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of this reaction with temperature and ionic strength, the numbers
are generally within experimental error. The reaction rates ob-
served here are also comparable with those measured for the rate
of unimolecular electron self-exchange within oligomers of cy-
tochrome ¢.1%® It is perhaps useful to compare the estimated
first-order electron-transfer rates with the bimolecular rate for
electron transfer from ferrocytochrome b to ferricytochrome ¢, 1415
At 298 K, this rate is ~3 X 107 M~ s (100 mM phosphate, pH
7.0), which, assuming a 200-mV driving force, leads to a hypo-
thetical reverse electron-transfer rate of approximately 10° M™!
s If the concentration of ferricytochrome bs is 1 mM, this would
give a notional “lifetime” for ferrocytochrome ¢ of 1 s under these
solution conditions. The notional lifetime is similar to the actual
lifetime measured at low ionic strength, implying that complex
formation may not promote electron transfer. One explanation
for this would be that, in the ground state of the binary complex
formed at low ionic strength, cytochrome ¢ and cytochrome b

(15) (a) Strittmatter, P. On Rapid Mixing and Sampling Techniques in
Biochemistry; Chance, B., Eisenhardt, R. H., Gibson, Q. H., Lundberg-Holm,
K. K., Eds.; Academic Press; New York, 1964, pp 71-84. (b) Ng, S.; Smith,
M. B,; Smith, M. T.; Millet, F. Biochemistry 1977, 16, 4975-4979.

are locked in a geometry that requires a form of configurational
rearrangement prior to electron transfer.!* The replacement of
Phe-82 with Gly in yeast iso-1-ferrocytochrome ¢ has no effect
on the lifetime of the protein in the presence of ferricytochrome
bs, indicating that the presence of an aromatic group at position
82 is not essential for electron transfer from ferrocytochrome ¢
to ferricytochrome bs. Taken together with the electron self-
exchange data, the results argue strongly against the direct in-
volvement of the aromatic group in physiological electron-transfer
reactions whose driving forces are relatively low. In conclusion,
we have measured the reverse rate of electron transfer within a
preformed binary complex of cytochrome ¢ and cytochrome b;
by NMR methods. This rate is not accessible to measurement
using many prevailing methods and has given insight into the
possible role of phenylalanine-82 of cytochrome ¢ in biological
electron transfer.
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Abstract: Rate constants and product distributions for the bimolecular gas-phase reaction of cyclohexane with Co*, Co,*,
Coy*, Coy(CO),* (n = 0-12), Ir,*, and Iry* are reported. All of the ions except Co,* and Co,(CO),* (n = 2-4, 8-12) react
with observable rates. In most cases the predominant product is C¢Hg bound to the metal cluster. Observed products of the
Co* reaction and the failure of Co,* to react agree with previously reported results. The results for Co,(CO),* are compared
with previously reported results for Ir,(CO),* and Re,(CO),*. Like the third-row clusters, the reactivity of the Co tetramer
diminishes and disappears as ligands are added to increase the number of cluster valence electrons to more than 48. Co,(CO),*
reacts slowly and the Co,(CQO)s-1,* do not react at an observable rate. This can be rationalized on the basis of frontier orbital
theory. It is found on examining the cluster molecular orbitals with extended Hiickel calculations that the failure of Co,*
and Co4(CO),-4* to react can also be rationalized on the basis of frontier orbital theory. The contrast between the failure
of Coy(CO),* to react and the reactivity of Co,(CO)s* is attributed to a change from a high-spin electronic configuration

of the former to a low-spin configuration for the latter.

Introduction
The activation of C—H bonds by gas-phase metal clusters has
been the subject of a number of recent studies!™ which raise a

(1) (a) Freas, R. B,; Ridge, D. P. J. 4m. Chem. Soc. 1980, 102, 7129-31.
(b) Freas, R. B.; Ridge, D. P. J. Am, Chem. Soc. 1984, 106, 825-6. (c)
Wronka, J.; Forbes, R. A.; Laukien, F. H.; Ridge, D. P. J. Phys. Chem. 1987,
91,6450-2. (d) Pan, Y. H.; Ridge, D. P. J. Phys. Chem. 1989, 93, 3375-78.

(2) (a) Jacobsen, D. B.; Freiser, B. S. J. Am. Chem. Soc. 1984, 106,
5351-2. (b) Jacobsen, D. B.; Freiser, B. S. J. Am. Chem. Soc. 1988, 107,
1581-9. (c) Hettich, R. L.; Freiser, B. S. J. Am. Chem. Soc. 1985, 107,
6222-6. (d) Tews, E. C.; Freiser, B. S. J. Am. Chem. Soc. 1987, 109,
4433-40. (e) Huang, Y.; Freiser, B. S. J. Am. Chem. Soc. 1988, 110, 387-92.

(3) (a) Trevor, D. J.; Whetten, R. L.; Cox, D. M,; Kaldor, A. J. Am.
Chem. Soc. 1985, 107, 518-19. (b) Zakin, M. R.; Cox, D. M.; Kaldor, A.
J. Phys. Chem. 1987, 91, 5224-8.

