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Abstract: The He(I) and Ne(I) photoelectron spectra of C2B3HsFe(CO)3, C,B3H;Fe(CO)3, B4HsFe(CO);, BsHoFe(CO);,
and BsH3;Fe(CO)s are reported. Spectra are assigned utilizing observed band characteristics and an empirical model based
on an analysis of the spectra of boranes and carboranes of similar size and structure. Comparison of B4HgFe(CO)3 with BsHg
and C4H4Fe(CO)s reveals that the electronic structure of the borane is a good model for the ferraborane. Characteristic fea-
tures of the spectra of BsHgFe(CO); suggest a close relationship to B¢H g while observations on BsH3Fe(CO)s are consistent
with a structure involving 2CO molecules bound to the cage in exo-polyhedral positions. The nature of the perturbation of the
iron atom by the cage and the cage by the iron atom is also revealed in the analysis of the spectra.

Recently a number of compounds containing a borane
framework and one iron tricarbonyl group have been discov-
ered and characterized.!3 These ferraboranes and related
ferracarboranes have small enough structures and sufficient
volatility such that they can be conveniently investigated with
the technique of valence level photoelectron spectroscopy. As
the photoelectron spectrum is directly related to the electronic
structure of the molecule cast in a one-electron molecular or-
bital description,? this technique provides a means of probing
the nature of the metal-cage interaction. The usual means of
analyzing photoelectron spectra involves the utilization of
quantum chemical calculations. With metals this presents some
difficulties. First, quantitative calculations involving metals
require more than a casual, semiempirical approach, and,
second, comparison of good calculated energy levels with
photoelectron spectra has provided evidence for exceedingly
large Koopmans’ defects for orbitals having large metal d
character.’ In the preceding paper® in which the electronic

0002-7863/78/1500-0456$01.00/0

structure of small pyramidal and bipyramidal boranes and
carboranes was considered, we presented an alternative to
calculations. In this approach the photoelectron spectra of
model compounds are used as sources of parameters for a
qualitative description of related compounds. This method is
adopted here to describe the spectra of ferracarboranes and
ferraboranes and also to reveal the behavior of an iron atom
in the environment generated by the borane cage.

The interaction of transition metals with borane and car-
borane cages has been and still is of great interest.” In terms
of a valence bond description, there are at least three distinct
ways known by which a metal is coupled to a cage. In one a
single atom of the cage is bonded to the metal by a two-elec-
tron, two-center bond and the metal functions as any other
exo-polyhedral ligand. In the second the metal is in a bridging
position of the cage and the interaction is considered to take
place through a three-center, two-electron bond. In the third,
the metal may be considered as interacting with the cage by

© 1978 American Chemical Society
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Figure 1. A schematic diagram of the orbital structure of the Fe(C0);
fragment for an angle 8 of 130° according to ref 13.

means of one or more multicenter, two-electron interactions,
It is the last situation that is the focus of this work.

In the last case, there are two popular views of how the metal
interacts with the cage. In the organometallic view the cage
acts as a polyhapto ligand which formally contributes electrons
to the metal such that the 18-electron rule is satisfied. Histo-
rically, this view of the cage-metal interaction served as the
basic rationale for the first successful approach to the synthesis
of metal-containing cages.?

The second view of metals bound to cages envisions the
metal as being simply another atomic member of a cage or
atom cluster containing both metal and nonmetal atoms. In
this approach a distinction is made between cluster or frame-
work bonding (endo-polyhedral bonding) and the bonds to
atoms outside of the cluster (exo-polyhedral bonding). As part
of the cage, the metal contributes three orbitals and a number
of electrons that depends on the metal and the exo-polyhedral
substituents on the metal. Simple electron counting rules have
been established so that the geometrical arrangement of the
cluster atoms can be predicted.® From this viewpoint the
structures of metal-containing cages and organometallic
compounds are derived from borane models. Recent approxi-
mate calculations have further explored this idea.!°

The two views of how metals interact with cages merge in
the molecule B4HgFe(CO)3. This compound can be viewed as
either a derivative of the borane BsHg or as a close relative of
the structurally similar organometallic compound,
C4H4Fe(CO);. Thus, the work presented below provides an
experimental comparison of these views.

Experimental Section

The photoelectron spectra of C;B3HsFe(CO);, C2B3H7Fe(CO)s3,
B4HgFe(CO)3, C4H4FC(CO)3, B5H9FC(CO)3, and B5H3FC(CO)5
were recorded in the gaseous state using the He(I) (21.2 eV) and
Ne(I) (16.8 eV) lines at a resolution of 25 meV (fwhm) at 5 eV elec-
tron energy. The spectrometer was calibrated using a mixture of xenon
and argon as an internal standard. Samples were run at room tem-
perature.

