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Figure 10. Part of the XPS spectra of [0s(CsMeg),]" (n = 0, 1+,

2+) showing the osmium 4f;,, and 4f; ), photoemission peaks.

Ru Charge-Transfer Salts. The complex [Ru-
(CsMe;),]*+[BF,]™ has been previously reported,®® and the
EPR indicates that this radical cation shows smaller
magnetic anisotropy (Table VIII) than [M(C;Me;),]** (M
= Fe or Os), even though photoelectron spectroscopy
(Table IV) and theoretical considerations conclude that
[Ru(C;Me;),]** also has an *E ground state.!” Of funda-
mental interest is the magnetic properties of one-dimen-
sional charge-transfer salts based on this organometallic
cation. Unfortunately our experiments have shown that
[Ru(C;Me;),]** is very unstable in solution decomposing
to the diamagnetic [Ru™(C;Me;) (n®-CsMe,CH,)]* cation
and Ru''(C;Me;), in ca. 1-2 min in CH,Cl, at —25 °C and
almost instantaneously in CH;CN. The cyclic voltammetry
obtained reduction potential of Ru(CsMes), is 0.55 V (vs
SCE).2 Consequently, neither TCNQ nor TCNE is
strong enough of an acceptor to oxidize Ru(C;Me;),.
Hezxacyanobutadiene is strong enough to oxidize Ru-
(CsMe;),; however, even under rapid precipitation con-
ditions at low-temperature disproportionation dominates
and crystalline charge-transfer materials could not be
isolated.

X-ray Photoelectron Studies. Core binding energies
of al, 2, and 3 were measured by XPS to assess the oxi-
dation states of osmium in these materials, and in par-
ticular the oxidation state of osmium in compound 3.

Figure 10 shows the Os 4f; , and 4f; , photoemission peaks
for 1,2, and 3. A summary of the binding energy values
is found in Table X. For 1 the Os 4f; , and 4f;, peaks
were found at 51.4 and 54.1 eV. These values fall midway
in the range of energies found for the measured Os(II)
complexes.?* For both 2 and 3 the 4f; /2 and 4f; ; peaks
were located at 52.4 and 55.1 eV, respectively, indicating
a similar charge distribution around the Os centers and
in the range found for Os(IIl) compounds, and so we
conclude from these experiments we would assign the
oxidation state of osmium in 3 as Os(III). This is incon-
sistent with the diamagnetic properties, and resolution
must await the availability of single crystals suitable for
single-crystal X-ray analysis.
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The electronic structures of a series of isoelectronic piano-stool dimers of the formulation [CpM-
(EO)]o(u-EO); (M = Cr, Mn, Fe; E = C, N) have been investigated via nonempirical Fenske—Hall molecular
orbital calculations. The w-acid effects of CO vs NO on the frontier orbitals within this system were extracted
by comparing the calculated electronic structures with the bonding in the corresponding “s-only” frameworks,
[CpM(H)]o(u-H); M = Cr, Mn, Fe). These results were then used to explain the directly converse
electrochemical results of the iron and chromium dimers. The redox chemistry of these dimers appears
to be governed by the nature of the frontier orbitals. For the manganese dimer, the possibility of other
geometric isomers has been investigated and predictions have been advanced concerning its yet uninvestigated

electrochemistry.

Transition-metal dimers of the general formula
[CpM],L, (Cp = #°-C;H;), termed piano-stool dimers,

comprise a wide class of organometallic compounds dis-
playing a variety of structure types depending on the

0276-7333/88/2307-1342801.50/0 © 1988 American Chemical Society
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number and type of ligands L. The synthetic utility of
these compounds has been extensively studied, and this
bimetallic Cp-M-M-Cp framework has been shown to be
an effective template for the coordination and experi-
mental manipulation of a variety of organic substrates.’
In contrast to the plethora of investigations dealing with
the synthesis and reactivity of piano-stool dimers, little
is known concerning their electronic structure and bonding.
In previous contributions constituting this series we have
utilized approximate molecular orbital calculations in order
to decipher the electronic effects responsible for some of
the anomalous chemical behavior exhibited by dimers in
this class.*® Not unexpectedly, the electronic structures
resulting from such calculations display interesting vari-
ations dependent upon the nature of the transition metal,
the number and type of ligand L, and the geometry of the
complex. Mixed-ligand and heterobimetallic systems
further complicate the electronic framework. We have
found the calculations to be particularly useful when ap-
plied to those systems that contain bridging ligands, in-
asmuch as ligand bridges can greatly complicate the simple
bonding schemes derived from joining two monomeric
units.