(4) Freas, R. B.; Campana, J. E. J. Am. Chem. Soc. 1985, 107, 6202—4.

(5) Magnera, T. J.; David, D. E.; Michl, J. J. Am. Chem. Soc. 1987, 109,
936-8.

variety of interesting questions. The Mn,* and Co,* dimer ions
are unreactive with alkanes,!? but Co,(CO)* reacts with butane
to form Co,(CO)C, Hg*.1® Rey(CO),* ' Re,(CO), .1 and Ir,-
(CO),* ! all dehydrogenate cyclohexane provided # is not too
large. The critical value of n for each case can be rationalized
in terms of frontier orbital theory.!¥ Several MFe* species (M
= Co,2® V,%® Cu?) do not react with alkanes, but LaFe* and
Co,Fe* do.# Neutral Pt, (n = 2-8) clusters dehydrogenate small
alkanes in a fast flow reactor.3 In this case both the extent of
dehydrogenation and the number of molecules absorbed increase
with cluster size. Neutral Nb, (7 = 4-13) clusters dehydrogenate
benzene.’®¢ The reactivity of the Nb clusters varies with cluster
size in the same way that ionization potential varies with cluster

(6) (a) St. Pierre, R. J.; El-Sayed, M. A. J. Phys. Chem. 1987, 91, 763-5.
(b) St. Pierre, R. J.; Chronister, E. L.; El-Sayed, M. A. J. Phys. Chem. 1987,
91, 5228-34.

0002-7863/91/1513-2406$02.50/0 © 1991 American Chemical Society



Reactions of Co,_* and Co,(CO),* with Cyclohexane

size. This correlation with ionization potential emphasizes the
sensitivity of reactivity to cluster electronic structure suggested
by all of the studies. Sputtered ionic (and perhaps energetic)
clusters of Cu# Ni,* Pd,’ and Pt? also dehydrogenate small alkanes.
From these studies it appears that Cu clusters are more reactive
than Ag clusters,* but Pt clusters are more reactive than Pd clusters
which are more reactive than Ni clusters.’

We recently described the chemistry of tetrameric iridium
(group 9) and rhenium (group 7) carbonyl cluster ions with cy-
clohexane.!'d As noted above the M,(CO),* clusters dehydrogenate
cyclohexane unless 7 is too large. Specifically, if n is small enough
that the number of cluster valence electrons is less than 48, the
cluster reacts, Clusters with more CO ligands than this tend to
be unreactive. Since a cluster of four transition-metal atoms can
accommodate 48 electrons in orbitals derived from metal s and
d orbitals, this reactivity pattern suggests that a cluster LUMO
derived from atomic s or d orbitals facilitates reaction. Molecular
orbital theory suggests that the d orbitals will fill first so that empty
s band orbitals may be the key to reaction. Furthermore the failure
of negative ions to react suggests that the LUMO must have
sufficiently low energy to be a good acceptor of the electrons in
the ¢ C—H bond under attack.

The reactivity of iron clusters with hydrogen also provides
evidence of the correlation between the ability of small metal
clusters to accept electron density and their reactivity toward ¢
bonds.” For clusters with fewer than 8 Fe atoms the reactivity
of the clusters increases systematically with cluster electron binding
energy (ionization potential of the neutral). This can be interpreted
in terms of frontier orbital arguments analogous to those applied
to the Re and Ir carbonyl cluster ions discussed above.

We describe here the chemistry of tetrameric cobalt carbonyl
cluster ions with cyclohexane. Cobalt is the first row group 9
congener of the third-row iridium, and the pattern of reactivity
shows interesting similarities and distinctions from that of iridium.
They are similar in that the iridium tetrameric cationic clusters
with 7 or more carbonyl ligands are unreactive, and the cobalt
tetrameric clusters with 8 or more carbonyl ligands are unreactive.
In contrast to the iridium clusters, the cobalt clusters with 2, 3,
and 4 carbonyls are unreactive. The M,* and M;* species also
show interesting contrasts for the two metals. We discuss sim-
ilarities and distinctions in terms of a simple molecular orbital
model for the electronic structures of the clusters.

Experimental Section

Reactant ions were formed by 70 eV electron impact on commercially
obtained Co,(CO), or Ir,(CO),5. The ions formed were initially trapped
in the source cell and then moved to the differentially pumped analyzer
cell of an FTMS-2000 ion cyclotron resonance spectrometer®? (Extrel,
Madison, WI). All of the ions but the one of interest were then ejected
from the analyzer trap by accelerating their cyclotron motion.!® Cy-
clohexane was then injected into the analyzer region through a com-
puter-controlled valve.!! The cyclohexane pressure rose to the 1077-Torr
range and then fell back to the 10~%-Torr range in less than 1's. A
Fourier transform ion cyclotron resonance mass spectrum!2 taken after
the pressure burst contains peaks corresponding to products of reaction
between the cluster ion and cyclohexane. These experiments identify
unambiguously the products originating with each reactant ion. Rate
constant measurements were done by introducing both the metal carbonyl
and cyclohexane into the source region and obtaining mass spectra at
various delay times after the ionizing electron beam pulse. Rate constants

(7) Zakin, M. R.; Brickman, R. O.; Cox, D. M.; Kaldor, A. J. Chem. Phys.
1988, 88, 6605.