The C4H4Fe(CO); was purchased from Strem Chemicals, Danvers,
Mass., and was purified by vacuum line fractionation before use. The
ferraboranes and ferracarboranes were prepared and purified as re-
ported in the literature: C,B3HsFe(CO)s3,!1 CybsH7Fe(CO)5,12
B;H3Fe(CO);,! BsHgFe(CO);,2 and BsH;Fe(CO)s.> Purity of
samples was checked by either mass spectrometric analysis or 1B
NMR spectroscopy.

The Fe{CO); Fragment. In the preceding paperS an empirical model,
the ring-polar model, was developed to treat the photoelectron spectra
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Figure 2. The photoelectron spectra of C;B3HsFe(CO); and the orbital
assignments of the observed bands.
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of small cages. In this model the molecular orbitals of the system were
partitioned into two types: transferable orbitals associated with the
ring and polar fragments and orbitals associated with the ring-polar
interactions. Empirical parameters were developed for three-, four-,
and five-membered rings and the BH and CH polar fragments. Thus,
in order to apply this model to ferraboranes, it is only necessary to
develop parameters for the Fe(CO)3 fragment.

The Fe(CO); fragment has been investigated theoretically and the
orbital structure of this fragment is represented in Figure 1.13 In terms
of bonding capabilities, the Fe(CO); fragment is much like BH;
however, in terms of photoelectron spectroscopy there will be a number
of visible differences. Replacing BH by Fe(CO); will result in the loss
of one band corresponding to the ionization of a BH type molecular
orbital, In addition, bands corresponding to the ionization of orbitals
associated mainly with the CO moieties' and bands associated with
ionization of filled orbitals of largely iron d character should appear
(see Figure 1).

To verify these expectations and to begin the investigation of the
Fe(CO); fragment in a cage environment, the molecules
C,B3HsFe(CO); and C,B3H7Fe(CO); were examined. The former
has a bipyramidal (closo) arrangement of cluster atoms while the latter
has a pyramidal (nido) geometry. The structure.of the latter has been
well defined by single-crystal x-ray diffraction studies!6 and, recently,
has been the subject of ab initio calculations.!”

C2B3HsFe(CO)3. In this molecule the Fe(CO); fragment may be
considered in either a ring or polar position. As the analogous com-
pound, 1,6-C;B4Hg, was discussed with CH polar fragments, the
Fe(CO); group will be considered to be in the ring fragment as indi-
cated in Figure 2. The spectrum of C,B3HsFe(CO)s is also displayed
in Figure 2 with the numerical data being given in Table . As detailed
in the preceding paper, the primary experimental observations are
band position, relative band intensity, relative band intensity as a
function of photon energy, and fine structure. The key problem with
the ferracarboranes and ferraboranes is the location of the orbitals
involving the Fe(CO); group. Experimentally this is determined from
band intensity as a function of photon energy. It has been demon-
strated by earlier workers!® that for organometallics the relative in-
tensity of bands associated with the iron atom and the carbonyl
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Table I. Vertical [onization Potentials, Relative Band Areas, and Band Assignments

IP,? A/E¢ A/E (736 A)/ IP
Molecule Band? eV (rel) A/E (584 A) per band Assignment?
C,B3HsFe(CO)3 1 8.6 0.1 0.3 1 F
2 9.1 0.2 0.6 2 F
3 9.9 0.1 0.8 1 S,R
4 11.2 0.3 0.9 2 S,RP
5 11.9 0.4 1.1 2 Ex, R
6 12.7 0.2 1.0 1 Ex, P
7 14.7 1.4 0.6 10 F
13.8 sh
C3B;3;H7Fe(CO)3 1 8.9 0.3 0.7 3 F
8.7 sh
2 10.6 0.2 0.6 1 S,RP
3 11.1 0.2 0.7 1 S,RP
4 12.3 1.0 1.0 5 2Sp, 3Ex
5 144 1.9 0.5 9+ F
BsH3Fe(CO); 1 8.9 0.4 0.7 3 F
8.6 sh
2 10.3 0.4 0.8 2 S,RP
3 12.2 1.0 1.0 3 Ex, R, RP
4 14.2 2.7 0.5 9+ F
C4H Fe(CO); 1 8.4 0.4 0.7 3 F
8.1 sh
2 9.3 0.5 0.7 2 S,RP
3 12.8 1.0 1.0 2 Ex,R
4 139 2.6 0.7 9+ F
5 17.3
BsHsFe(CO); 1 8.4 0.1 0.6 1 S,RP
2 9.2 0.4 0.4 F
8.9sh
3 10.8 0.2 0.9 1 S,RP
4 11.5 0.4 1.0 5 2Sp, 3Ex
5 12.4 1.0 1.0
6 14.4 2.2 0.5 9+ F
BsH3Fe(CO)s 1 8.0 0.1 0.6 1 F
2 8.6 0.2 0.6 2 F
3 9.2 0.2 0.7 1 S
4 9.8 0.3 0.9 2 S
5 10.7 0.4 1.2 2 Ex
6 12.0 0.3 09 1 Ex
7 14.0 1.8 0.7 9+ F
8 16.6 2 CO (cage)

