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Linear Semibridging Carbonyls. 4. A Consequence of Steric
Crowding and Strong Metal-to-Metal Bonding
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Abstract: Ab initio full-gradient geometry optimizations have been performed on 28 of 36 M—M closed-shell electronic
configurations for the M,(CO), (M = Sc and Mn) model systems. Those configurations whose energy favors a bridging carbonyl
structure always prefer a bent semibridging or symmetrically bridging geometry. Conversely, when the carbonyls, of those
configurations whose energy favors terminal carbonyls, are forced into bridging sites, a linear semibridging structure results.
Thus, linear semibridging carbonyls are a consequence of steric crowding. Generally, those configurations that favor a bent
semibridging or symmetrically bridging carbonyl have more metal-to-metal antibonding molecular orbitals occupied (particularly
the ¢*). In contrast, those configurations that favor a terminal structure, and hence a linear semibridging carbony] in sterically
crowded molecules, have more metal-to-metal bonding orbitals occupied. Thus, the appearance of linear semibridging carbonyls

signifies strong metal-to-metal bonding.

Introduction

Since the discovery of bridging carbonyls,!-? a number of in-
vestigations®!® have contributed to our understanding of the
interaction between metal atoms and bridging carbonyl ligands.
Recently, the various bridging modes—terminal (1), bent semi-
bridging (2), symmetric bridging (3), linear semibridging (4), and
prone semibridging (5)—have been clearly delineated.’
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In the first description of the bonding for bent semibridging
carbonyls, Cotton proposed that semibridging carbonyls accept
electrons from the secondary metal atom in order to equalize the
charge difference between the two metals.** Colton and co-
workers prepared the first compound with a linear semibridging
carbonyl, Mn,(CO)s(dppe),. Subsequently, Curtis and co-workers
found that Cp,Mo,(CO), also had linear semibridging carbonyls
with a Mo—C-O bond angle of 175.9° (1.2).¢ They proposed
that linear semibridging carbonyls donate electron density from
their 17 orbital to the distal M. In 1980, Colton and McCormick
suggested that the structural form that a bridging carbonyl as-
sumes in the solid state is a result of inter- and intramolecular
steric forces; they also rationalized several different types of
bridging carbonyls using these steric arguments.’

In 1980 Hoffmann and co-workers performed extended Huckel
calculations on Cp,Mo,(CO), and Cp,Fe,(CO),, which have four
linear semibridging and two symmetrically bridging carbonyls,
respectively.® Their results suggested that the bridging carbonyl
ligand, for each of the cases bent semibridging (2), symmetric
(3), or linear semibridging (4), accepts electron density from the
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metal d orbitals into its 2« orbital, a suggestion consistent with
Cotton’s original hypothesis. However, they did not offer an
explanation for the linearity of some semibridging carbonyls.

Subsequent work by Hall and co-workers on Cp,Mo,(CO), lent
further support to the work of Hoffmann and Cotton, and also
offered an explanation for the linearity of the carbonyl ligand.>
Benard and co-workers performed ab initio calculations on the
Mn,(CO)s(PH;), model system and reached similar conclusions.!°
In this description the CO inserts one of the C lobes of its 2=
acceptor orbital into an occupied, in-phase combination of metal
d orbitals to form a 3-center, 2-electron bond. This interaction
can be stabilizing for structure 4 but not for structure 2 or 3.
Recently, Sargent and Hall found that a linear semibridging
carbonyl may also donate electron density when the distal metal
is an electron deficient early transition metal rather than a late
transition metal from which it always accepts electrons.’¢