(8) For a review of Fourier transform ion cyclotron resonance techniques
see: Comisarow, M. B.; Buchanan, M. V. In Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry: Principles and Applications; Comisarow, M.
B., Buchanan, M. V., Eds.; ACS Symp. Ser. No. 359, American Chemical
Society: Washington, DC, 1987; pp 1-20.

(9) Cody, R. B.; Kinsinger, J. A.; Ghaderi, S.; Amster, 1. J.; McLafferty,
F. S.; Brown, C. E. 4nal. Chim. Acta 1988, 178, 43-66.

, (10) Comisarow, M. B.; Grassi, V.; Parisod, G. Chem. Phys. Lett. 1978,
57, 413-16.

(11) (a) Sack, T. M.; Gross, M. L. Anal. Chem. 1983, 55, 2419-21. (b)
Carlin, T. J.; Freiser, B. S. Anal. Chem. 1983, 55, 571.

(12) Comisarow, M. B.; Marshall, A. G. Chem. Phys. Lett. 1974, 25,
282-3.
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Table I. Reactions of M,(CO),* with Cyclohexane
total rate constant,?

reactant ion neutral products 10710 em? 57!
M,(CO),* 3H,, 2H,, H,

Ir,* 1.0, 0.0, 0.0 7.2
Ir;* 1.0, 0.0, 0.0 10.1
Irg* 1.0, 0.0, 0.0 11.8
Co* 0.1, 0.3, 0.3 8.0
Co,* products not observed <0.08
Coy* 0.5, 0.4, 0.0 6.0
Co,* 09,0.1,0.0 9.2
Co,(COY* 0.4, 0.6, 0.0 13.8
Co04(CO);347  products not observed <0.2
Coy(CO)s* 1.0, 0.0, 0.0 8.4
Co,(CO)e* 1.0, 0.0, 0.0 8.4
Co,(CO),* 1.0, 0.0, 0.0 33
Co4(CO)g_,*  products not observed <1.0

4The rate constants are estimated to be accurate to %30%. ®An
additional product, Co(C;Hg)*, is observed with branching ratio 0.2.
Previously reported values'® are 0.07, 0.37, 0.33 for the tabulated
product branching ratios and 0.20 for the Co(C;Hg)* product. Kinetic
energy dependent branching ratios reported in the first observation of
this reaction!* are discussed in the text.

for the reactions were deduced from these constant pressure spectra.
Product and reactant ion intensities were fit to functions appropriate for
pseudo-first-order kinetics. This procedure provided absolute rate con-
stants. Accuracy of the determinations was estimated at £30% from the
internal consistency of rate constants from product and reactant data and
from the estimated accuracy of the pressure determination.

Results

Bare Clusters. The reactions of the bare cobalt clusters Co,*
with cyclohexane are summarized in eqs | and 2. An additional

CO,,+ + C-CGHlZ - Con(CGHlZ—Zm)+ + mHz (l)
(n=1,m = 1-3; n = 2, no products; n = 34, m = 2-3)
Coy(CsHg)* + c-C4Hy, — Co,(CeHe)(CsHg)™ + 3H, (2)

product, Co(C;Hg)?, is observed in the case of the Co* reaction.
The total rate constants for reaction of the clusters with cyclo-
hexane and the branching ratios for the various products are listed
in Table I. Note particularly the failure of Co,* to react at an
observable rate.

The branching ratios for products of the reactions of Co* are
in good agreement with those reported for laser produced ions!?
as noted in Table I. The same Co* reactions were first observed
when a beam of Co* ions produced by thermionic emission reacting
with cyclohexane vapor was used.!* The relative kinetic energy
of the beam was varied from 0.5 eV upward, and the product
distributions observed were somewhat different from those reported
here, the Co(C¢H,0)* product being strongly dominant at low
kinetic energies. The total cross section observed in the beam study
is large (>100 A?) and decreases with ion kinetic energy—a
behavior characteristic of efficient exothermic reactions. There
is ample evidence that a substantial portion of the Co* produced
by electron impact on Co compounds is in metastable excited
states!>16 but ions produced therionically are predominantly in
the ground state.!* We conclude that while the Co* product
branching ratios observed in the present experiment could be
affected by electronically excited Co*, the overall rate constant
is probably not substantially affected. We note that the facility
of the thermal reaction of Co* with cyclohexane is also supported
by collision-induced decomposition and metastable kinetic energy
release studies of CoCgH;,*.'7 The present study provided no

(13) Jacobsen, D. B.; Freiser, B. S. J. Am. Chem. Soc. 1983, 105,
7492-7500.

(14) Armentrout, P. B.; Beauchamp, J. L. J. Am. Chem. Soc. 1981, 103,
6628-32.

(15) Fisher, E. R.; Sunderlin, L. S.; Armentrout, P. B. J. Phys. Chem.
1989, 93, 7375-7382.15.

(16) Kemper, P. R.; Bowers, M. T. J. Am. Chem. Soc. 1990, 112,
3231-3232,
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Figure 1. Rate constants for reaction of Co,(CO),* with cyclohexane vs
n, the number of CO ligands in the cluster.

kinetic evidence for excited states that reacted at different rates
than ground states.