@ See figures for numbering. ? Energies refer to band centers. sh refers to a shoulder on .the baqd. ¢ He(I) b.and area over mean elect.ron
energy. ¢ F = Fe(CO); fragment, S = surface orbital, Ex = exo-polyhedral orbital, R = ring orbital, RP = ring-polar interaction orbital,

Sp = protonated surface orbital.

moieties of the Fe(CO); fragment increase with increasing photon
energy with respect to bands associated largely with main group atoms.
These workers used the He(I) and He(II) lines whereas we use Ne(I)
and He(I). For the case of metalloboranes equivalent results are ob-
tained with the latter sources and one has the added convenience of
high photon intensity.1®

It is quite evident in Figure 2 (also Table I) that the intensity of
bands 1-2, 3, 4, and 7 decrease relative to the intensity of bands 5 and
6 in going from He(I) to Ne(I) radiation. The greatest change is seen
in bands 1-2 and 7. The fact that these bands lie at about 8.5 and 14
eV, respectively, and that the ratio of the area of band 1-2 to band 7
is independent of photon energy (Table II) allows the assignment of
band 1-2 to the ionization of the a and e orbitals associated with the
iron (see Figure 1) and band 7 to the orbitals associated mainly with
the CO’s of the Fe(CO); fragment. The assignment of these bands
to the transferable orbitals of the Fe(CO); fragment is unambiguous
and is consistent with similar observations on organometallics con-
taining the iron tricarbonyl fragment.18

The other bands are due to the ring, polar, and ring-polar inter-
action orbitals some of which will have iron character. The intensity
data are not as clear-cut here because of the much smaller fraction
iron character. However, what intensity change there is should be more
evident in the w-endo orbitals than in the o-exo (BH and CH) orbitals.
If we assign bands 5 and 6 and the shoulder at low ionization potential
on band 7 to the four highest lying o-exo orbitals of the C,B4Hg
skeleton, then bands 3 and 4 must be due to the three m-endo orbitals.

Table IL. Area Ratios of Bands Assigned to Fe(CO); Transferable
Fragment Orbitals

(A/E)re/(A/E)co Fe(a)/Fe(e)

Compd He(I) Ne(I) He(I)
C;B3HsFe(CO)s 0.18 0.15 0.65
C,B;3H,Fe(CO); 0.15 0.20
BsHgFe(CO); 0.15 0.23
C4H,Fe(CO); 0.16 0.17
BsHgFe(CO); 0.17 0.14
BsH;Fe(CO)s 0.15 0.13 0.72

The relative intensity data suggest that 3 and 4 have greater iron
character than 5 and 6 but less than 1-2 and 7. In addition these data
indicate that bands 4 and 5 result from the ionization of at least two
orbitals. Exclusive of the bands to be associated with the Fe(CO);
fragment this assignment accounts for 7 of the 12 ionizations expected
(3 m-endo, 5 o-ex0, and 4 ¢ endo). With C,B4Hg all four s-endo or-
bitals and one s-exo orbital lie above 17 eV: thus the indicated as-
signment is reasonable. Naturally, one cannot exclude the possibility
that one or two of the five other expected bands are lost in the large
“CO” band at 14 eV.

A schematic representation of this assignment is given at the bottom
of Figure 2. Quantitatively comparing this assignment with the
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analysis of 1,6-C2B4Hg one finds that for the ring orbitals o has shifted
from —12.4to —11.9 eV and 8 from —1.3 to —1.0 eV % Both changes
are reasonable in view of the lower electronegativity of Fe with respect
to boron and in terms of less mixing due to the larger Fe atom. The
ring-polar interaction orbitals are both shifted down by about 1 eV
which is also reasonable in terms of relative electronegativities, smaller
ring-polar interactions or both. Thus, when the additional features
introduced by the Fe(CO)3 fragment into the photoelectron spectrum
are taken into account, an adequate explanation of the observed fea-
tures of the spectrum of C,B3;HsFe(CO)j; results by simply treating
the Fe(CO); fragment as BH and applying the ring-polar model.

Recently, it has been suggested that the reason why the analogy
between the structures of boranes and transition metal clusters works
is that species like BsHg2~ and Cog(CO)14%~ have similar s and p
overlap integrals.10-20 The photoelectron spectra of C,B3HsFe(CO);
suggest that the analogy is basically correct for mixed clusters as
well.

C32B3H7Fe(CO)3. This molecule provides a test of the BH-Fe(CO)3
substitution technique for the pyramidal case. The structure of
C,B3H Fe(CO); according to the x-ray diffraction results!6 is shown
in Figure 3. The Fe(CO); group is in a polar position while the anal-
ogous carborane, 2,3-C,B4Hs, has a BH group in the corresponding
polar (apical) position. The spectra of C;B3H;Fe(CO); are given in
Figure 3 and are tabulated in Table [. Band positions, relative inten-
sities (see also Table II), and intensity as a function of photon energy
show that bands 1 and 5 are due to the transferable filled orbitals of
the iron tricarbonyl fragment. Using 2,3-C,B4H3 as a guide, we would
expect seven additional ionizations between 9 and 14 eV. If bands 2
and 3 result from the ionization of single orbitals, the relative areas
suggest that band 4 results from the ionization of four to six orbitals.
Intensity vs. photon energy (Table I) suggests that 2 and 3 are r-endo
orbitals with significant iron content leading to the assignment sche-
matically illustrated in Figure 3. Bands 2 and 3 are assigned to ring-
polar interaction orbitals involving the apical iron. It is suggested that
band 4 contains five ionizations: one ring-polar interaction and four
ring orbitals.