It is generally agreed that carbonyls bond to metals through
both ¢ and = bonds. In the simplest view, the ¢ bond is formed
when electron density flows from the carbonyl 5o (lone pair) to
an empty metal orbital, and the = bond forms when electron
density flows from the filled metal d= to the carbonyl 2x. For
the symmetric bridging form (3), the carbonyl strongly accepts
electron density from both metals into its 27 orbitals, a transfer
of charge which results in a much weaker CO bond. For the prone
semibridging form (§), the carbonyl apparently accepts density
from the first metal and donates to the distal metal from its 17
orbital or O “lone pair.” The nature of the semibridging geom-
etries, 2 and 4, seems to provoke the most discussion with three
explanations vying for prominence. Two focus on the electronic
(attractive) interactions. In the first explanation both geometric
forms involve the carbonyl accepting electron density from the
secondary metal center, where the difference in metal orbital
character gives rise to the difference in geometry. The second
explanation suggest that in the linear semibridging form, 4, the
carbonyl donates electron density to the second metal. The third
explanation focuses on the steric (repulsive) interactions. Here,
the electronic interactions with the second metal are thought to
be negligible and the observed geometry of the semibridging
carbonyl is determined by the steric requirements of the total
coordination sphere of the dimer or cluster.

Using a model that is itself free from significant steric effects
in the metal coordination environment, we have determined how
occupation of different metal-metal orbitals affects the geometry
of the bridging carbonyl ligand. We have examined steric effects
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by forcing certain geometric distortions on the model system and
examining the response of the model.

Theoretical Methods

Models and Basis Sets. In this study the model dimers M,(CO), (M
= Sc and Mn) were used. All basis sets for the ab initio calculations were
derived from those of Huzinaga.!! For Sc and Mn we used the double-{
basis (432/421/31) of previous calculations,'? and for C and O we used
the (321/21) double-{ basis set.

Calculations, The ab initio molecular orbital (MO) calculations were
performed via the closed-shell Hartree~Fock—Roothaan (HFR) method.!?
A series of three ab initio full-gradient geometry optimizations were
performed on the M—M electron configurations (vide infra) of the M,-
(CO); (M = Sc and Mn) model compounds. The M—C and C-O bond
distances and M—C-O bond angle (¢) were optimized for various choices
of configuration and M-M—C bond angle. The M-M bond distance was
set equal t0 2.220 A,

The ab initio calculations were performed with the GAMESS pro-
gram package. Calculations were carried out on the Department of
Chemistry VAX 11/780 and FPS 264 processor and the Cornell Na-
tional Supercomputing Facility’s FPS 264 processors and IBM 3090-600J
mainframes.

Results and Discussion

Our first objective is to determine if occupation of particular
metal-metal (M—M) molecular orbitals (MO) in a system free
of steric interferences has any control over the geometry that a
bridging carbonyl assumes. Thus, we chose the model system 6,
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which consists of two metal atoms and two symmetry-related
bridging carbonyls. Of course, this model is also coordinatively
unsaturated at both metal centers, because of the lack of other
ligands. Our purpose here is not to determine the true ground-state
structure of these M,(CO), molecules but to use these as models
for a sterically uncrowded (L,M),(u-CO), molecule. Asa model
for these molecules, we will be most interested in alternative 3d-3d
closed-shell electronic configurations.

For Sc,(CO), and Mn,(CO), there are 6 and 14 M-M elec-
trons, respectively, and for each system there are 18 closed-shell
possibilities for occupation of the 10 M—-M MO’s formed from
the 3d orbitals shown in Table I. These electronic configurations
are labeled so that each number of a four-digit configuration label
specifies how many M-M MO’s of a particular symmetry are
doubly occupied. The order is a,, a,, b;, and b,. For example,
the configuration label 3211 for Mn,(CO), specifies that the
configuration would have three doubly occupied a, orbitals, two
doubly occupied a, orbitals, one doubly occupied b, orbital, and
one doubly occupied b, orbital. In other words, the M—M electron
configuration la,? 2ag% 3a% la,% 2a,% 1bg 1b,%> would be
encoded as 3211.