The reactions of the Ir,* clusters with cyclohexane are sum-
marized in egs 3, 4, and 5. The total relative rate constants for

Ir,* + ¢-C¢H;; — Ir,(C4Hg)* + 3H, 3)
(n=2-4)
Ir,(C¢Hg)* + ¢-C¢H,, — Ir (C¢Hg),* + 3H, 4)
(n=2-4)
Ir,(CsHg)y* + c-CgHy, — Ir,(CgHe)s™ + 3H, (5)
(n=4)

the reaction of Ir,* with cyclohexane are listed in Table [. Note
that in contrast to cobalt dimer Ir,* is reactive. In agreement
with a previous report!® no Ir* was observed in the mass spectrum
of lr4(CO)12.

Metal-Carbonyl Clusters. The reactions of Co,(CO),* with
cyclohexane are summarized in eqs 6 and 7. Note that Co,-

Coy(CO),* + c-CeHy, — Coy(CO),(CeHe)* + 3H, (6)
(n = 0-1, 5-7)
Coi(CO),* + c-CgH,y — Coy(CO),(CiHe)* + 2H, (7)
(n=0-1)

(C¢Hg)* undergoes subsequent reaction 2. Co,(CO),,~ species
were observed for (n,m) = (2,5), (3,1-7), (4,0-11), (5,13), (7,15),
and (8,15-17). None of these anions were observed to react with
cyclohexane (k < ca. 107! ¢cm? s7!). The total relative rate
constants for reactions of Co,(CO),* with cyclohexane are plotted
in Figure 1 and listed in Table I.

Discussion

The dehydrogenation chemistry requires an initial oxidative
addition of the C-H bond to a metal center. In atomic metal ions
an empty, low-energy s orbital facilitates oxidative addition because
of its ability to accept electron density from the ¢ C-H bond.!>20
Molecular orbitals derived from atomic s orbitals play a similar
role in ionic clusters. This is supported by the fact that rhenium
and iridium four-atom ionic clusters with 48 or fewer electrons
react at an observable rate while clusters with more electrons do
not.'d A cluster of four metal atoms will have 20 molecular orbitals
derived from d atomic orbitals and 4 molecular orbitals derived
from metal s orbitals. Hence it takes 48 electrons to fill the s and
d “bands” of molecular orbitals. The onset of reactivity for clusters

(17) Hanratty, M. A.; Beauchamp, J. L.; Illies, Andreas J.; Van Koppen,
P.; Bowers, M. T. J. Am. Chem. Soc. 1988, 110, 1-14.

(lg) Lausarot, P.; Vaglio, G. A.; Valle, M. Inorg. Chim. Acta 1979, 35,
227-9.

(19) See, for example: Saillard, J. Y.; Hoffmann, R. J. Am. Chem. Soc.
1984, 106, 7509-17.

(20) This 1ype of HOMO-LUMO description of atomic transition metal
ion chemistry was first discussed in the following: (a) Elkind, J. L.; Ar-
mentrout, P. B. J. Phys. Chem. 1988, 89, 5626-36. (b) Aristov, N.; Ar-
mentrout, P. B. J. Phys. Chem. 1987, 91, 6178-88.
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Figure 2. Rate constants from ref 1d for reaction of Ir,(CO),* with
cyclohexane vs n, the number of CO ligands in the cluster.

with fewer than 48 electrons suggests the importance of s band
vacancies in the chemistry.

Cobalt is similar to rhenium and iridium in that if there are
too many CO ligands in Co,(CO),* no reaction occurs. This is
evident from the present results for cobalt plotted in Figure 1 and
from previous results for Ir'¢ plotted in Figure 2. The most
substituted reactive Co,(CO),* cluster has 7 CO ligands corre-
sponding to 49 valence electrons. The most substituted reactive
Iry(CO),* cluster has 6 CO ligands corresponding to 47 valence
electrons. The most dramatic difference between iridium and
cobalt is the lack of reactivity of Co,(CO),* for n = 2, 3, and 4.

Frontier MO Model. This apparently idiosyncratic reactivity
of the substituted cobalt tetramers with n = 2, 3, and 4 can be
rationalized in terms of arguments analogous to those used to
rationalize the reactivity of the rhenium- and iridium-substituted
tetramers. The treatment used here was suggested by Lauher’s
cluster valence molecular orbital treatment of metal carbonyl
clusters,?! by the frontier orbital interpretation of atomic transition
metal ion reactivity first discussed by Armentrout et al.,?% and
by the frontier orbital interpretation of metal cluster reactivity
discussed by Zakin et al.” The critical factor for reactivity can
be taken as the presence or absence of a vacant s-band orbital
with sufficient orbital electron affinity to act as a good acceptor.
Simple molecular orbital calculations provide a basis for asserting
that the unreactive species may lack such an orbital. The extended
Hiickel calculations provide a very approximate but easily in-
terpreted picture of the orbital interactions involved in the re-
activity of the clusters. The calculations involve, of course, a
number of empirical parameters, but the important features of
the results are not very sensitive to the choice of parameters.