Once the bands associated strictly with the Fe(CO)s group are
accounted for the remainder of the spectrum can be adequately ex-
plained on the basis of the analogous carborane. In this case, however,
the lower symmetry yields a less structured spectrum and the fit is
somewhat less convincing than in the case of C,B3HsFe(CO);. In
addition there appears to be one significant difference between the
ferracarborane and the carborane. In the latter the splitting between
the ring-polar interaction orbitals, which was attributed to an un-
symmetrical placement of the carbon atoms and bridging protons with
respect to the p, and p,. orbitals of the apical atom, is 1.7 eV6 while
in the above assignment for the ferraborane it is 0.5 eV. This would
suggest that the splitting of the ring-polar interaction orbitals is not
as sensitive to substitution of heteroatoms in the boron ring or ring
protonation when Fe(CO)j3 is the polar fragment. A possible expla-
nation is a weaker interaction of the metal orbitals with the ring
compared to either BH or CH. This is consistent with the lower mixing
of the iron orbitals with the main group orbitals found in
C,B3H;Fe(CO)s.

The orbital energies from SCF calculations!? are included in Figure
3 by utilizing Koopmans’ theorem. There is agreement between the
model predictions and the calculations concerning the number of or-
bitals in the region below 13 eV. (This corresponds to roughly 15eV
down for the calculations.) Beyond this there is little correlation be-
tween the empirical assignment and the calculations. In one sense this
is not surprising as similar type calculations for organometallics have
demonstrated much greater Koopmans’ defects for the metal orbitals
in a compound than for orbitals constructed of main group atomic
orbitals.!® There is, however, a difference that cannot be accounted
for by inadequacies in Koopmans’ theorem. In the calculations, the
four orbitals indicated in Figure 3 with the letter M have large metal
character. The photoelectron spectra indicate that bands 1, 2, and 3
have high metal character and, according to the empirical assignment,
result from the ionization of 5 orbitals. Thus, either band 1 contains
only two ionizations or the calculations do not properly reflect the
mixing of the metal and ring orbitals. If the former is true then
C,B;H;Fe(CO); is different from other molecules containing the
Fe(CO); fragment. If the latter is true then the main argument for
largely ionic bonding between the ring and the Fe(CO); fragment
collapses. The data in Tables II and III suggests that the Fe(CO);
fragment behaves consistently in all the compounds studied including
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Figure 3. The photoelectron spectra of C,B3;H7Fe(CO); and the orbital
assignments. The inset shows the first bands with expanded scale and He(I)
photon source. The spectra contain a small amount of C,B4Hjs as an im-
purity. The SCF orbital energies are from Figure 2 of ref 17. The letter
“M” indicates large metal character.
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one that has a bridging hydrogen to the iron atom. Thus, we feel jus-
tified in concluding that for the purposes of assigning the photoelectron
spectra of metal compounds, the empirical method is superior to
ground-state only calculations.

The Ferraboranes. B4HgFe(CO)s. This molecule consists of a B4Hs
ring with a polar Fe(CO)s fragment! as indicated by the structure at
the top of Figure 4. Thus, it is 2 metallo analogue of BsHyg. The He(I)
and Ne(I) spectra of B4HgFe(CO)3 are given in Figure 4 and the data
are gathered in Table I. Once again the He(I) /Ne(I) relative intensity
data, band energies, and area ratios (Table II) identify bands 1 and
4 as being due to orbitals situated mianly on the Fe(CO); fragment.
In addition the data suggest that band 2 has significant Fe character.
The relative intensities of bands 2 and 3 suggest that the number of
orbitals ionized are in the ratio of 2 to 3. Using the parameters de-
veloped for the B4Hg ring and treating the Fe(CO)3 ring interaction
as a BH-ring interaction yields the assignment indicated at the bottom
of Figure 4. In this assignment band 2 results from ionization of the
doubly degenerate 7-endo orbital involving Fe and the ring. Again
the most striking observation is that once the characteristic trans-
ferable bands due to the Fe(CO); fragment are removed, the re-
maining bands are almost identical with the corresponding borane.®
The only difference is a small shift of the bands to lower ionization
potential.

