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nistic insights. The above results provide substantial evidence 
for the viability of a mechanism for carbon-carbon bond 
cleavage of alkanes which involves direct insertion of a metal 
into the carbon-carbon bond as a first step. Thermochemical 
data indicating strong metal-carbon bonds corroborate this 
hypothesis. Further studies are underway in our laboratories 
to extend this technique to other systems. 

Acknowledgment. This research was supported by the U.S. 
Department of Energy. We are indebted to Professor Robert 
Grubbs and his co-workers for their input relating to these 
studies. 

Chart I. Ene Additions of 1O2 to 1-Methyl- and l-Ethylcycloalkenes. 
Product Distributions2 
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Preference for the Syn Ene Additions 
of '02 to 1-Methylcycloalkenes. 
Correlation with Ground-State Geometry 

Sir: 

We1'2 and others3 have recently demonstrated a strong, 
unexpected preference for the ene-type additions of 1Ch at the 
disubstituted side of simple, acyclic, trisubstituted [(-CH2R)3] 
olefins: preference for the syn ene additions (PSEA). We now 
point out that the 4-, 5-, 7-, 8- (with Z geometry), and 12-
membered (Z and E geometry) 1-methylcycloalkenes also 
show a PSEA (Scheme I) and that only 1-methylcyclohexene 
and its derivatives do not. Preoccupation with the latter, mainly 
terpenes, has obscured the fact that PSEA is the rule in acyclic 
and cyclic systems, cyclohexenes excepted. (£')-l-Methyl-
cyclooctene, the 9 to 11 rings, and > 12 rings have not yet been 
investigated.45 We rely largely on published photooxygenation 
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studies;6 that these were carried out in different solvents and 
at different temperatures does not matter because product 
distributions are known to be insensitive to changes of either, 
and even of phase.6-7 The available data are collected in Chart 
I. In the Z series, the 4, 5, and 7 rings (1, 2, 4) show a very 
strong PSEA, the 8 and 12 rings [(Z)-S, (Z)-6] a less pro­
nounced PSEA, and the 6 ring (3) none. (£)-l-Methylcyclo-
dodecene [(£)-6] also shows a very strong PSEA. 1-Ethyl- or 
1-propylcycloalkenes would be more suitable substrates for 
demonstrating the PSEA5 and Chart I includes data on (Z)-
and (£)-l-ethylcyclododecene [(Z)-, (E)-I], which parallel 
those for the 1-methylcyclododecenes [(Z)-, (E)-6]. 

Chart II summarizes the available data on terpenes and data 
on a related substrate, 11. The simple 4- and 5-substituted 
1-methylcyclohexenes (9-12) all show no PSEA," like the 
parent, 3. The derived bicyclo[4.1.0]heptenes, 3-carene (13) 
and 2-carene (14),18 do show a PSEA, as does the cyclopen-
tene-derived bicyclo[3.1.0]hexene, 3-thujene (8). 

It appears that ground-state geometry and reactivity, PSEA, 
can be correlated: we note that the ground-state geometries 
of the H—Cn—Ci =C2—C3—H sites of the (Z)-cycloalkenes 
in Charts I and II are essentially of only two types (A, B), and 
that all rings with one type of geometry (A) show a PSEA and 
all rings with the other (B) do not. In the former, the 4-, 5-, 7-, 
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Chart II. Ene Additions of 1O2 to Substituted 1 -Methylcycloalkenes. 
Product Distributions 
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methyl group are added. In the case of 9-12, the two ene additions 
involving H-atom abstraction at the methylene groups are listed 
separately; the first number indicates abstraction of the pseudo-
axial, the second abstraction of the pseudoequatorial H-atom if the 
assumption is made that only half-chair conformers with equatorial 
substituents react: (a) ref 12; (b) only the H atom which is on the 
same side as the isopropyl group is abstracted; (c) ref 1 3; (d) ref 14; 
(e) ref 15; (T) ref 16; (g) note 10; (h) ref 17. 

8-, and 12-membered (Z)-l-methylcycloalkenes, one of the 
carenes, and the thujene, the allylic C—H bonds which ema­
nate from both cis-oriented C atoms (C3 and Cn) and lie above 
the plane of the double bond are roughly perpendicular to that 
plane, as in A; in the latter, the various 1 -methylcyclohexenes, 
only one of these C—H bonds is roughly perpendicular, as in 
B.19 

We hypothesize that the geometrical element A, a 
ground-state property, may be reflected in the transition 
state(s) involved in the syn ene additions: ene additions of '02 
occurring at this site (A) may be favorable.29'31 Much current 
work still centers on defining the mechanism of the ene-type 
addition per se.6,30 Our hypothesis seems to be most compatible 
with the perepoxide model, but a discussion of this point would 
be fruitless. 