In this contribution, we will focus on the piano-stool
dimer system trans-[CpM(EOQ)],(u-EO),, where M = Cr,
E=N"2orM=Fe, E=CorM=MnE=C,N?
Fenske—Hall MO calculations have been performed on this
isoelectronic series in order to discern the effects of varying
the r-acid ligand (CO, NO) on the orbital energetics and
bonding. It will also be shown that the resulting descrip-
tions of the electronic structures offer a rational expla-
nation of the observed electrochemistry within this series.

The 7-acid strength of CO vs NO coordinated to tran-
sition metals has recently been the subject of several
theoretical investigations involving the related piano-stool
dimer system [CpM(u-EO)], (M = Fe, Co, Ni; E = C,
N.)1%12 These studies have shown that the substitution
of a u-CO ligand with a u-NO ligand leads to a significant
perturbation in the frontier orbital energetics, resulting
in variations in their relative stabilities as well as re-
activities, The chemistry of the [CpML1y(u-L), system
appears to be equally diverse and as dependent on the
electronic effects induced by the bonding of the w-acid
ligands CO and NO.

In order to best reveal the relative electronic effects of
altering the w-acid ligands, we will first construct the
geometrically appropriate piano-stool dimer framework

(1) For part 4 of this series see: Bursten, B. E.; Cayton, R. H. J. Am.
Chem. Soc. 1987, 109, 6053-6059.

(2) Camille and Henry Dreyfus Foundation Teacher-Scholar
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Figure 1. Molecular orbital diagram for the frontier region of
[CpFeH],(u-H),. The right side displays the metal-based orbitals
la,~2b,.

g~V

consisting exclusively of “g-only” ancillary ligands, i.e.
[CopM(H)]3(u-H); (M = Cr, Mn, Fe). The hydride ligands
will then be replaced by m-acid ligands, and the effects on
the relevant dimer orbitals will be traced so as to determine
the = influences associated with these ligands. This ap-
proach will prove particularly useful in determining the
derivation and fate of the dimer orbitals in terms of sim-
pler transition-metal fragments. The details of the cal-
culations are provided in the Appendix.

[CPM(H)]:(u-H)s: 0-Only Framework

The structure of each of the trans-[CpM(EO)]4(u-EO),
dimers is shown in I. If each Cp ring is assumed to occupy

£
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% JEry, /
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0
E
0o
I

three coordination sites, the structure is formally that of
an edge-sharing bioctahedron. We will see later that this
analogy is borne out electronically as well as structurally.
The MO diagram of the fictitious “a-only” species [CpM-
(H)](u-H), 1s shown in Figure 1 for M = Fe (analogous
results are obtained for M = Cr or Mn).13 Since the
hydride ligands can only interact with the transition-metal
orbitals in a ¢ fashion, they will be used to model the o
interactions of the CO or NO ligands. Of course, the o-
donor strength of the hydride ligand will differ from that
of the CO or NO ligand; however, the same metal-based
orbitals will be involved in either case, and the overall
magnitude of these interactions will not be important.
Moreover, the orbitals resulting from M-L ¢ interactions
will not lie in the crucial frontier region. What is important
is that the hydride ligands will leave the metal-ligand
m-type orbitals unperturbed such that subsequent re-

(13) Strictly speaking, [CpFeH],(u-H),* would be isoelectronic to 1;
however, we are primarily interested in the nature and energetics of the
orbitals of the s-only framework; hence we have made no attempt to
indicate orbital accupany in the fictitious hydride frameworks.
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placement with a m-acid ligand will produce a clear picture
of the w-back-bonding interactions. The metal-based or-
bitals of [CpFe(H));(u-H), can be conveniently separated
into two groups: the “pseudo-ty,” set comprised of the
lower lying set of six orbitals (1a,, 1b,, 1b,, 2b,, 1a,, 2a,)
and the “pseudo-e,” set consisting of four orbitals (2b,, 3b,,
3a,, 2a,). The basis for referring to these groups as
pseudo-t,, and pseudo-e; is built upon the structural
analogy of this frameworf{ to the bioctahedron, wherein
the metals are in pseudo-O;, symmetry. In the spirit of
Hoffmann’s isolobal analogy,’* each metal center
“remembers” its octahedral electronic parentage; hence its
metal-based d orbitals are split (as if by an O, field) into
two distinct groups resembling the O, t,, and e, sets.!®
The four orbitals of the “e,” set have their lobes pointed
directly at the hydride ligands, three of which (2a,, 3a,,
3b,) are M—H ¢* in character and are consequently de-
stabilized with respect to the 2b, orbital which is of in-
correct symmetry to interact with the H ligands and hence
is only destabilized by its interaction with the Cp ligands.
It is easy to see the derivation of these four orbitals from
the pseudo-e, set of a three-legged piano-stool monomer.
They are simply the symmetric and antisymmetric com-
binations of the orbitals of two such fragments. Likewise,
the “t,,” set consists of six metal-based orbitals which are
the symmetric and antisymmetric combinations of the
three pseudo-ty, orbitals of two monomeric three-legged
piano-stool fragments. Since the orbitals of the “t,,” set
have no hydride and little Cp character, they are split only
through M-M interaction into three lower lying bonding
orbitals and three M—M antibonding orbitals at slightly
higher energy. However, even at an Fe-Fe distance of
2.534 A (that found in trans-[CpFe(CO)]5(u-CO),)!6 there
is no appreciable direct metal-metal bonding as evidenced
by the minimal splitting within the “t,;” set (<1.0 eV). The
absence of a strong Fe-Fe interaction appears to be the
result of hybridization induced by the u-L s-bonding in-
teractions. The symmetric Fe d,: combination (z axis along
Fe-Fe vector), which would form an Fe-Fe ¢ bond, mixes
with a symmetric combination of Fe d,, orbitals to
produce two new metal-based hybrid orbitals as shown.