C4H4Fe(CO)s. As noted previously, B4sHg Fe(CO); can also be
considered an analogue of C4H4Fe(CO);. The spectra of the latter
compound are given in Figure 5 along with Koopmans’s theorem SCF
results.!® The assignment of the bands according to the empirical
model being employed here is indicated at the bottom of the figure.
The assignment gives essentially the same orbital compositions as those
derived previously.!8 However, a couple of comments are in order.
Previous workers used He(I)/He(II) intensity data to distinguish the
“CO” and Fe(a,e) orbitals. Here the He(I)/Ne(I) intensity data reveal
the “CO” band but in contrast to the He(I)/He(II) data do not reveal
any difference in the metal character of bands 1 and 2. This is not
unreasonable as the cross section for carbon 2p does not rise as rapidly
as boron 2p in going from 21.2 to 16.8 eV.2! Thus, the He(I)/Ne(I)
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Figure 4. The photoelectron spectra of BsHgFe(CO)3 and the orbital as-
signments.

experiment is not as sensitive as He(I)/He(II) and will not be as useful
in organometallic systems. In this particular case the shoulder on.band
1 strongly suggests that it is due to ionization of the Fe(a,e) orbitals.
Note that the problem of a large apparent?? Koopmans’ defect for
metal orbitals which continues to generate much discussion and some
controversy,?3 is by-passed with the empirical model employed here.
If these defects are real then our individual orbital assignments apply
only to the ion. However, as our primary interest is in probing changes
in chemical properties in series of related molecules the problem of
Koopmans’ theorem breakdown is not of crucial interest.?*

Having assigned the spectra, corresponding bands for
C4H4Fe(CO);3 and BsHgFe(CO)3 may be compared. In both com-
pounds band 3 results from orbitals associated mainly with the main
group ring. As expected on the basis of nuclear charge this band shifts
to slightly higher energy (lower ionization potential) as one goes from
C4H, to B4Hs. Band 1 is assigned to ionization of the Fe(a,e) orbitals
and, somewhat surprisingly, it shifts to higher ionization potential as
one goes from C4Hy to B4Hg. Apparently, in the organometallic
compound the iron atom is better able to accommodate the positive
hole. This may be due to more electron density on the iron or greater
stabilization of the hole in the ion in the case of C4H4Fe(CO)3. Band
2 is assigned to ionization of the pair of ring-polar interaction (7-endo
type) orbitals in both compounds. As indicated in the energy level
diagram below, these orbitals originate from the Fe d,, and dy. orbitals

B.Hs, p. Fe, d,., dyz CH, p,
ey ey
03¢V 08eV caled

and the corresponding symmetry combinations of ring p,, oribtals and
the corresponding symmetry combinations of ring p, orbitals. The
energy difference of the metal orbitals may be estimated from the
Fe(a,e) bands in the two compounds and the energy difference in the
filled orbitals from the positions of band 3 in the two compounds, i.e.,
0.6eV.
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Figure 5. The photoelectron spectra of C4H4Fe(CO)3 and the orbital as-
signments.

The relative energy of the cyclobutadiene ring orbitals with respect
to the metal orbitals is taken from the extended Hiickel results.!3 All
this suggests that the lower energy of the metal-ring orbital in the
ferraborane results from a larger interaction between the metal and
borane ring compared to the metal and carbon ring. Thus, the iron
appears more cagelike in B4HgFe(CQO)3 than in C4H4Fe(CO);. This
may be compared to the observation above that Fe(CO); appears less
cagelike in C;B3H7Fe(CO); than BH in C;B4Hs.

BsHoFe(CO)s. This species is formed along with B4HgFe(CO); in
the copyrolysis of BsHg and Fe(CQO)s.2 The physical data and a sin-
gle-crystal x-ray diffraction study of the anion BsHgFe(CO)3~ show
that the molecule has the structure indicated in Figure 6, i.e., a pen-
tagonal pyramidal arrangement of the iron atom and borons with the
Fe(CO); fragment being in the basal plane.2 As such its structure
formally represents that of B¢Ho; however, there is a very interesting
difference associated with the bridging hydrogen attached to both
boron and iron. Both the location and spin coupling to !'B suggest a
B-H-Fe bridge. On the other hand, the Fe-H distance, although
approximate, is more consistent with a terminal H. In addition the
fluxional behavior of this hydrogen suggests B-H breaking rather than
H-M breaking as observed in other hydrogen metal bridged systems,
As it has been demonstrated that the splitting of the two highest lying
m-endo orbitals (ring-polar interaction orbitals) depends strongly on
the ring composition and the number of bridging hydrogens, the
electronic structure of BsHgFe(CO)3, i.e., the photoelectron spectrum,
should reflect the role of the B-H-Fe hydrogen.