Four configurations (3000 and 0003 for Sc,(CO),; 0223 and
3220 Mn,(CO),) were omitted because we belived they were high
in energy and unrealistic models for real molecules. Four con-
figurations (2100, 1123, 2221, 2122), dissociated during opti-
mization or did not converge in the self-consistent-field (SCF)
portion of the calculation, therefore, 15 configurations were studied
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Table I. Metal-to-Metal Molecular Orbitals®
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Table II. Electron Configuration Labels for the M—-M MO’s of
M;(CO), (M = Sc or Mn)

Sc Mn Sc Mn Sc Mn
agabb, azab.by agaybb, a,abby a,a,bgb, a,a,b.by
3000° 02234 0201 3022 0012 3211
2100° 1123% 1020 2203 0003 3220°
2010 1213 0120 3103 1110 2113
2001 1222 0021 3202 1101 2122%
1200 2023 1002 22214 1011 2212
0210 3013 0102 3121 0111 3112

¢Omitted. ®Dissociated or did not converge.

for Sc,(CO), and 13 for Mn,(CO),. For each configuration the
M-M-C bond angle () was fixed at 90°, 80°, and 70°. The M—-C
and C-0O bond distances and the M—C-0 bond angle (¢) were
optimized at each value of 6.

Results for M = Mn. For the Mn,(CO), configurations, the
Hartree-Fock—-Roothaan (HFR) total energy as a function of 8
is shown graphically in Figure 1. As 6 decreases some of the
Mn,(CO), configurations increase in energy while the others
decrease. With few exceptions the Mn,(CO), configurations can
be separated into two distinct groups.

Those configurations that increase in energy—3112, 3211, 3121,
3202, 3022, 3013—are illustrated with solid lines. Two of these
Mn,(CO), configurations, 3121 and 3202, initially increase but
then decrease in energy as 8 moves from 80° to 70° (see Figure
1). Those configurations that decrease in energy—2212, 2113,
3103, 2203, 2023, 1222, 1213—are illustrated with dashed lines,
and their changes appear to be consistent to 70°. Thus, six
configurations favor a terminal carbonyl geometry while seven
configurations favor a bridging carbonyl geometry.

Since one can make a clear distinction between those carbonyls
which favor a bridging position and those that do not, one might
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Figure 1. Plot of the HFR total energy as a function of the Mn-Mn-C
bond angle, 8, for the 13 M—M electron configurations of Mn,(CO),.
Solid lines join configurations whose total energy increases from 90° to
80° (#), while dashed lines join configurations whose total energy de-
creases from 90° to 80°.

expect each group to have common occupied M—-M MO’s, which
control the behavior of the carbonyl ligand. For the Mn,(CO),
configurations that show an increase in energy, the common MOs
are three a, and one b,. Although the common a; orbitals are
mixtures ofg those in Table I, they can be resolved into o, 6, and
#*,,; the common b, orbital is x;,. For the Mn,(CO), configu-
rations that show a decrease in energy and favor a bridging
carbonyl, the common MO’s are one a,; and two b,’s. The a, has
o + &;, character while the two b,’s have =, and o* + 6%,
character, respectively.

Generally, as 6 decreases from 90° to 80° the orbital energies
of a(ay), 7;(b,), and x*(a,) increase, while the orbital energies
of &;p(ag), 6%5(by), and a‘(b:) decrease. Thus, configurations with
the former orbitals occupied favor a terminal structure, while those
with more of the latter group occupied favor the bridging structure.
An interesting comparison is provided by configurations 3013 and
3103. Each configuration has three a, and three b, MO’s with
the remaining M—-M electron pair occupying either ana, ora b,
M-M MO. Thus, when both the a; and b, MO’s are occupied,
the system is nearly balanced and the out-of-plane MO’s (a, and
b,) control the geometry. For 3103 the a, M—-M MO, which has
o Character, strongly favors the bridging position, while for 3013
the by, which has 8,;, character, is less particular. The origin of
this can be seen in Table I, where the a,(7,;) has its maximum
density along the M—M axis and the by(3,;) has its maximum
density facing the terminal carbonyl sites. Since these are the
only out-of-plane orbitals occupied, their character has a strong
influence on the position of the CO if it is to use its 27, orbital
in metal-ligand bonding.