The specific model has the following features: (1) Only the
“s-band” orbitals, the orbitals derived from metal s orbitals, will
be considered explicitly. (2) Those s-band orbitals with metal—-
metal bonding character will be assumed to be doubly occupied.
Those s-band orbitals with metal-metal nonbond.ng and anti-
bonding character will be assumed to be available for ligand
bonding. (3) Since s-band orbitals are used for both metal-metal
bonding and metal-ligand bonding, it will be assumed that a metal
atom bound to a ligand is weakly bound to its neighboring metal
atoms. (4) The d-band orbitals are assumed to be occupied in
a high-spin sense when there are few CO ligands. If there are
too few s-band orbitals to bind all the CO ligands, it will be
assumed that the configuration of the d-band orbitals switches
to low spin. The resulting vacant d-band orbitals are assumed
to be available to bind CO ligands. (5) The s-band orbitals not
involved in metal-metal or metal-CO bonding under the preceding
assumptions will be assumed to be the lowest unoccupied orbitals
(LUMO:s) in the cluster.

These features and assumptions are consistent in a general way
with known properties of transition metals and with principles of
MO theory. In particular the predominance of 4s orbitals in the
bonding of late-first-row transition elements is well-established

(21) Lauher, J. W. J. Am. Chem. Soc. 1978, 100, 5305.
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Figure 3. Molecular orbital energy level diagrams for Co,* and Ir,*.
Shown are cnergy levels of metal cluster orbitals derived from d and s
metal atom orbitals. The energy scale is in atomic units (hartrees). The
energy levels were calculated by using the extended Hiickel method as
described in the text. The orbital energies correspond to the energy of
adding an electron to the ion.

by a number of ab initio calculations.?2 For second- and third-row
elements and for early transition elements d orbitals are more
significant in bonding.

Figure 3 shows the results of extended Hiickel MO calculations
on Co,* and Ir,*. The bulk metal bond lengths (2.50 and 2.71
A) were used for the metal-metal bond lengths. Other parameter
choices are described in the Appendix. The valence orbital ion-
ization energies of neutral metal atoms were used in the calcu-
lations which means that the orbital energies obtained correspond
to the orbital electron affinities of the ion. Calculations were done
for three geometries, T, Cy,, and C,,. The lower symmetries were
treated as limiting cases. For C,, the interaction between the
unique Co atom and the remaining three was considered to be
negligible. For C,, the interaction between the atoms at the ends
of the unique edge was considered to be negligible.

The important features of the results of the calculations are
evident in Figure 3. These results support the emphasis on s orbital
interactions in our model. The interactions between the d orbitals
are relatively weak, particularly in the case of Co. The relatively
small range of energies of the d-band orbitals is indicated on Figure
3 for T,;symmetry. The energy range of the d-band orbitals for
other symmetries is essentially the same as for 7, and are omitted
from Figure 3 for simplicity. The s—d interactions are also weak.
Setting the s—d overlaps to zero changes the energies of the s-band
orbitals so slightly as to be almost indiscernible on a diagram such
as Figure 3. On the other hand, the s orbitals interact strongly
with one another producing bonding and antibonding orbitals
whose energies vary significantly with geometry. The difference
between the strength of the s—s and d—d interactions is less pro-
nounced in Ir than in Co. The Ir orbitals are also lower in energy
than the Co orbitals. As noted above these features of the cal-
culations are not very sensitive to the parameters used. They are
also consistent in a general way with the results of higher level
calculations on transition-metal systems.??

The tendency of the more extensive s orbitals to interact more
strongly than the more compact d orbitals is an important feature
of the behavior of late-first-row transition-metal atoms in M-M,
M-H, and M-C bonds.?? In second- and third-row transition
metals d orbitals are more important in bonding, hence the var-
iation of reactivity of Iry* with the addition of CO ligands shown
in Figure 2, while qualitatively similar to that of Co,* (Figure
1), is not as dramatic,

Our procedure will be to determine whether the clusters of
interest have low-lying unoccupied s-band frontier orbitals (LU-
MOs). We will make this determination on the basis of the MO
calculations and assumptions described above. Our expectation
is that clusters with such a LUMO should be significantly more

(22) Langhoff, S. R.; Bauschlicher, C. W., Jr. Annu. Rev. Phys. Chem.
1988, 39, 181.

J. Am. Chem. Soc., Vol. 113, No. 7, 1991 2409

reactive than clusters lacking such a LUMO.

Reactivity of M,* and M,(CO)*. Since the precursor neutrals
have tetrahedral metal cores we assume that Co,* and Ir,* have
T,symmetry. In this case the metal s orbitals give one bonding
orbital (a,) and three antibonding orbitals (t,). If two electrons
occupy the a, orbital and the remaining 33 electrons occupy the
d-band orbitals in a high-spin configuration, then the t, orbitals
will be vacant. The t, orbitals have significant orbital electron
affinities and should be good acceptors, consistent with the re-
activity of the tetramers.