%M"‘L( ag

ejoe(® M—Ly o
/- =>

H QSPE® B M-M

One of these hybrids (A) interacts with the symmetric
combination of u-L ¢ orbitals, while the other hybrid or-
bital (B) remains as an essentially nonbonding metal-based
orbital that is ca. 50% ¢ and ca. 50% § in character. From
here on, this metal-based hybrid will be referred to as the
M-M o/é bonding orbital. The result is the removal of
a strong, direct Fe—Fe bond (pure d,: interaction) due to
u-L ¢ interaction that, upon hybridization, yields a much
weaker Fe-Fe bonding interaction (¢/6 hybrid B). A
similar hybridization is found to occur in the 2b, orbital.
Direct dimerization of the CpFeHj “t,,” orbitals would
produce a b, orbital similar in shape to t}gxe 1a, orbital, but
Fe-Fe antibonding in character. However, an allowed
mixing takes place with a higher energy b, orbital (3b,)

(14) Hoffmann, R. Science (Washington, DC) 1981, 211, 995-1002.

(15) The splitting into pseudo-ty, and pseudo-e, sets refers to a ligand
field effect exclusively.

(16) Mitschler, A.; Rees, B.; Lehmann, M. S. J. Am. Chem. Soc. 1978,
100, 3390-3397.
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Figure 2. Molecular orbital diagram displaying the frontier
orbital region of [CpFe(C0)]y(u-C0O), (1) (right side) and its
correlation to the orbitals of [CpFeH],(u-H), (left side). The
arrows indicate the highest occupied MO.

to cause a rehybridization and produce the observed 2b,
orbital as shown.

This mixing serves to weaken the Fe-Fe antibonding
character of the 2b, orbital.

The far right side of Figure 1 expands a section of the
MO diagram such that orbitals 1a,~2b, may be shown
pictorially. These are the metal-based orbitals that are
of the correct symmetry to interact in a = fashion with the
ancillary ligands. We will examine these interactions in
the next section as the hydride ligands will be replaced by
CO ligands.

6—=e

2by

[CpFe(CO)](u-CO),

Replacement of the four hydride ligands with four
carbony) ligands affords the well-known species [CpFe-
(C0O)12(u-CO), (1). Figure 2 depicts the frontier MO dia-
gram for this compound along with the correlation of its
orbitals to those of the tetrahydrido dimer. Only the
metal-based orbitals derived from the expanded section
of Figure 1 are shown here since only these orbitals are
further affected by the formal replacement of the s-only
hydride ligands with the m-acid CO. The remainder of the
orbital picture is essentially the same as that in Figure 1
for [CpFe(H)]o(u-H)o.!” Although the Fenske—Hall me-
thod,® as well as several other MO formalisms of varying
rigor,’®2! has been applied to this dimer, some new ob-

(17) The Fe~CO ¢ interactions are located at slightly different energies
than the corresponding Fe-H orbitals. See ref 6 for details of these
Fe-CO o interactions.
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Table I. Percent Characters of the Highest Occupied and Lowest Unoccupied Orbitals of Compounds 1, 2, and 3

1

2

3

orbital type® % Fe % CO®  orbital type®

% Cr

% NO®  orbital type® % Mn % CO/NO®

4b, a*
3b, ]
3b, T
2a°  o/s
la, w*
la, o*
2b, *
2b, T

1b, o* /5%
b, &

o*
¥
c/6
¥
la, o*
1bg 0

T
o* ) %

¢Refers to type of M-M interaction. ®2r character only. *HOMO.

servations can be extracted from the type of analysis ad-
vanced here.

