We describe here a complementary study on intermolecular
reactions of a vinylcarbene indicating that reactions of excited
singlet states may be general, at least for alkylcarbenes.
4,4-Dimethyldiazocyclohex-2-ene (1) was synthesized from
4,4-dimethylcyclohex-2-enone via the tosyl hydrazone salt.
Although prone to azine formation, 1 proved an adequate
source of carbene 2. Irradiation of 1 in olefins led to 3, the
Li*
/N'I‘s

thermal
decomposition

triplet
sensitization

N

. .. >= 3
_.Qﬂ ﬁ

product of intramolecular insertion and surprising amounts
of intermolecular cycloaddition. The isolated yield of 3 is de-
ceptively low, however, as control experiments demonstrated
that substantial losses occurred on photolysis and isolation of
3 from olefinic solutions. The adducts are formed in yields
(9-50% based on diazo compound not converted into azine)
comparable with those produced from 4,4-dimethylcyclo-
hexadienylidene® in which intramolecular diversion is difficult,
Our first thought was that the adducts might be formed from
triplet 2, whereas the singlet led exclusively to intramolecular
insertion to give 3. Ample precedent for singlet-triplet equil-
ibration exists,” and it seemed a logical explanation until we
found that the cycloadducts were formed in a stereospecific
fashion. Thus we were disabused of the notion that triplets were
solely responsible for the cycloaddition.

Photosensitized decomposition of 1 (Rayonet reactor,
benzophenone as sensitizer) led to a significantly different
distribution of stereoisomers. Although addition is still pre-
dominantly cis, substantial amounts of trans adduct are also
formed. Here a traditional explanation seems sound. Triplet
2 is formed first, but before reaction via &, forms cyclopropanes
equilibration with the lowest singlet state of 2 is established
through intersystem crossing. As kg overwhelms k., most of
the product is formed stereospecifically from the singlet. In-
spired by the experiment of Chang and Shechter,38 we also
examined the decomposition of 1 in olefins at 125 °C and found
results indistinguishable from those of the sensitized photolysis
(see Table I). Thus the pattern found for intramolecular in-
sertion is repeated for the intermolecular cycloadditions. The
thermal chemistry is the same as that from triplet sensitization
and different from that produced by direct irradiation. Access
to an equilibrating pair of carbenes is gained via the singlet by
thermal decomposition and via the triplet by photosensitized
decomposition. Direct irradiation produces a third carbene,
possibly the p? singlet, completely stereospecific in its addition
reactions.

Moreover, it must be admitted that the explanation offered
here is quite unconventional. Thus we must posit reactions
(intermolecular in our case, intramolecular in that of Chang
and Shechter) rapid enough to compete with internal conver-
sion. A point in our explanation’s favor is that this effect should
appear only in cases in which the delicate balance of k;, k—;,
ks, and k, allows products to be formed from both singlet and
triplet. If k is vastly greater than k., reactions of a higher
singlet will be invisible, as they are indistinguishable from those
of the lowest singlet. A similar situation will apply if inter-
system crossing is slow.’

However, one caveat must be mentioned that applies both
to our work and that of Chang and Shechter.3® There is
growing evidence that a difficulty, often mentioned but usually
dismissed, must be reconsidered in a serious way. That is the
potential intervention of reactions of excited diazo compounds
masquerading as carbenes.!0 In our reactions we must deal
with the possibility of pyrazoline formation, which in the
thermal decompositions could lead to the trans cyclopropane.!!
It would have to be fortuitous that, within experimental error,
the same amount of trans cyclopropane was formed in the
thermal and photosensitized reactions, but such an event is
clearly possible, if unlikely. Diazomethane, a diazo compound
quite reactive in 1,3-dipolar additions,!? requires 7-10 days
to form a pyrazoline with the butenes.! Our thermal reactions
are complete in <2 h. Thus we feel it unlikely that nitrogenous
intermediates are involved, but cannot claim to have removed
the possibility.14
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Reaction between Superoxide Ion and the
Superoxide Coordinated in a Cobalt(III) Complex
Sir:

