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Figure 2. g and hfs eigenvectors of benzoyloxy projected on the plane of
the original atomic locations in acetyl benzoyl peroxide (heavy lines).
Implied radical position indicated by light lines.

isotopic oxygen might influence the spin distribution by per-
turbation of resonance! can be eliminated by the observation
that fine-structure splittings in the methyl-benzoyloxy radical
pair are identical for labeled and unlabeled material in the
same crystal. This measurement would have been sensitive to
a shift of 2% spin density between the two oxygens.

Figure 2 projects the unique hfs eigenvectors and the in-
plane g eigenvectors onto the plane of the benzoyloxy atoms
of undamaged acetyl benzoyl peroxide.!S It is clear that, con-
trary to previous hypothesis,!® the radical has undergone
substantial in-plane rotation from its original position. The g
tensor, which was previously used to argue for the 2A’ state, !0
is now seen to be in accord with the 2B; assignment. The vector
product of the g eigenvectors of Figure 2 diverges from the
normal to the original least-squares phenyl plane by 2°; that
of the hfs eigenvectors diverges from the normal by 5.6°. Thus
the tensors agree that the rotation is in plane and that the
conformation of the radical is planar. They differ in assigning
the amount of rotation: g implies 23° rotation, and hfs implies
30°. We believe this discrepancy is well beyond experimental
error.!6

Using the g shifts observed and matrix elements estimated
from the INDO LUMOs of Figure 1, one can guess at the
energy gaps between the 2B, ground state and the 2A, and 2A,
excited states of benzoyloxy. The largest g shift predicts that
the 2A, state lies 13 kcal/mol above 2B,. The intermediate g
shift implies that the 2A state lies 55 kcal/mol above 2B,. Even
given that the two Z states should have quite different OCO
angles, the latter gap seems too high, especially since the
radicz;} is photodecarboxylated by light as red as 25 kcal/ein-
stein.

The above observations should provide sensitive tests of the
quality of wavefunctions for acyloxy radicals, as well as al-
lowing interpretation of the arrangement of numerous radicals
and radical pairs in single crystals.
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Metal Clusters. 24.! Synthesis and Structure of
Heteronuclear Metal Carbide Clusters
Sir:

Metal carbide clusters,? a well-established and potentially
very large group of clusters, are of substantial chemical interest
because the carbide carbon atom, if exposed or open to reagent
attack, may have an extensive chemistry of some novelty. Also
these clusters may provide, by formal analogy, information
about carbon as a surface species and as an intermediate in
catalytic CO hydrogenation reactions.? In the carbide clusters
with exposed or peripheral carbide carbon atoms—e.g.,
FesC(CO);s and its derivatives—we have found a low degree
of reactivity* and therefore have sought heteronuclear ana-
logues that might prove more reactive,” We describe here a
general synthesis of heteronuclear metal carbide clusters for
the cage® octahedral MM’sC class and for the peripheral®
square-pyramidal MM’4C class as well as crystallographic
confirmation of the proposed structures.

Octahedral MFesC(CO),L,?~ complexes were prepared
by reaction of the anion FesC(CO);4%~, derived from
FesC(CO),s and Fe(CO)42™, with mono- or dinuclear tran-
sition-metal complexes that are either coordinately unsaturated
or that have readily displaceable ligands (Scheme I).72 The
heteronuclear MFesC(CO), Ly clusters have been isolated
as tetraethylammonium salts which were characterized by
elemental analysis.”® All of these compounds formed black
crystals—solution-state colors were purple for the octahedral
clusters and ranged from dark green to brown for the square-
pyramidal clusters. These include clusters which are the first
carbide clusters that contain metal atoms outside of the iron
and cobalt groups.? Neutral octahedral clusters like Ni-
FesC(CO) ¢ showed a parent ion in the mass spectrometric
experiment and all mass ions resulting from successive CO loss
down to the NiFesC ion; this neutral cluster was prepared by
oxidation of the anionic NiFesC(CO);52~ species.
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Oxidation of the heteronuclear MM’sC carbide anions
typically3? led to removal of one iron atom and the formation
of the new class of heteronuclear MM’4C carbide clusters,
Scheme 11.8%¢ 13C NMR data provided critical structural and
dynamic ligand exchange information for these clusters. This
is neatly illustrated for the parent FesC(CQ);s and the de-
rivative MoFe,C(CO) ¢ clusters. The solid state structure® of
the former is sketched in 1. Between 25 and —80 °C, the 13C
spectrum of a '3CO-enriched!® sample of FesC(CO);s was
nearly invariant and consisted of two resonances of approxi-
mate relative intensities of 3 and 12—a spectral feature con-
sistent with structure 1 only if there is either fast CO exchange