(1) The 1a, orbital, which is the ¢/6 hybridized Fe-Fe
bonding orbital, is not able to interact with the 2r orbitals
of either terminal or bridging CO ligands and therefore is
unperturbed by the replacement of H with CO. This or-
bital becomes the SHOMO (second highest occupied MO)
of 1. (2) One orbital of the “e,” set, the 2b,, can interact
with the u-CO 2= orbitals and does so substantially such
that it becomes stabilized among the orbitals of the “t,,”
set. (3) The remaining five “t,,”-based orbitals all interact
with either bridging and/or terminal CO 2r orbitals and
are all stabilized to a similar degree. (4) The 2a, orbital
is stabilized only by t-CO 27 (t = terminal) interaction,
and it is the only “t,,"-based orbital that remains above
the Fe-Fe ¢/4 (1a,) orbital. Consequently the 2a, orbital,
which is primarily Fe-Fe 7* in character, becomes the
HOMO of the tetracarbonyl dimer, a factor which will
prove to be important during the interpretation of its
electrochemical data.

[CpCr(NO)]y(1-NO),

We are now in position to replace the four hydride lig-
ands with NO ligands and examine their effects on the
dimer electronic structure in light of those discussed above
for CO. We will accomplish this by considering the dimer
[CpCr(NO)]o(u-NO), (2), which is isoelectronic with 1. The
comparative bonding capabilities of CO and NO have been
the subject of numerous prior investigations.?2 The most
significant electronic difference resides in the energy of the
respective 27 orbitals (r-back-bonding orbitals). The 2=
orbitals of NO are substantially lower in energy than are
the CO 27 orbitals, thereby allowing a better energy match
between the NO 27 and metal-based orbitals and thus
providing a stronger interaction. Calculations performed
on these dimers, and those presented in the following
paper, indicate that the NO 2r orbitals interact approx-
imately twice as strongly as CO 2r orbitals with similar
metal-based d orbitals, as based on the percent NO 27
orbital contributions to the MO’s of the dimer (see Table
I). This stronger interaction found for the NO ligands is

(18) Granozzi, G.; Tondello, E.; Benard, M.; Fragala, L. J. Organomet.
Chem. 1980, 194, 83-89.

(19) Jemmis, E. D.; Pinhas, A. R.; Hoffmann, R. J. Am. Chem. Soc.
1980, 102, 2576-2585.

(20) Benard, M. J. Am. Chem. Soc. 1978, 100, 7740-7742.

(21) Benard, M. Inorg. Chem. 1979, 18, 2782-2785.

(22) (a) Bursten, B. E.; Jensen, J. R.; Gordon, D. J.; Treichel, P. M.;
Fenske, R. F. J. Am. Chem. Soc. 1981, 103, 5226-5231. (b) Avanzino, S.
C.; Bakke, A. A.; Chen, H.-W.; Donahue, C. J.; Jolly, W. L.; Lee, T. H.;
Riceo, A. J. Inorg. Chem. 1980, 19, 1931-1936. (c) Fenske, R. F.; Jensen,
J.R. J. Chem. Phys. 1979, 71, 3374-3382. (d) Chen, H.-W.; Jolly, W. L.
Inorg. Chem. 1979, 18, 2584-2551. (e) Hoffmann, R.; Chen, M. M. L.;
Elian, M.; Rossi, A. R.; Mingos, D. M. P. Inorg. Chem. 1974, 13,
2666-2675. (f) Hillier, I. H.; Guest, M. F.; Higginson, B. R.; Lloyd, D. R.
Mol. Phys. 1974, 27, 215-223. (g) Lloyd, D. R.; Schlag, E. W. Inorg.
Chem. 1969, 8, 2544-2555,
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Figure 3. Molecular orbital diagram displaying the frontier
orbital region of [CpCr(NO)];(¢-NO), (2) (right side) and its
correlation to the orbitals of [CpCrH]y(u-H), (left side). The
arrows indicate the highest occupied MO.