The bicyclic compounds (8, 13, 14) probably have fixed 
ground-state geometries. In these systems, it is possible to 
verify whether 'C>2 indeed attacks at site A. Unfortunately, 
only the geometry of 3-thujene (8) is accurately known;19 '62 
does attack only at site A (Chart II). 

The other rings undergo rapid conformational changes. In 
the case of the (Z)-cyclododecenes, there are probably two 
dominant conformers of comparable stability; in all other cases, 
a single conformer dominates. In every case, other conformers 

have small populations and our correlation is of course based 
on the geometries of the dominant conformers. The bimolec-
ular ene additions are much slower than the various confor­
mational changes and nondominant conformers could be in­
volved in the reactions with 1C^.5,32 

The correlation cannot be extended to open-chain, trisub-
stituted olefins, because the preferred geometries of their 
H—Ca—C=C—Cb—H (Ca, Cb cis) sites are not known. The 
effects which are responsible for the PSEA in the case of tri-
substituted olefins may also manifest themselves in the case 
of tetra- and 1,2-disubstituted olefins; experiments to verify 
this are underway. 
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Isolation and Characterization of 
[Rh5(CO)io(M2-CO)s]-: A Key Product in 
Rhodium Carbonyl Chemistry 

Sir: 

The dianion1 [Rh12(CO)3o]2_ is known to react reversibly 
at room temperature with carbon monoxide. This reaction 
produces a labile species which previously was tentatively 
formulated as [Rh12(CO)~34p- on the basis of volumetric 
measurements of absorbed CO in THF,2 and which has 
characteristic IR2 and 13C NMR 3 spectra. For several years 

Figure 1. Atomic numbering scheme and Rh-Rh distances. Estimated 
standard deviations in distances are <0.001 A. 

we have tried to clarify the nature of this species because of its 
relevance both in rhodium carbonyl chemistry3 and in the 
catalytic synthesis of ethylene glycol.4 We now report that we 
have been able to reformulate the "[Rh12(CO)~34]2~ " species 
as [Rh5(CO) i 5 ] _ and to obtain this pentanuclear cluster 
starting from Rh4(CO)i2 and the [Rh(CO)4]" anion. 

At low temperature ( -78 0C), reaction of [Rh1 2(CO)3 0]2 -

with carbon monoxide (1 atm P) in THF led to slow precipi­
tation of Rh6(CO)i6 in such a way that the resultant equilib­
rium shifted toward formation of the labile species. From the 
filtered solution maintained under CO at — 10 0 C, it was pos­
sible in fact to obtain red-brown crystals of an extremely re­
active anionic species as the bis(triphenylphosphino)iminium 
(PPN) salt. The precipitation was carried out by means of slow 
diffusion of 2-propanol saturated with CO. The X-ray struc­
tural analysis presented here shows the anionic species to be 
[Rh5(CO)i5] - . The IR spectrum of this product in THF is 
identical with that previously reported2 [2045 (s), 2010 (vs), 
1868 (m), 1838 (ms), and 1785 (m) ± 10 cm- ' ] but this so­
lution is unstable at room temperature under N2 . The same 
species subsequently was obtained in ~80% yield using the 
following redox condensation reaction: 

CO 
Rh 4 (CO) 1 2 + [Rh(CO) 4 ] - > [Rh5(CO)1 5]" + CO (1) 

THF 

The [PPN] + [Rh 5(CO) 1 5]- salt has been characterized by 
single-crystal X-ray diffraction techniques. The compound 
crystallizes in space group Pl/a, with cell dimensions a = 
19.313 (3), b = 9.375 (2), c = 14.804 (2) A; /3 = 93.20 (1)°; 
and Z = I. Observed and calculated densities are in satisfac­
tory agreement: p0bsd =1.81 and pCaicd = 1-83 g cm - 3 , as­
suming a formula weight of 1473. Diffraction data were ob­
tained with an Enraf-Nonius CAD4 diffractometer, using 
Nb-filtered Mo Ka (X = 0.71069 A) radiation. The structure 
was solved by standard heavy-atom methods and refined by 
a full-matrix least-squares procedure to yield an unweighted 
agreement factor on F2 of R = 0.050 for 5837 reflections with 
(sin0/X) < 0.65 A- ' . 5 

The structure of the [Rh5(CO) I 5 ]" anion in the crystalline 
state is illustrated in Figures 1 and 2. The metal atoms form 
a trigonal bipyramid, and the anion as a whole possesses 
crystallographic C2 symmetry. A twofold axis passes through 
one of the Rh atoms in the equatorial plane [Rh(I)] and a 
bridging carbonyl ligand [CO(I3)] .6 Altogether, there are ten 
terminal carbonyls [three each on the axial Rh(3) and Rh(3'), 
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