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Density functional theory has been used to provide a thorough investigation of the mechanistic factors affecting
Cp ligand fluxionality in a series of organometallic complexes, [M(17°-Cp)(17'-Cp)(L),]", involving different
metals, different oxidation states, and different ligands. Excellent agreement with experiment for the barrier
heights for the 1,5-shift were obtained for the complexes [Fe(17°-Cp*)(57'-Cp)(CO),] and [Fe(17>-Cp)(1'-Cp)-
(CO),]. For the range of complexes studied, the barriers have been successfully rationalized in terms of
hyperconjugation, metal—Cp bond strength, and steric effects. In addition, the 57'—#° interconversion of the
Cp binding mode is shown to be a high-energy process, consistent with experimental observations. The L
substitution reactions by 7'-Cp are quite sensitive to the nature of the metal center and ancillary ligand. A
detailed theoretical explanation of the factors involved in all of these transformations is provided.

Introduction

In 1966, Cotton and co-workers demonstrated for the first
time that metal migration around #'-Cp in [Fe(’-Cp)(n'-
Cp)(CO),] can occur via sequential 1,5-shifts.! Later on,
numerous studies were made in order to electronically inves-
tigate the 1,5-shift process in a variety of the 5'-Cp transition
metal systems.””!% A similar migration of main group elements
in 1'-Cp compounds was also observed. The rate for the
migration in the #'-Cp compounds increases as the size of
the central atom increases. This was rationalized in terms of
the fact that the E—C(5'-Cp) bond, where E = main group
elements, is more readily cleaved as E becomes heavier.!! On
the other hand, both experimentally!'!~!* and theoretically, it
was corroborated that there exists an excellent correlation
between the rate of 1,5-shift and the degree of o—a hypercon-
jugation (delocalization of the E—C(#'-Cp) ¢ bond to adjacent
at* orbitals on 7!-Cp).

The interconversion between #'- and 7°-Cp bonding modes
in transition metal complexes [M(17°-Cp)(5'-Cp)L,,]" has also
been the subject of several previous theoretical'®!” and
experimental®'®!3~2! studies. A kinetically difficult process was
found for the #'/n° interconversion of the cyclopentadienyl
ligands in [Fe(>-Cp)(1'-Cp)(CO),].> In contrast, NMR data,
supported by theoretical studies, predicted a rapid interconver-
sion between the #'- and 73-Cp bonding modes in [Ti(77°-Cp),-
(n'-Cp)CI1,>"® [Mo(5°-Cp)(n'-Cp)(N'Bu),],'"* and [Nb(77°-Cp),-
(7'-Cp)(N'Bu)].2° These results demonstrated that the rate of
the rearrangement process depends strongly on the nature of
the metal center and the ancillary ligands.

It was also established that warming [Fe(17°-Cp)('-Cp)(CO),]
leads to dissociation of carbonyl ligands and formation of the
sandwich complex [Fe(1°-Cp),].>?* Irradiation of [Fe(77°>-Cp)-
(7'-Cp)(CO),] at low temperature gives [Fe(;7°-Cp)(17°>-Cp)(CO)]
+ CO. The monocarbonyl intermediate [Fe(1>-Cp)(17°*-Cp)(CO)]
is sensitive to thermal conditions, meaning that the first CO
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dissociation from [Fe(77°-Cp)(7'-Cp)(CO),] is more difficult than
the second one.??

In this paper, we wish to systematically study the o—mx
hyperconjugation, the 1,5-metal shift, the 7°>-Cp/n'-Cp inter-
conversion, and the CO substitution by #'-Cp in the complexes
[M(7°-Cp)('-Cp)(CO),]" (M = Mn, n = —1; M = Fe, Ru,
Os, n=0; M = Co, n = +1), [Fe(>-Cp)(n'-Cp)(PMe3),], and
[Fe(>-Cp*)(i'-Cp)(CO),] (Cp* = CsMes) using density func-
tional theory (DFT). The choice of the model complexes was
made with the goal to investigate the effect of charge, metal
center, ancillary ligand, and the Me substituents on 7°-Cp on
the fluxional behaviors and the CO dissociation mechanism. This
study provides a good opportunity to investigate whether or not
the degree of the o0—m hyperconjugation affects the rate of the
fluxional behaviors in transition metal complexes [M(7>-Cp)-
(WI‘CP)Lm]n