Figure 2 shows the Mn—C-O bond angle, ¢, as a function of
6 for all of the Mn,(CO), configurations. The Mn,(CO), con-
figurations which favor terminal carbonyls (solid lines), except
3013, have a large increase in ¢, i.e. a linear or prone semibridging
carbonyl, when the carbonyl is forced to adopt a bridging position
(smaller 8). Configuration 3013 favors a small value of ¢ because
the b, M—M MO with §,; character, the same MO that favors
a terminal carbonyl (see preceding paragraph), can maximize its
bonding interaction with the carbonyl ligand only if ¢ decreases
as 0 decreases. All of the Mn,(CO), configurations that favor
bridging carbonyls (dashed lines) show a decrease in ¢ when
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Figure 2. Plot of the Mn—C-O bond angle, ¢, as a function of the
Mn-Mn-C bond angle, 6, for each Mn,(CO), configuration. The line
convention of Figure 1 is utilized.
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Figure 3. Plot of the HFR total energy as a function of the Sc—Sc—C
bond angle, 8, for the 15 configurations of Sc,(CO),. Solid lines join
configurations whose total energy increases from 90° to 80° (6), while
dashed lines join configurations whose total energy decreases from 90°
to 80°.

is decreased, i.e. a bent semibridging or symmetric bridging
carbonyl. Thus, no configurations that energetically favor a
bridging carbonyl! adopt the linear semibridging conformation,
4

Results for M = Sc. Figure 3 illustrates the behavior of the
HFR total energy for the Sc,(CO), configurations as a function
of 8. Seven of the Sc,(CO), configurations—1011, 2001, 1002,
2010, 1200, 1020, 0021—increase in energy, i.e. favor a terminal
carbonyl, while the remaining eight—1101, 1110, 0111, 0210,
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Figure 4. Plot of the Sc—~C-O bond angle, ¢, as a function of the Sc—-
Sc—C bond angle, 8, for each Sc,(CO), configuration. The line conven-
tion of Figure 3 is utilized.

0201, 0120, 0102, 0012—decrease in energy, i.e. favor a bridging
carbonyl.

As was true for the Mn,(CO), configurations, the two groups
of Sc,(CO), configurations have common sets of M—M MO’s.
The Sc,(CO), configurations, which favor a terminal carbonyl,
have at least one a; and/or one b, M—-M MO, while the Sc,(CO),
configurations, which favor the bridging carbonyl, have at least
one a, and/or one b, M-M MO. The largest energy increases
occur for those conﬁgurations that have only a, and b, MO’s
(in-plane) occupied, while the largest energy decreases occur for
those configurations that have both a, and b, MO’s (out-of-plane)
occupied. For the Sc,(MO), configurations favoring terminal
carbonyls, the common a, and b, M-M MO’s have ¢ + 6, and
,;, Character, respectively, while for those Sc,(CO), configurations
favoring a bridging carbonyl, the common a, and b, M—M MOs
have 7, and é,, character, respectively.

As for an(éo)z, the o(ay) and =(b,) MO’s generally favor
the terminal carbonyls, while the wop(a“g and 8q,(b,) generally favor
bridging carbonyls. Figure 4 illustrates the Swé—o bond angle,
¢ as a function of 6. At 6 = 80° all of the configurations favoring
terminal carbonyls (solid lines) have essentially linear semibridging
carbonyls. On the other hand, the Sc¢,(CO), configurations fa-
voring bridging carbonyls (dashed lines) all have bent semibridging
carbonyls as 8 decreases from 90°. The Sc,(CO), configurations
1101 and 2010 appear to be the most severe exceptions. However,
these two configurations are also capricious in the behavior of their
total energy (Figure 3), which decreases (increases) from 90° to
80° and then increases (decreases) from 80° to 70°, respectively.
If we confine ourselves to those configurations whose energy
change is most dramatic, the results for Sc,(CO), clearly parallel
those of Mn,(CO),.

Conclusions

For both systems, we have found no configurations that favor
a bridging geometry and adopt a linear semibridging conformation.
Only those configurations that favor a terminal carbonyl and are
then forced into a bridging position adopt a linear semibridging
conformation. Therefore, linear semibridging carbonyls in ho-
monuclear dimers are a consequence of steric crowding.