If the Co,(CO)* and Ir,(CO)* clusters have C,, symmetry as
expected for a terminally bound CO, then the calculation suggests
that the metal s orbitals give two a; orbitals, one nonbonding and
one bonding, and two degenerate e antibonding orbitals. The 35
metal valence electrons would occupy the bonding a, orbital and
the d-band orbitals. The nonbonding a, orbital interacts with the
CO ligand, and the e orbitals would be vacant. These orbitals
have orbital electron affinities identical with the t, orbitals in
tetrahedral Co,* or Ir,* and should be good acceptors, consistent
with the observed reactivity of the clusters.

Reactivity of M,(CO),;*. If the Co,(CO),* cluster has C,,
symmetry as expected for two terminally bound CO ligands then
the metal s orbitals give one bonding (a;), one nonbonding (b,),
and two antibonding orbitals. One orbital (b;) is only slightly
antibonding, but the other (a,) is strongly antibonding. The metal
valence electrons occupy the a, orbital and the d-band orbitals.
The b, and b, orbitals are involved in bonding to the two CO
ligands leaving only the a, orbital vacant. This orbital has a
relatively small orbital electron affinity and is therefore a relatively
poor acceptor. This rationalizes the failure of Co,(CO),* to react.
Iry(CO),* has an analogous a, LUMO, but this orbital is slightly
lower in energy than in the Co,(CO),* case. Evidently the Ir
orbital is a sufficiently good acceptor to initiate reaction. Note
in Figure 2, however, that Ir,(CO),* is significantly less reactive
than Ir,* and Ir,(CO)*.

If Co,(CO);* is assumed to have an occupied bonding s-band
orbital and the d-band orbitals are occupied in a high-spin sense,
then each of the remaining three s-band orbitals will form bonding
orbitals with the ligands. There are then no remaining unoccupied
s orbitals to act as acceptors consistent with the failure of this
cluster to react. Ir,(CO),* reacts, but relatively slowly. It may
be that the iridium complex has a vacancy in the d shell by virtue
of a lower spin state as discussed below. That vacant orbital could
interact with the ligands leaving an s-band orbital free for reaction.

Reactivity of M,(CO),_;,*. If it is assumed that Co,(CO),*
is tetrahedral the MO scheme suggested in Figure 3 can be used.
The 35 metal electrons occupy the bonding 4s a; orbital and the
3d orbitals. The spin state must be such that at least one of the
d-band orbitals is vacant (no more than 5 unpaired spins) along
with the 4s t, orbitals to interact with the ligands. All the s-band
orbitals are then occupied consistent with the failure of the cluster
to react.

The Ir,(CO),* cluster, however, reacts more rapidly than
Ir,(CO);*, constrasting sharply with the behavior of the analogous
cobalt cluster ions. As in the case of Ir,(CO);* the effects of a
lower spin state could help account for the greater reactivity of
the iridium ion. The lower spin state would have vacant d-band
orbitals which could be used to bind the ligands leaving s orbitals
vacant for reaction. The presence of spin-coupled electrons in
relatively high lying d-band orbitals could also enhance reactivity.
Donation of electrons from such a highest occupied orbital
(HOMO) into the vacant ¢* orbital of the C—H bond can enhance
the rate of oxidative addition. It is not unreasonable that iridium
species would tend to have lower spin than analogous cobalt
species. Exchange interactions generally tend to be stronger in
first-row transition metals than they are in second- and third-row
metals. In the bulk, for example, cobalt is ferromagnetic and
iridium is not.

With the addition of a fifth CO ligand, however, the cobalt
tetramer evidently adopts a low-spin configuration vacating d-band
orbitals to interact with the ligands leaving an s-band LUMO
available for reaction. Thus a dimunition of spin with addition
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Figure 4. Molecular orbital energy level diagram for Co,*. Shown are
energy levels for orbitals derived from metal s orbitals calculated by the
extended Hiickel method as described in the text. The energy scale is
in atomic units (hartrees). The trimer is assumed to have C;, symmetry
and the tetramer is assumed to have T, symmetry.

of CO ligands to the clusters is essential to the rationalization of
the observed reactivity patterns in terms of our simple MO model.
The fact that Co,(CO)s* and Co,(CO),* are reactive suggests
that both d and p orbitals are used in the CO bonding. Otherwise
there would be no possibility of s-band orbital vacancies. Finally
as enough ligands are added, s-band orbital vacancies become
impossible and reactivity disappears. This occurs after 6 and 7
CO ligands for iridium and cobalt respectively.