The He(I) and Ne(I) spectra of BsHoFe(CO); are given in Figure
6 and the vertical ionization potentials and relative area data appear
in Table I. Clearly band 6 is associated with the CO’s of the Fe(CO)3
fragment and bands 1 and 2 have significant iron character. The
crucial assignment here is band 1 and 2. In this region we expect the
Fe(a,e) ionizations and one or two ring-polar interaction orbitals
depending on whether the electronic structure is more similar to
BsH;0/C2B4Hs or CBsHs. Previously, on the basis of data taken at
a single photon energy, we assigned the strong peak of band 2 to
ring-polar interactions and band 1 plus the shoulder of band 2 to
Fe(a,e).2 Thus, the CBsHg molecule was taken to be a good model for
BsHgFe(CO)s, i.e., the B-H-Fe hydrogen was to be associated more
with the iron than the cage. However, the Ne(I) results (upper spec-
trum, Figure 6) demonstrate that this assignment is incorrect. Band
2 loses more intensity than band 1 in going to the lower photon energy
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Figure 6. The photoelectron spectra of BsHgFe(CO); and the orbital as-
signments.

(Table I). Therefore, band 2 must be assigned to Fe(a,e) ionization.
The area of this band relative to the “CO” band is consistent with that
for the other compounds (Table II). The small relative area of band
1 strongly suggests that it results from the ionization of a single orbital.
Consequently, bands 3, 4, and 5 are assigned to the ionization of the
other six orbitals expected. The area measurements on bands 3, 4, and
5 are consistent with this assignment. Of the six orbitals in bands 3,
4, and 5, four or five should have little iron character. This is sub-
stantiated by the He(I)/Ne(I) intensity changes. Band 1 does show
some iron character and the band is attributed to ionization of a
ring-polar orbital (r-endo) as indicated at the bottom of the figure.
Note that with BH in the apical position the splitting between the two
surface orbitals (bands 1 and 3) is about the same as that in BgH .
It seems then that BsH ;g (or C;B4H3) is a better model for the elec-
tronic structure of this ferraborane than CBsHs. Of all the ferrabo-
ranes studied, this is the only one that has a framework band lying at
lower ionization potential than the metal d bands. Asall Koopmans’
defects observed would tend to further separate the corresponding
orbitals in the molecule, this constitutes a clear example of a ferra-
borane with a highest occupied molecular orbital of framework
character, Thus, insofar as the HOMO is related to reactivity this
compound should behave like BsHo. Indeed Shore and co-workers
have demonstrated many similarities between the chemistry of the
two compounds.?®

BsH3Fe(CO)s. Another unusual ferraborane has been isolated from
the products of the pyrolysis of BsHg with Fe(CO)s.> On the basis of
physical data, the compound is identified as BsH3;Fe(CO)s and the
postulated structural consistent with the structural data is shown at
the top of Figure 7. The unique feature of this molecule, which is an
analogue of the BgHg2™ ion, is that it possesses both an Fe(CO); group
and two CO’s bound to the borane cage. Cage bound carbonyls are
known in larger borane cages?6 but this is the first example of a me-
talloborane with such a feature. Consequently, the characterization
of the molecule is of intense interest particularly in regard to the mode
of bonding of the carbonyl to the cage.

The He(I) and Ne(I) spectra of BsH3Fe(CO)s are given in Figure
7 and the data are summarized in Table I. The He(I)/Ne(I) relative
intensity data clearly indicate that bands 1, 2, and 3 are associated
strongly with iron, band 7 is due to the CO’s of the Fe(CO); fragment,
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Figure 7. The photoelectron spectra of BsH3Fe(CO)s and the orbital as-
signments. “R” represents ring orbital, “R-P” represents ring-polar in-
teraction orbital, and “CO (cage)” represents the former 17 orbitals of
the CO bound to the cage.

and bands 4, 5, and 6 are associated with the boron framework. For
the purposes of this discussion only the structure with 1,6 CO’s (Figure
7) will be considered although the existing structural data cannot rule
out the 1,2 isomer. The appropriate model compound here is
C,B3HsFe(CO); and the observed energy level diagram for this
species (see also Figure 2) is given at the bottom of Figure 7.

First, we expect to see bands due to ionization of the Fe(a,e) and
iron “CO” orbitals and bands 1, 2, and 7 are so assigned. Note that
the ratio of the Fe(a,e) band area to that of the “CO” band area is the
same in this compound as in all the other compounds containing the
Fe(CO)s fragment. This is additional confirmation that there is indeed
an Fe(CO); fragment in the molecule.

Second, in the ring-polar model both C,B3;HsFe(CO); and
BsH;Fe(CO)s should have the same set of four ring orbitals centered
between 10 and 12 eV. Of these four the one at lowest ionization po-
tential should have significant iron character. Bands S, and 6 have the
required characteristics and are assigned to the B3H3Fe(CO);
ring.

Third, the two bands associated with the exo CH orbitals in
C,B3HsFe(CO);at 12.7 and about 17 eV are lost and replaced by the
bands associated with the cage CO’s, Each CO will introduce three
orbitals in the energy range under consideration, i.e., one corresponds
to the former 5¢ orbital and two to the 1#. A reasonable model for
locating the approximate position of the bands is BH3CO, the adduct
of BH3 and CO, which has been extensively studied. Of pertinence
here are the results of a photoelectron spectroscopic study?” in which
it was shown that the orbitals in BH3CO correlating with the 5S¢ and
1= shift very little on coordination to boron, The coordinated 5o was
assigned toa band at 14.1 eV and the 1w toa band at 17.0 eV. It will
be noted that there is a band in the He(I) spectrum of BsH3Fe(CO);
at 16.6 eV that is not present in the model compound. We suggest that
this band corresponds to the ionization of the cage coordinated CO
17 orbitals. If so, the 5¢ ionizations would be found under the Fe(CO);
“CO” band at 14 eV. The two additional ionizations thus added to the
band are well within the error of area measurements.