The configurations that favor terminal carbonyls and, hence,
linear semibridging carbonyls have common M—-M MO’s with ¢,
dipy mipy and 7%, character. Thus, linear semibridging confor-
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mations are characterized by configurations with a high bond order
and few occupied antibonding M—-M MO’s. Those Mn,(CO),
configurations that favor a bridging carbonyl have common M—-M
MO’s with ¢, 8, 0*, 6%, and =, character. Generally, when these
Mn,(CO), configurations have more than one a; and more than
two b, M—M MO’s occupied, the extra a, and by M—M MOQ’s have
=%, and o* character, respectively. Thus, bent semibridging and
symmetrically bridging conformations are characterized by con-
figurations with a low bond order. The appearance of linear
semibridging signifies strong metal-to-metal bonding.

In the previous work of Hall et al.*® and Benard et al.'’ on linear
semibridging carbonyls, linear semibridging was attributed to the
maximization of the interaction between an occupied in-phase
combination of metal d orbitals and one lobe of the carbonyl 27
orbital. Although orbital interactions like those previously de-
scribed®!0 exist here, they are not the primary origin of the ob-
served structure. In many cases, these interactions may be a
response to the linear semibridging structure forced upon the
system by steric considerations. Thus, in this electronic interaction
the system is attempting to minimize the repulsive interactions
by creating an in-phase orbital combination.

In real compounds, as opposed to our simple M,(CO), model,
it is much more difficult to resolve the competing effects of steric
(repulsive) and bonding (attractive) interactions. The observed

equilibrium geometry is, of course, a balance of both, and any
distortions from this structure affect both interactions. In addition,
both interactions are electronic in origin and cannot be separated
in any rigorous way. Thus, the structure of a dimer is determined
by inter- and intrafragment electronic effects (both steric and
bonding) and one cannot predict from our model alone how a
change in a non-bridging ligand or a change in the metal might
modify the structure.
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Abstract: High level ab initio molecular orbital studies, using basis sets up to 6-314+G**, with electron correlation included
at the second-order Matler—Plesset perturbation (MP2) and quadratic configuration interaction with singles and doubles (QCISD)
levels, are reported for the tautomeric equilibria of formamide /formamidic acid and 2-pyridone/2-hydroxypyridine in the gas
phase and solution. The solvent effects on the tautomeric equilibria were investigated by self-consistent reaction field (SCRF)
theory. The calculated tautomerism free energy changes for 2-pyridone in the gas phase, cyclohexane, and acetonitrile are
-0.64, 0.36, and 2.32 kcal mol™, in very good agreement with the experimental values (-0.81, 0.33, and 2.96 kcal mol™!, respectively).
The introduction of a dielectric medium has little effect on the electronic structure of the enol forms. On the other hand,
significant effects on the molecular geometry, charge distributions, and vibrational frequencies are found for the more polar
keto tautomers. The calculated changes are readily understood in terms of the increasing weight of the dipolar resonance

structure.

Introduction

The 2-pyridone/2-hydroxypyridine equilibrium represents one
of the classic cases of medium-dependent tautomeric equilibrium.!
In the gas phase, the preference of the hydroxy-form has been
conclusively shown by IR, UV, mass spectrometric, and photo-
electron experiments.> In nonpolar solvents such as cyclohexane,
both tautomers exist in comparable amounts.® However, in
solvents of high dielectric constant® and in the solid state,* the
tautomeric equilibrium is shifted in favor of the more polar
oxo-form. The dependence of such an equilibrium constant on
solvent polarity has been reported previously by Frank and Ka-
tritzky* and by Kuzuya et al.*® The theoretical prediction of the
tautomerism energy of 2-pyridone has been the subject of intense

*Yale University.
*Lorentzian Inc.

interest in the past decade.'dS Most ab initio calculations to date
have focused on the relative stability of the two tautomeric forms
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