Reactivity of Co,*. Application of this simple MO model to
the reactivity of the dimer and trimer Co ions is illustrated in
Figure 4. Shown is the splitting between the bonding and an-
tibonding molecular orbitals derived from metal s orbitals as
calculated with the extended Hiickel method. The parameters
given in the Appendix were used except for the bond length. The
dimer, trimer, and tetramer have one, two, and three antibonding
s-band orbitals, respectively. Extended Hiickel theory would give
all of these orbitals the same energy if the three clusters all had
the same metal-metal bond length. Since the dimer, trimer, and
tetramer each have only one bonding s-band orbital we will
consider the bond order to be different for the three clusters. We
will assume the bonding is predominantly s-band bonding and that
the bonding s orbital in each cluster is doubly occupied. We take
the dimer as having a bond order of 1 since it has one doubly
occupied orbital binding the two atoms. Taking the bond order
to be the number of doubly occupied bonding orbitals divided by
the number of edges (“bonds”) gives !/; and !/, for the bond orders
for the trimer and the tetramer. Taking the bond order to be the
number of bonding electrons divided by the number of atoms
bound gives 2/, and !/, for the bond orders for the trimer and
tetramer. Our conclusion is not sensitive to which of these sets
of bond orders we choose. Lacking a criterion for choosing be-
tween them we average the “edge number” and “atom number”
bond orders to get !/, and ! /5 for bond orders for the trimer and
tetramer. Pauling’s bond order—bond length relation?? then gives
2.21, 2.39, and 2.50 A for the dimer, trimer, and tetramer bond
lengths. These bond lengths give the relative energies of the s-band
orbitals shown in Figure 4.

The important feature in Figure 4 is the relatively high energy
of the o* antibonding orbital in Co,*, which should consequently
be a relatively poor acceptor. It is thus consistent with the model
that Co,* would be less reactive than the other clusters as ex-
perimentally observed. Co,* does not react at an observable rate
while Co*, Cos*, and Co,* all react efficiently (Table I). A similar
effect should be present in the iridium cluster ions, but it should
be less pronounced because of the importance of the d orbitals
in iridium bonding and because all of the iridium cluster orbitals
are lower in energy than the corresponding cobalt cluster orbitals.
In fact, the Ir,* rate constant is only slightly less than the Ir;*
and Ir,* rate constants (Table I).

The photoelectron spectrum of Co,” suggests a (3d)'*(4sq,)*
(4s¢,*)! configuration for Co,.2* This, of course, supports the

(23) Pauling, L. J. Am. Chem. Soc. 1947, 69, 542.
(24) Leopold, D. G.; Almloef, J.; Lineberger, W. C.; Taylor, Peter R. J.
Chem. Phys. 1988, 100, 5305.
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picture of bonding in Co,* discussed above. In particular it
supports a 4s¢,* LUMO for Co,*.

This rationale for the inertness of Co,* toward alkanes in
thermal bimolecular encounters is not inconsistent with the ob-
served reactivity of Co,* toward H, in translationally driven
processes.?*> The Co,H* product appears at its thermochemical
threshold and increases in intensity with increasing energy. At
the thermochemical threshold for the Co,H* product there is of
necessity enough energy in the collision complex to form the
oxidative addition transition state (assuming that Co,H,* is no
higher in energy than Co,H* + H). There is an empty ¢*Co,*
antibonding orbital which correlates with the filled ¢ H, orbital
and hence with the oxidative addition transition state. Thus the
model does not imply that energy in excess of the thermochemical
threshold is required to drive the reaction to Co,H* and H. The
model does imply that the Co,* LUMO is too high in energy to
render the oxidative addition transition state accessible to thermal
reactants,

Reactivity of Co,(CO)*. - While Co,* is unreactive toward
alkanes, Co,(CO)* reacts efficiently.!® This effect can also be
simply rationalized in terms of the model. We postulate that the
CO ligand is attached to one end of the Co,* and has the effect
of weakening the metal-metal interaction. The antibonding
a*Co,* orbital consequently drops in energy becoming a suitable
acceptor for oxidative addition to a C—H bond. According to this
view Co,(CO)* correlates with ground states of Co* (3d® *F) and
Co(CO), and the metal-metal bond is primarily electrostatic while
the Co—~CO bond is primarily = back-donation.

Reactivity of Other Dimer and Trimer Ions. The failure of
FeCo*,?® FeV*,* and FeCu* % to react with alkanes may similarly
result from a 4s¢* LUMO that is too high in energy to initiate
reaction. Co*, V*, and Cu* have (3d),} (3d),* and (3d)!° ground
states. Correlating those with the (3d)%(4s)? ground state of Fe
gives (3d)'%(4s5)?, (3d)'%(4s0)?, and (3d)!1%(4s¢)? configurations
for FeCo*, FeV*, and FeCut, respectively. Thus they all are
expected to have a 4s¢* LUMO, and similar to the Co,* case this
antibonding orbital may not be a sufficiently good acceptor to
initiate reaction with alkanes. The reactivity of FeCo,* % with
alkanes may then be rationalized by bond order arguments
analogous to those applied to Co;* above.

FeCo*,2® FeV* % and FeCu* 2 each react to dehydrogenate
olefins, which are more energetic reagents than alkanes. Olefins
have relativély weak allylic C-H bonds which may provide suf-
ficiently good donor HOMOs that they can interact with the
high-energy LUMOs of the metal dimers. This reactivity with
olefins is thus consistent with our frontier orbital model.

The failure of Mn,* to react'® can be rationalized in terms of
similar arguments. Correlating the (3d)*(4s)! and (3d)3(4s)?
ground-state configurations of Mn* and Mn gives a (3d)!°-
(4s0)*(4sc*)! configuration for Mn,*. A partially occupied 4so*
orbital will not be a good acceptor even if it is at low energy.
Hence the failure of Mn,* to react. Furthermore, Mn,* reacts
with alcohols to form Mn(ROH)*, breaking the metal-to-metal
bond.? This behavior is consistent with a singly occupied an-
tibonding orbital which both reduces reactivity and weakens the
metal-to-metal bond. Co,*, on the other hand, reacts with alcohols
to form olefin complexes with the dimer ion,?” emphasizing the
difference in the bonding of Mn,* and Co,*.