One reason presented for the small shift between coordinated CO
and uncoordinated CO in BH3CO is the presence of back-donation
to the CO =* orbitals. Such an effect is certainly possible with clusters
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Table IIL. Splitting of ““a”” and “e”Fe Orbitals as a Function of
Cage Geometry

Band

Struc-  Position  Splitting, center of

Compd ture? Fe eV gravity, eV
B4sH3Fe(CO); py Apex 0.31 8.90
C4H4Fe(CO); py Apex 0.28 8.39
BsHgFe(CO); py Base 0.37 9.26
C,B3;H;Fe(CO); py Apex 0.32 8.92
BsH;Fe(CO)s bipy 0.56 8.21
C,B;HsFe(CO); bipy 0.50 8.66

2 py = pyramid, bipy = bipyramid.

as well, as the m-endo orbitals of the cluster have the proper symmetry
to interact with the =* orbitals of the CO. Evidence that such = type
interactions with w-endo orbitals do take place has resulted from a
study of the perturbation of w-endo orbitals by filled w-type orbitals
of exo substituents on both nido?® and closo?’ cages.

By itself this analysis of the observed spectrum of BsH3;Fe(CO)s
does not prove the structure. On the other hand, all the features one
expects on the basis of the postulated structure do appear in the ob-
served spectrum. The only major difference between the spectrum of
the model compound and that of BsH3Fe(CO)s is a general shift of
bands to lower ionization potential which may well be due to the effect
of replacing two carbons with two borons. The data do not distinguish
between the 1,6 and 1,2 isomers although it is tempting to say that the
general correspondence of C;B;HsFe(CO); with BsH3Fe(CO)s favors
the former arrangement of cage CO’s.

Conclusions

In proceeding beyond the simple assignment and rational-
ization of the observed spectra, consider first the conclusions
concerning the Fe(CQ); as affected by the borane or carborane
fragment. Any transferable orbital of this fragment is a usable
probe of charge effects; however, the Fe(a,e) orbitals are the
best choice. The ionization potential of the corresponding band
is the energy necessary to create a hole at the iron center. Both
the properties of the ion and molecule govern the magnitude
of this energy. Factors usually discussed are the charge on the
iron atom in the molecule, charge relaxation in the ion, and loss
of correlation energy on ionization. Despite the complex nature
of the ionization energy it may be used to see how the ability
of the iron atom to accommodate a positive charge changes
with the nature of the borane skeleton. The numbers of interest
are gathered in Table III. For all except one borane fragment
the average ionization energy of these iron orbitals is higher
than in C4H4Fe(CO)3, i.e., it is more difficult to remove charge
from the iron when the organic ligand is replaced by a borane
or carborane ligand. The one exception is BsH3Fe(CO)s, which
has carbonyls bound to the cage itself. An explanation in terms
of charge distribution in the molecule alone is that the “elec-
tron-deficient” frameworks effectively remove more electron
density from the iron than the organic moiety. In the case of
BsH;Fe(CO)s, the cage bound CO’s must reduce the effective
electronegativity of the cage. It is curious to note that the
ionization energy for BsHoFe(CO)j3 is the highest value. This
is the only compound with a B-H-Fe bridge and it is quite
reasonable that the presence of the proton in the vicinity of the
iron results in an increased effective potential at the iron. Note
that3 (i)n H»Fe(CO), the iron d bands appear at an energy of 9.65
eVv.

The second point to notice in the data in Table I1I is that the
splitting between the orbitals assigned to Fe(a) and Fe(e) de-
pends on the structure of the entire cluster, the splitting being
larger for bipyramidal (closo) than for pyramidal (nido)
structures. Although the numbers are not very precise, there
is a qualitative difference between the two sets. It has been
demonstrated in calculations!? that the splitting between these

orbitals is a function of the angle # between the threefold
symmetry axis and the Fe-C-O bond (see Figure 1). In addi-
tion the composition of the Fe(e) orbitals varies with this angle
going from xz and yz at 130° to xy and x2 — y2at 90°.'3 We
suggest that the pyramidal and bipyramidal situations place
different requirements on the iron atom, thereby resulting in
different 8’s and different Fe(a,e) splittings. Whether or not
this explanation is correct, it appears that the empirical split-
ting can be used to distinguish the Fe(CO); fragment in dif-
ferent environments.