clearly evident in the MO diagram of 2 shown in Figure
3. As before, only the metal-based orbitals and their
correlation to the metal-based orbitals of the corresponding
chromium tetrahydrido dimer are shown. It is worthwhile
to note that, in going from [CpFe(H)]y(u-H), to [CpCr-
(H)]o(u-H),, neither the character nor the relative ener-
getics of the metal-based orbitals is significantly altered,
although the orbitals of the Cr framework are shifted in
a nearly uniform fashion to higher energy (ca. 1.5eV). A
comparison of the MO diagram in Figure 3 to that of 1
(Figure 2) allows us to highlight several interesting features.
First, the Cr-based orbitals show a greater degree of sta-
bilization when compared to those of the Fe dimer, direct
evidence of the stronger NO 27 interaction with the Cr d
orbitals compared to the CO 27 interaction with the cor-
responding Fe d orbitals. Although the reason for this was
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briefly described above, it will be instructive to look at it
somewhat more quantitatively here. Inherent to any MO
method derivative of the Wolfsberg-Helmholz formalism
(such as Fenske—Hall or extended Hiickel theory?) is the
assumption that the degree of interaction between two
orbitals is primarily dependent upon two factors: (1) the
overlap of the two orbitals and (2) the energy differential
between the interacting orbitals. In the case at hand, the
energy differential (AE) weighs as the more important
criterion. The closer the energy match between interacting
orbitals (smaller AE), the greater the interaction. In 2, the
energetic separation between the Cr 3d and the NO 2=
orbitals is only 1.45 eV, whereas the corresponding value
in 11is 6.28 eV. This also induces changes in the HOMO
and LUMO of 2 relative to 1. In the Cr dimer, the HOMO
is the 2a, orbital corresponding to the Cr—Cr ¢/ bonding
interaction. This contrasts to that found in the Fe dimer,
which, albeit also an a; orbital, was Fe~Fe =* in character.
The LUMO of the Fe dimer (Figure 2) is essentially an
Fe-Fe o* orbital composed primarily of Fe d,: character
(73%). As is evident, in Figure 3, the corresponding Cr-Cr
o* orbital (4b,), while unoccupied, is not the LUMO of the
Cr dimer. There are two virtual orbitals, 3b, and 3b,,
which lie at slightly lower energy than the 4b, orbital, and
both of these are localized on the u-NO lignds. They
represent the symmetric and antisymmetric combinations
of the u-NO 27 orbitals that are oriented perpendicular
to the plane of the dimetallacyclic core. We will see how
these variations between the HOMO’s and LUMO’s of the
Fe and Cr dimers affect the electrochemistry of these
species in the next section.

One final point of note before we move to the discussion
of the electrochemistry concerns the formal designations
of terminal NO ligands as NO* and bridging NO ligands
as NO~. Looking at the metal-based orbitals in Figure 3
and focussing on the two lowest (1b, and 1b,), we see that
they are composed of greater N6 character than Cr
character (see Table I). Therefore these two orbitals are
more ligand-based rather than metal-based, and the ligand
character is primarily from the bridging nitrosyls. This
supports the notion that bridging NO ligands have a
greater degree of occupation of their 2= orbitals than do
the terminal NQ ligands and could be considered NO™ in
the limiting case.

Electrochemistry of [CpFe(CO)],(u-CO), and
[CpCr(NO)];(¢-NO),

Electrochemistry, and in particular cyclic voltammetry,
provides a valuable probe into the frontier orbitals of
molecules.? The electrochemistry of both 12 and 22 has
been investigated and exhibits very interesting results,
especially in light of the theoretical descriptions discussed
earlier. These results can be conveniently summarized in
eq1land 2.

The iron dimer (eq 1) undergoes an irreversible two
electron reduction to yield two monomeric anions. This
reaction can also be accomplished chemically, of course,
with a suitable reducing agent, e.g. Na/Hg.?” One electron
oxidation was found to be reversible, producing a bimetallic
radical cation. Just the opposite results were found for
the isoelectronic chromium dimer (eq 2). 2 is cleaved into

(23) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397-1412.

(24) (a) Bard, A. J.; Faulkner, L. R. Electrochemical Methods, Fun-
damentals and Applications; Wiley: New York, 1980. (b) Bursten, B.
E.; Green, M. R. Prog. Inorg. Chem., in press.

(25) Ferguson, J. A.; Meyer, T. J. Inorg. Chem. 1971, 10, 1025-1028.

(26) Legzdins, P.; Wassink, B. Organometallics 1984, 3, 1811-1817.

(27) Piper, T. 8.; Wilkinson, G. J. Inorg. Nucl. Chem. 1956, 3, 104.
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two monomeric cations upon an irreversible two-electron
oxidation, whereas reduction is a reversible, one-electron
process yielding the isolable bimetallic radical anion.