The reactivity of FeLa* with alkanes®® emphasizes the limi-
tations of the generalizations we have been making. Correlating
the (3d)%(4s)? ground state of Fe with the (5d)? ground state of
La* gives a ground state of the dimer with eight “d” electrons
and two “s” electrons. It might be expected that a high-energy
antibonding ¢* LUMO would result as in the first-row dimers.
There are only eight “d” electrons, however, and even if they are
not spin paired there will be at least one vacant d orbital. The
d orbitals are more important in bonding in early transition metal

(25) Armentrout, P. B. In Structure/ Reactivity and Thermochemistry of
lons; Ausloos, P., Lias, S. G., Eds.; D. Reidel: Boston, 1987; pp 154-155.

(26) Larsen, B. S.; Freas, R. B., III; Ridge, D. P, J. Phys. Chem. 1984,
88, 6014-8.

(27) Freas, R. B,, I[I1I Ph.D. Dissertation, University of Delaware, 1984.
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and in second- and third-row transition metals. In fact the d and
s orbitals in La* are very close in energy (two (5d)'(6s)! states
are lower than the J = 4 state of the (5d)? 3F ground state). The
La* could use one vacant s—d hybrid to bond to Fe and the other
vacant s—d hydrid would be only slightly perturbed from the energy
of the LUMO in the free ion. Hence the dimer is reactive with
alkanes, as is the free ion. It is probably the case that dimer ions
with fewer than ten d electrons will in general behave differently
than dimers with more than ten d electrons just as atomic ions
with fewer than five d electrons behave differently than those with
more than five d electrons.?®

Summary and Conclusions

The cobalt and iridium tetrameric cluster ions are similar in
that addition of 7 or more CO ligands in the Ir case and 8 or more
CO ligands in the Co case prevents reaction with cyclohexane.
The tetrameric clusters differ in that the Co clusters with 2, 3,
and 4 CO ligands are unreactive while the corresponding Ir clusters
react at an observable but, in the case of two and three CO ligands,
reduced rate. The two metals also differ in that the Co dimer
ion is unreactive while Co, ;,* and Ir, ,* are all reactive.

A simple frontier MO model can rationalize the differences
in the behavior of the clusters of the two metals. The MO model
assumes that reactivity requires an acceptor LUMO derived from
metal s orbitals in the cluster. A cluster will not react if all the
s-band orbitals are occupied or if the LUMO has a low orbital
electron affinity. Relative energies of the s-band orbitals are
estimated by using extended Hiickel theory. Some features of
the model and assumptions made consistent with generally ac-
cepted notions about transition metals are as follows: (1) In
oxidative addition a critical interaction is that between an empty
metal s orbital and the filled ¢ bonding orbital of the species to
which addition occurs. (2) Bonding in late-first-row transition
elements derives more form s—s interactions than from d—d or s—d
interactions. For third-row transition elements interactions with

(28) Armentrout, P. B. In Structure/ Reactivity and Thermochemistry of
Ions; Ausloos, O, Lias, S. G., Eds.; Reidel: Boston, 1987; pp 97-164.
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both s and d orbitals are important. (3) Coordinatively unsatu-
rated transition-metal species are high spin, and low spin becomes
more probable with additional CO ligands.

The model gives filled or high-energy s-band orbitals for the
species that are observed to be unreactive and low-energy unfilled
s-band orbitals for species that are observed to be reactive. In
particular the failure of Co,(CO),_,* to react with cyclohexane
is rationalized in terms of high-energy or filled s-band orbitals.
The contrasting reactivity of Co,(CO)s* is attributed to a low-spin
state stabilized by the CO ligands.

The previously reported failure of Co,*!? to react and the
reactivity of Co,(CO)*1® can be rationalized in terms of the ability
of their s-band LUMOs to accept electron density. The previously
reported failure of FeM* (M = Co,? V,* and Cu?) to react with
alkanes and the reactivity of Co,Fe*?* can be similarly ration-
alized. The reactivity of laFe* % suggests limitations on our model
when applied to early and third-row transition elements.

Appendix

The Co 4s and 3d valence orbital ionization energies used (8.94
and 11.26 eV, respectively) are statistically weighted averages of
the ionization energies for a 4s or 3d electron from all the states
derived from the 3d4s? ground configuration of a Co atom.?
Finding very limited data in the literature on the orbital ionization
potentials of Ir we used values (10.18 ev and 12.5 eV for 6s and
5d respectively) obtained by subtracting from the Co orbital
ionization energies the difference between the Ir and Co atomic
ionization potentials. Overlap integrals were calculated numer-
ically using orbital exponents recommend by Summerville and
Hoffmann?® for Co and those recommended by Basch and Gray*!
for Ir. The overlaps were calculated by direct numerical inte-
gration. The Wolfsberg Helmholtz constant was taken as 1.75.
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