Alternatively, attention may be focused on the cage in terms
of how it is affected by the Fe(CO)3 fragment. First it is em-
phasized again that the equivalence of Fe(CO);and BH ina
cage is more than a rule of thumb. At least from the standpoint
of photoelectron spectroscopy, the electronic structure of the
cage is qualitatively unaffected by the substitution. In quan-
titative terms it appears that with the possible exception of
C,B;H;Fe(CO)s the substitution of Fe(CO); for BH results
in a small shift in the ionization energies of equivalent bands
to lower values. Placement of the metal in the cage appears to
lower the effective potential seen by the cage orbitals. The iron
has one other effect on the electronic structure of the cage that
might be forgotten in the effort to identify a ferraborane with
an equivalent borane. Not only does the iron introduce addi-
tional filled orbitals, e.g., Fe(a,e), but it will also increase the
number of unfilled orbitals. Thus, more structural variation
is expected with metals than with main group atoms.”3!

The empirical model developed in the previous paper and
used here does provide useful information. The information
is not as detailed as one might like as one is limited by pre-
parative problems; however, in every case the highest occupied
molecular orbitals have been qualitatively depicted in terms
of atomic orbital composition and energy. It will be worthwhile
to extend this approach to cages containing more than a single
metal atom and work on multimetal clusters is in progress.
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Abstract: The ligand photosubstitution chemistry of Mo(CO)sPPh; has been demonstrated to proceed with a high quantum ef-
ficiency for CO loss (346 = 0.58). When this reaction was carried out in the presence of either PPh3 or 13CO both cis and trans
primary photoproducts were observed, presumably resulting from incoming ligand trapping of the [Mo(CO)4PPh;] intermedi-
ate in its C; or Cy, isomeric forms, respectively. On the other hand, the quantum efficiency for unique ligand loss, PPh;, was
only 0.11 at 366 nm. The trans-Mo(CO)4[PPh3], complex was found to undergo photoisomerization to the cis-Mo(CO)s-
[PPhs], derivative via loss of PPhj followed by subsequent rearrangement of the [Mo(CO)4PPh;] (Cy4,) intermediate to its
C; analogue prior to recapture of PPhj. Photolysis of either pure cis- or trans-Mo(CO)4[PPh;]; in the presence of 13CO af-
forded primarily c¢is-Mo(CO)4(13CO)PPh; with a smaller quantity of trans-Mo(CO)4(}3CO)PPhs. The latter 13CO-labeled
species was observed in larger quantities from photolysis of zrans-Mo(CO)4[PPhs], with 13CO as would be anticipated. These
experiments further demonstrate the facile rearrangement of the Cy, structure of [Mo(CO)4PPhs] to the C; structure prior

to recombination with an incoming ligand.

Introduction

Ligand substitution is probably the most important photo-
chemical reaction of metal carbonyl derivatives.!-3 This is
primarily due to the fact that photosubstitution chemistry is
an essential aspect of photoinitiated transition metal carbonyl
catalysis. The three steps in the photo- or thermal-substitution
processes are illustrated below:

Ligand dissociation
L-metal carbonyl = L + {metal carbonyl} (1)

Intermediate transformation
{metal carbonyl] = {metal carbonyl}’ (2)

Ligand combination
{metal carbonyl} + L’ == L’-metal carbonyl 3)

{metal carbonyl})’ + L’ = L’-metal carbonyl’ (4)

As indicated in eq 1, during the photochemical process
coordinatively unsaturated species can be produced under
rather mild conditions. The nature of these intermediates and
the stereochemical position of the ligand dissociated is a point
of much interest since this information leads to an under-
standing of the structure and reactivity of these coordinatively
unsaturated species which are ubiquitous in homogeneous
catalysis. It is important to note that these intermediates can
exhibit isomerization in photoexcited states. For example,
Poliakoff has shown that the five-coordinate intermediate re-
sulting from CO loss in matrix-isolated trans-(}3CO)-
W(CO)4CS, [(13CO)W(CO);CS], undergoes rearrangement
in an electronic or vibrational excited state.6 Black and Bra-
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terman have also reported that the axial square-pyramidal
isomer of [Mo(CQO)4P(CgH11)3] generated by photolysis of
Mo(CO)sP(CgH}y); in a hydrocarbon matrix isomerizes to
the equatorial isomer via a photochemical process.” In addition
it is also apparent that thermal rearrangements of unsaturated
transition metal carbonyls often occur.3-10
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Upon photolysis of M(CO)sL species under conditions of
ligand substitution, three reaction pathways are available (eq
5). When photoejection of carbon monoxide occurs, the loss
of an axial CO group affords the Cy, isomer, whereas the loss
of an equatorial CO group leads to the Cs isomer.

We have previously shown via stereospecific 13CO labeling
that the [Mo(CO)s] intermediate afforded thermally from
Mo(CO)sNHCsH in solution readily rearranges CO ligands,
presumably through the square-pyramidal equivalent of the
Berry pseudorotation (Cy, ~—> D3p —> Ca,).'! Similar obser-
vations have also been made in the matrix photochemistry of
group 6B hexacarbonyl species.!? In cases where one of the
isomeric forms of [M(CO)4L] (Cs or Cy4p) is produced pref-
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