NS

(inter- or intrametal site exchange) over inequivalent sites!!
in the basal plane or accidental degeneracy of the inequivalent
basal CO !3C resonances. The former (inter- and intrametal)
process has been established for other analogous metal clus-
ters!2 and is the probable explanation.!! For the molybdenum
derivative cluster,!3 the 13C spectrum consisted of two CO
resonances of approximate relative intensities of 3 and 13 at
20 °C. The more intense resonance broadened with tempera-
ture decrease and by —80 °C separated into three separate
resonances with relative intensities of ~3:6:4. The latter
semilimiting exchange spectrum would be consistent with
structure 2!4 provided that fast ligand exchange centered at

\
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single metal atoms were operative even at —90 °C. The in-
termetal ligand exchange process evident in the =90 to 35 °C
range is fully .localized on the basal set of four metal
atoms.!!

Consistently, the rhodium analogue ot the MoFe,C cluster,

Figure 1. Perspective drawing (adapted from an ORTEP plot) for one iso-
mer of the RhFesC(CO) 4~ anion as observed in single crystals of its
(C,Hs)sN™ salt. All metal atoms are represented by large-sized open
circles; carbon and oxygen atoms are represented by small open circles.
The metal atoms lie at the vertices of a near-square pyramid with three
iron atoms and the rhodium atom comprising the square base and the
fourth iron atom at the apex. The carbide carbon atom is labeled with a
C and is displaced by 0.19 A from the 4-metal (M) basal mean plane on
the side opposite Fe?. Cocrystallization of equal amounts of the two en-
antiomeric forms of the anion produces a statistically disordered solid-state
structure in which the basal MP! sites are always iron atoms and the Mb2
sites are half iron and half rhodium atoms. The disordered anion utilizes
a crystallographic mirror plane which contains Fe? and one of its carbonyls,
the carbide carbon atom, and the single bridging (Cp-Og) carbonyl ligand.
The metal-carbide distances are of three types: Fe2-C, 1.980 (12); Feb!-C,
1.868 (8); and MP2-C, 1.94] (8) A. Average bond lengths of interest fol-
low: Fe-C(terminal CO), 1.763 (12, 17, 25, 5);!® Mb2-C(terminal CO),
1.783 (12, 6, 6, 2); Mb2-Cg(bridging CO), 2.131 (13); C-0, 1.148 (13,
8, 19, 8); Fe-Fe, 2.616 (3, 18, 18, 2); Fe-Mb2, 2,633 (2, 22, 22, 2);
MP2-MP®2, 2,779 (2) A. Average angles: M-C-O(terminal CO), 176 (2,
2,5, 7);'6 Mb2-Cg-0g, 139.2 (3); MP2-Cy-M>?', 81.4 (6)°.

RhFesC(CO)y47, also has the unique metal atom in the basal
plane. There is one bridging CO ligand between the basal
rhodium and one basal iron atom as shown in Figure 1. This
stereochemistry was established by a single-crystal X-ray
diffraction study!®> of the tetraethylammonium salt of
RhFe4C(CO)4~. Here, notable features of the carbide
framework structure are (A) the extension of the carbide
carbon atom of ~0.19 A beyond the basal FesRh plane and (B)
the close similarity!” between Fe-Fe and Fe-Rh (nonbridged
edges) bond distances. Ligand exchange over metal atom sites
was fast (13C NMR time scale) at 25 °C in the rhodium
cluster.