These seemingly anomalous results can be readily un-
derstood with the aid of the MO diagrams of each of the
parent dimers. We will begin with the iron carbonyl dimer
(Figure 2). The HOMO is metal-based and primarily
Fe-Fe =* in character. Oxidation would presumably result
in removal of electrons from this orbital and thereby
strengthen the weak Fe-Fe interaction. This is consistent
with experiment inasmuch as the dimer remains intact
upon oxidation. On the other hand, the LUMO of 2 was
calculated to be energetically isolated and strongly Fe-Fe
o* in character. Reduction would result in adding electrons
to this orbital, thus weakening the Fe-Fe interaction. This
also appears to be consistent with experiment in that the
reduction of the complex causes the irreversible cleavage
of the dimer into two stable monomeric two-legged pi-
ano-stool anions.

We can apply a similar analysis to explain the directly
opposite results found for the isoelectronic chromium
dimer. As was mentioned earlier, the character of both
the HOMO and LUMO of 2 differ from those of 1. The
HOMO of the Cr dimer (2a,) is the Cr-Cr ¢/8 bonding
interaction. Although this orbital represents a relatively
weak Cr—Cr interaction, it is the strongest of the “t,,” set.
Oxidation, and hence removal of electrons from the 6r—Cr
o/6 bond, should weaken the Cr-Cr interaction. Upon
oxidation, neither the dimeric cation (2*) or dication (22%)
has been observed; rather, cleavage into monomeric
products occurs. Two electron oxidation of 2 would yield
an electronically unsaturated, formally d*-d* dimer with
a severely weakened Cr-Cr bond. Apparently, in the
presence of even very weak Lewis bases such as PFg~ or
BF,, the driving force to form monomeric d® three-legged
piano-stool complexes is great enough to facilitate the
cleavage of the dimer. Thus, the oxidation of 2 by HBF,
in MeCN leads to the formation of [CpCr(NO),-
(NCMe)]*[BF].2 When the same reaction is run in a
noncoordinating solvent such as CH,Cl,, the product is
characterized as CpCr(NO),(FBF,),? analogous to CpCr-
(NO),(FPF;),” which was prepared by a different route.

The LUMO of 2 was shown to be composed almost en-
tirely (75%) of u-NO 27 character. This orbital is the
symmetric combination of the u-NO 27 orbitals oriented
perpendicular to the bridge plane such that their inter-
action with the metal-based orbitals is minimal. The dimer
was shown to undergo reversible one-electron reduction,
and a bimetallic radical anion could be isolated. The ESR
spectrum of this radical anion indicates strong coupling
of the electron to one type of nitrogen atom (ay, = 5.89
G) and weaker couplings to a second type of nitrogen atom
(an, = 0.89 G).® The IR spectrum of the radical anion
displays two strong absorptions at 1580 and 1331 cm™!
attributable to terminal and bridging NO stretches re-

(28) Legzdins, P.; Martin, D. T.; Nurse, C. R.; Wassink, B. Organo-
metallics 1983, 2, 1238-1244.
(29) Regina, F. J.; Wojcicki, A. Inorg. Chem. 1980, 19, 3803-3807.
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spectively.® These absorptions appear 90 and 175 cm™,
respectively, lower in energy than those exhibited by the
neutral parent dimer, thus providing further support for
the substantial localization of the extra electron in the
radical anion onto the 27 orbitals of the NO ligands, and
in particular the u-NO ligands. These experimental results
are all consistent with our calculational finding that the
LUMO of the neutral parent dimer is localized primarily
on the u-NO 27 orbitals.

It is of interest to note that both the reductive cleavage
of 1 and the oxidative cleavage of 2 are two-electron pro-
cesses. This seems consistent with the nature of the or-
bitals involved in the redox processes. In 1, electrons are
being added to the LUMO, an Fe-Fe o* orbital. Addition
of one electron to the LUMO to generate “[CpFe(CO),],™
(17) would presumably be accompanied by an increase in
the Fe-Fe distance relative to the neutral dimer. As a
result, the o* orbital of 1~ will fall in energy relative to that
of 1, ignoring the difference in charge between the two
dimers. If one adopts the common view that oxidation and
reduction potentials of molecules are related to the HOMO
and LUMO energies, respectively,? it is seen that 1~ should
be reduced at a lower potential than 1; ie., 1- is expected
to be unstable with respect to disproportionation into 1
and CpFe(CO),~. If the kinetics of electron transfer are
fast relative to the cyclic voltammetry, an apparent two-
electron process will be seen. Similarly, the oxidation of
2 involves the removal of electrons from a Cr-Cr ¢ orbital.
By analogy, the removal of one electron to form the hy-
pothetical 2% species would lead to an increase in the Cr—Cr
distance, a rise in the energy of the ¢ orbital, a lower
oxidation potential for 2* than for 2, and, again if the
kinetics are favorable, an apparent two-electron oxidation.
This argument, while undoubtedly overly simplistic, is
consistent with the observed chemical oxidation of 2: if
the dimer is treated with 1 equiv of HBF,, only half of the
starting material reacts and there is no evidence for the
formation of 2* as an intermediate.?