The importance of dioxygen species in biological redox re-
actions,! in photosynthesis and in combustion of materials,?
is well recognized. One-electron reduction of oxygen produces

the superoxide ion, O,™+, and the redox potential observed for
the process

0, + H* + e~ — HO»

is —0.33 V which is independent of pH.2 The reactions of O,
are of considerable interest; the spontaneous dismutation re-
action

20,7- 4+ 2Ht — O, + H,O,

is known to be catalyzed by protons. In enzymatic systems,
superoxide dismutases which contain transition metal ions such
as copper, zinc and manganese bring about this reaction.?
Several transition-metal complexes have been used to show
model behavior of the superoxide dismutase reaction.*> In the
cobalt(III) dioxygen complexes the nature of the -O-O-
bridge is known to be superoxo or peroxo as determined by
ESRS and crystallographic studies.” One-electron reduction
of the superoxo complexes produce the peroxo bridge com-
plexes which are diamagnetic and the process does not reduce
the metal center.®-'2 We have investigated the redox reactions
between the O, ion and the coordinated O, in the transi-
tion-metal complexes, u-amido-u-superoxo-bis[bisethylene-
diamine cobalt(I11)] (I) and u-superoxo-bis(pentacy-
ano)cobalt(111)] (I1).

0—0
N yd
/\NH /CO(en)z]‘+ {(CN):Co
2

I I

Superoxide ion was produced pulse radiolytically!? in
aqueous solutions, saturated with oxygen, containing 0.1 M
sodium formate. The reaction of O™+ with the superoxo
coordinated complex was followed by monitoring the formation
of the peroxo complex using spectrophotometric pulse radi-
olysis technique.!4 Solutions of the superoxocobalt(IIT) com-
plexes I or I1in 0.1 M sodium formate saturated with oxygen

O—O\

[(en)Co Co(CN)J*~
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Figure 1. Bimolecular rate constants.

were irradiated with a 10-MeV beam of electrons from Notre
Dame linear accelerator. The rate of formation of the peroxo
complex was followed at 380 nm and 310 nm for I and II re-
spectively; absorbance increase at 380 nm corresponds to the
formation of the p-amido-u-peroxo-bis{bisethylenediamine
cobalt(III)] complex, whereas absorbance decrease for the
cyanide complex at 310 nm is proportional to the formation
of the corresponding peroxo complex.!516 The rate constants
for the reaction of O, with the cobalt(III) superoxo com-
plexes were determined varying the pH and by varying the
concentration of the complex in the solution. The bimolecular
rate constants which were found to be independent of the
concentration of the superoxo complex present in the solution
are shown in Figure 1 as a function of pH.

4 radiolysis of the complexes in oxygenated 0.1 M formate
solutions produces the peroxo complex quantitatively. No
cobalt(IT) was detected in the y-irradiated solution. vy radi-
olysis of II also shows spectral changes corresponding to the
formation of the peroxo complex. However, in this case, the
peroxo complex decomposes slowly in aqueous solutions.'3

With the identification of the peroxo product the reduction
of the coordinated superoxide by O>~ may be formulated as
shown in Scheme I. A generalized rate treatment including the
hydroperoxy radical as the additional reducing species shows
that the bimolecular rate constant k for the reduction process
is a sum of the rate constants due to the fraction of O,™, fo,-,
and the fraction of HOy-, fHo,, present in the solution:

k= (k02‘ xfOz‘ + kHOz foOz)

= ka‘ kHOz
1+ (K/[H*]) 1+ ([H*]/K)

K is the acid dissociation constant for HO» and ko,- and kno,
are the rate constants for the reduction process by O, and
HO-, respectively. The best fit to the data shown in Figure !
is obtained for ko,- = 5.8 £ 0.3 X 107 and kno, = 3.0£ 0.5
X 106 M~15-1, The pK, for HO»- is known!” to be 4.75 and
above pH 5.0 reduction by O, is the predominant pathway.
The reaction between two O, ions is negligibly slow com-
pared with that of O~ and HO,- for which a rate constant of
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