The octahedral cage carbides from the parent
FecC(CO) 162~ to the MFesC(CO),>~ derivatives showed a
single 13C CO resonance from —80 to +25 °C (a broadening
phenomenon was evident for all near =90 °C). For RhFesC-
(CO)14, the 13C resonance was a doublet with Jrpisc(av) =~
10 Hz. The related complex, RhFesC(CO) 4(1,5-cycloocta-
diene)™ had a 13C CO singlet (apparently all terminal CO li-
gands are attached only to iron atoms) and two cyclooctadiene
carbon resonances, one of which was a doublet with Jrhi3c =
9 Hz, a value comparable with typical!® direct Rh~C spin
coupling for olefinic carbon atoms. Thus, it appears that in-
termetal ligand exchange in most MFesC carbide clusters will
have very low exchange barriers (<~8 kcal/mol). A crystal-
lographic analysis!® of the tetraethylammonium salt of the
MoFesC(CO) 172~ cluster anion!” established an octahedral
MoFesC framework. The carbon atom is displaced from the
plane of the four iron atoms, Fe!-Fe* (Figure 2), toward the
molybdenum atom (by 0.1 A) because the Mo-Fe bond dis-
tances are so much larger than the Fe-Fe distances, thus
generating a slightly longer Fe3-C (carbide) distance.

Our synthesis procedure has generality and has the potential
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Figure 2. Perspective drawing (adapted from an ORTEP plot) of the Mo-
FesC(CO) 7%~ anion as observed in single crystals of its (C;Hs)4N¥ salt.
Metal atoms are represented by large-sized open circles; carbon and
oxygen atoms are represented by small open circles. The anion contains
15 terminally bonded and 2 unsymmetrically bridging carbonyl ligands.
The four equatorial iron atoms (1-4) are coplanar to within 0.008 A and
the carbide carbon atom (labeled with a C) is displaced by 0.10 A from
their least-squares mean plane toward the axial molybdenum atoms.
Metal-carbide distances are of three types: Mo-C, 2.117 (6); axial Fe5-C,
1.947 (6); and equatorial Fe-C, 1.894 (7,9, 17, 4) A.16 Average bond
lengths of interest follow: Fe-C(terminal carbonyl), 1.757 (8, 12, 35, 12);1¢
Mo-C(terminal CO), 1.932 (8, 6, 9, 3); Fe!-C(bridging CO), 1.882 (8);
Fe#-C(bridging CO), 2.050 (7); Fe2-C(bridging CO), 1.841 (8); Mo-
C(bridging CO), 2.413 (8); C-O, 1.155 (9, 5, 15, 17); Mo-Fe, 2.915 (2,
54,107, 4); Fe5-Fe, 2.643 (2, 11, 21, 4); equatorial Fe-Fe, 2.673 (2, 61,
92,4) A; Average angles: M-C-O(terminal), 174 (1, 4, 13, 15); M-C-
O(bridging), 139 (1, 8, 10, 4)°.

for preparing carbide clusters with many different metal atoms.
The chemical and structural features of these new clusters are
under investigation.
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Photogeneration of Intermediates Involved in
Catalytic Cycles. 3-Hydride Elimination from the
16-Electron Alkyl Species Generated by Irradiation
of Tricarbonyl(n5-cyclopentadienyl) n-pentyl)tungsten(Il)
Sir:

Study of many of the intermediates in catalytic cycles is
often difficult owing to the fact that the rate-limiting step
precedes the chemistry of the intermediate under consider-

ation. Optical irradiation of thermally inert precursors to
certain intermediates may allow study of reactive species, if
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