[Cp:Mn,(CO)(NO)](k-CO)(4-NO)

We have seen the variation in electronic structure as-
sociated with replacing the hydride ligands of [CpM-
(H)]2(u-H,) with moderate r-acid ligands (CO) and sub-
sequently with stronger w-acid ligands (NO). In this sec-
tion we will discuss the electronic effects of a mixed-ligand
system involving the ligation of both CO and NO ligands
to a single piano-stool dimer framework. The known
compound [Cp,Mn,(CO)(NO)](u-CO)(u-NO) (3) satisfies
these criteria and is isoelectronic with the diiron tetra-
carbonyl and dichromium tetranitrosyl systems discussed
above. This compound contains both t-CO and u-CO
ligands as well as t-NO and u-NO ligands in solution and
in the solid state as evidenced by IR spectroscopy.?® The
MO diagram of 3 is presented in Figure 4, along with the
correlation of its orbitals to those of [CpMn(H)1,(u-H),.
Due to the coordination modes of the CO and NO ligands,
the symmetry of 3 is reduced from Cy, to C;. However,
the C,, symmetry labels have been retained in order to
clarify the orbital derivation as well as to aid in their
discussion.

The filled Mn-based orbitals are separated into two
distinct sets: a lower set of three orbitals (1b,, 2b,, 1b,)
that are involved primarily in Mn—-NO = back-bonding and
an upper set of four orbitals (2b,, 1a,, 1a,, 2a,), three of
which are Mn—-CO 7 back-bonding and one of which (1a,)

(30) Kirchner, R. M.; Marks, T. J.; Kristoff, J. S.; Ibers, J. A. J. Am.
Chem. Soc. 1978, 95, 6602—6613.
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Figure 4. Molecular orbital diagram displaying the frontier
orbital region of [Cp,;Mny(CO){NO)](u-CO)(u-NO) (3) (right side)
and its correlation to the orbitals of [CpMnH],(u-H), (left side).
The arrows indicate the highest occupied MO.

is once again left relatively unperturbed (>90% Mn in
character) when the H ligands are replaced with 7-acid
ligands. The orbital energetics within this upper set of
Mn-based orbitals resemble those of 1 (Figure 2) most
notably in that the HOMO is Mn—-Mn =* in character and
the SHOMO represents the Mn—Mn ¢/§ bonding orbital.

Once again, the greater stabilization of the metal-based
Mn-NO orbitals compared to the metal-based Mn—-CO
orbitals can be traced back to the more favorable energy
differential between the Mn d orbitals and the NO 2r
orbitals (AE = 2.28 ¢V) compared to the Mn d orbitals and
the CO 27 orbitals (AE ='5.86 eV).%!

The virtual orbitals of 3 show similarities to the virtual
orbitals of both the iron and chromium dimers. The
LUMO of 3 is Mn-Mn ¢* (similar to the LUMO of the Fe
dimer), and at slightly higher energy are two ligand-based
orbitals of primarily NO 2= character (similar to the LU-
MOs of the Cr dimer).

To our knowledge, the electrochemistry of 3 has not been
reported. On the basis of the calculated electronic struc-
ture, however, we are able to conjecture on the results of
its oxidation or reduction. The HOMO of 3 is Mn—Mn =*
in character and similar to that of the iron dimer, which
undergoes reversible oxidation. The only difference in the
case of the Mn dimer is that the symmetry reduction from

(31) The 2b, orbital of 3 interacts nearly entirely with the CO 2«
orbitals, yet it is stabilized to a similar extent as the orbitals that interact
with NO 27 and much more so than the other orbitals with substantial
CO 27 character. This is due to the high energy of the 2b, orbital in the
o-only framework, placing it close in energy to the CO 27 set.
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Cy, to Cy, due to asymmetric w-acid ligation, causes the
HOMO of 3 to be somewhat localized on the Mn atom
bound to the terminal CO ligand (ca. 66% to 12% polar-
ization as shown,

0
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Therefore oxidation would result in the preferential re-
moval of electron density from the Mn atom bound to the
t-CO ligand and thus possibly result in the formation of
a formal mixed-valence cation. Also, the metal-metal bond
strengthening predicted during the oxidation of 1 may be
diminished for 3*, thereby inducing decomposition of the
bimetallic radical cation. Possible products of such de-
composition may be the stable monomeric cation CpMn-
(CO)o(NO)*#2 and the fragment [CpMn(NO)] which could
oligomerize to form clusters such as the known CpgMng-
(NO)s.2 The LUMO of 3 is also similar to that of the Fe
dimer which undergoes irreversible cleavage. Once again,
however, symmetry-reduction-induced orbital polarization
causes the orbital to be more concentrated on the Mn atom
bound to the t-CO ligand, although not to the extent as
in the HOMO.

0
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Hence, we would still predict dimer cleavage upon re-
duction and in all likelihood symmetrical cleavage (since
the LUMO localization is not that significant) to yield the
two two-legged piano-stool anions CpMn(CO)(NO)~. This
anion has never been isolated experimentally, however,
even though several synthetic routes to this elusive anion
have been attempted.® This is consistent with the results
of Fenske—Hall calculations on CpMn(CO)(NO)-, which
have demonstrated that it would be thermodynamically
unstable.?* Thus the reduction of 3, while predicted to
parallel that of 1, is expected to lead to unstable initial
products and further decomposition.

(32) King, R. B.; Bisnette, M. B. J. Am. Chem. Soc. 1963, 85, 2527.

(33) (a) Kolthammer, B. W. S, Ph.D. Dissertation, University of
British Columbia, 1979. (b) Legzdins, P.; Wassink, B., unpublished
results. (c) The preparation of the third-row analogue CpRe(CO)(NO)-
has also been attempted without success: Sweet, J. R.; Graham, W. A,
G. Organometallics 1982, 1, 982-9886.

(34) Gatter, M. G. Ph.D. Dissertation, The Ohio State University,
1985.
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Appendix

Molecular orbital calculations were performed on an
IBM 3081-D computer system using the Fenske-Hall ap-
proximate MO method.® The atomic positions for
[CpFe(CO)],(#-CO)y,'® [CpCr(NO)]5(u-NO),,%* and
[Cp:Mn,y(CONNO)](u-CO)(u-NO)3! were taken from the
crystal structures of the trans isomers in each case and
idealized to Cy,, Cy, and C; symmetry, respectively. Local
Dy, symmetry has invoked upon the cyclopentadienyl
rings, and a C-H distance of 1.08 A was used for each
dimer. The structures of the three o-only model complexes
[CpCr(H)]5(u-H),, [CpMn(H)]2(u-H),, and [CpFe(H)](u-
H), were calculated by using the interatomic angles found
in each of the parent w-acid dimers and assuming the
following metal-hydride bond lengths: terminal hydride,
Cr-H = 1.65 A, Mn-H = 1.60 A, Fe-H = 1.55 A; bridging
hydride, Cr-H = 1.75 A, Mn-H = 1.70 A, Fe-H = 1.65 A.

All atomic wavefunctions were generated by using the
method of Bursten, Jensen, and Fenske.3” Contracted
double-{ representations were used for the Cr, Mn, and
Fe 3d AO’s and for the C, N, and O 2p AO’s. An exponent
of 1.16 was used for the hydrogen 1s AO.*®® The basis
functions for Cr, Mn, and Fe were derived for the +1
oxidation state (s’d™) with the 4s exponents fixed at 2.0
and the 4p exponents fixed at 1.6, 1.8, and 2.0, respectively.
The CO and NO 3¢ orbitals, as well as the first three
occupied C;H; orbitals, were filled with 2.0 electrons and
deleted from the basis transformation set in all calcula-
tions.3® The CO and NO 60 orbitals, as well as all virtual
orbitals of C;H; above the e,” level (D), were filled with
0.0 electron and deleted from the basis transformation set
in all calculations.®®

The calculations were performed by using a fragment
approach. In the case of the series [CpM(EO)]o(u-
EO)],(u-EQ),, the EO ligands were converged as inde-
pendent fragments, the resulting molecular orbitals of
which were then allowed to interact with the Cp-M-M—-Cp
framework. The ligand CO was converged as a neutral
molecule, whereas the NO ligands were converged as NO*
for terminal coordination and NO- for bridging coordina-
tion. The cyclopentadienyl ligands were all converged as
Cp~. All calculations were converged with a self-consistent
field iterative technique by using a convergence criteria
of 0.0010 as the largest deviation of atomic orbital popu-
lations between successive cycles.
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