Computational Details

Gaussian 03%* was used to fully optimize all the structures
reported in this paper at the B3LYP level® % of density
functional theory. The effective core potentials of Hay and Wadt
with double-¢ valence basis sets (LanL2DZ)*~3 were chosen
to describe Fe, Ru, Os, Mn, Co, and P. The 6-31G(d) basis set
was used for other atoms.?! Polarization functions were also
added for Fe (; = 2.462), Ru (& = 1.235), Os (& = 0.886),
Mn (& = 2.195), Co (& = 1.941)* and P (§; = 0.387).* This
basis set combination will be referred to as BS1. Frequency
calculations were carried out at the same level of theory for
structural optimization. To further refine the energies obtained
from the B3LYP/BS1 calculations, we carried out single-point
energy calculations for all the structures with a larger basis set
(BS2). BS2 comprises the SDDALL3** basis set with associated
ECPs for the transition metals and 6-311++G(2d,p) basis set
for the other atoms. To estimate the corresponding Gibbs free
energies, the entropy corrections were calculated at the B3LYP/
BS1 level and added to the B3BLYP/BS?2 total energies. We have
used the B3LYP/BS2//B3LYP/BS1 energies throughout the
paper unless otherwise stated. The natural bond orbital (NBO)
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Figure 1. Energy profile calculated for the rotation of 7'-Cp, 1,5-shift, 7°-Cp/5'-Cp interconversion, and first and second CO substitution reactions
in [M(1°-Cp*)(1'-Cp)(CO),]", where M = Fe and n = 0. The relative free energies and potential energies (in parentheses) obtained from the

B3LYP/BS2//B3LYP/BS1 calculations are given in kcal/mol.

TABLE 1: Energy Changes in the Rotation of 7'-Cp, 1,5-Shift, 7°-Cp/p'-Cp Interconversion, and First and Second CO
Substitution Reactions in [M(°-Cp*)(3'-Cp)(CO),]", Where M = Mn, n = —1; M = Fe, Ru, Os, n = 0; M = Co, n = +1¢

M ™M 2M M am IM_TS 2M_TS 3M_TS 4M_TS 5M_TS 6M_TS
Co 0.0 —0.4 -55 —40.5 5.5 12.5 10.7 28.9 21.8 5.6
(0.0) (—0.3) (6.6) (=17.5) (5.4) (13.7) (11.8) (30.8) (18.8) (19.5)
Fe 0.0 0.6 9.9 —-16.2 5.8 122 11.3 27.7 28.3 25.5
(0.0) (0.8) (23.2) (6.3) (5.3) (13.2) (12.3) (29.9) (31.7) (39.8)
Mn 0.0 2.6 27.8 25.4 5.7 5.8 8.3 20.1 36.9 53.6
(0.0) 2.3) (38.8) (49.3) (4.9) (5.8) (8.2) (21.4) (39.6) (66.9)
Ru 0.0 1.6 21.3 —-0.7 5.6 14.6 14.9 26.4 36.5 40.1
(0.0) (1.6) (31.5) (21.0) (4.4) (15.2) (15.8) (27.8) (39.2) (52.9)
Os 0.0 2.0 22.8 115 5.8 14.9 18.1 28.4 432 52.1
(0.0) (1.9) (35.2) (33.9) (4.6) (16.8) (18.6) (29.7) (46.5) (65.3)

“The structure labels are shown in Figure 1. The relative free energies and potential energies (in parentheses) obtained from the B3LYP/

BS2//B3LYP/BSI1 calculations are given in kcal/mol.

program,*® as implemented in Gaussian 03, was used to obtain

natural populations of atoms.

Results and Discussion

Figure 1 shows the energy profile for the CO dissociation
process and the fluxional behaviors in [Fe(17°-Cp)(7'-Cp)(CO),].
The results of similar calculations for the other complexes
[M(@#°-Cp)(1i7'-Cp)(CO),]" are listed in Table 1. The optimized
geometries with selected structural parameters for some of the
species given in Figure 1 are shown in Figure 2. The detailed
structures of other calculated complexes, [M(°-Cp)(n'-
Cp)(CO),]", where M = Mn, Ru, Os, and Co, can be found in
the Supporting Information.

Consistent with the previously undertaken studies by Romao
and Veiros on [Mo(17>-Cp)(n'-Cp)(N'Bu),],"" [M(17>-Cp)(17'-
Cp)(CO),]" can exist in the two isomers 1M and 2M due to the
relative orientations of the #'-Cp ligands. In isomer 1M, the
n'-Cp ligand points toward the #°-Cp ligand, while in isomer
2M the 7'-Cp ligand points toward one of the CO ligands. 1Fe
is calculated to be about 0.6 kcal/mol more stable than 2Fe.’’
This result is in good agreement with the experimental observa-
tion in which 1Fe is the only structure reported for [Fe(r’-
Cp)(7'-Cp)(CO),]. IM_TS is the transition state structure
connecting 1M to 2M. The free energy barriers of the 1IM—2M
transformations for all the complexes calculated are comparable,

indicating that the rotational barrier of #!-Cp around the M—C
o bond is independent of the identity of the metal center.
o—x Hyperconjugation. To estimate the stabilization energy
resulting from the delocalization of the M—C(#'-CsHs) o bond
in the #'-Cp ring, we designed the isodesmic reaction
shown in Figure 3.3 In this isodesmic reaction, the #'-Cp ring
is broken in such a way that the resulting small species does
not contain conjugation. The M—C(5'-CsHs) hyperconjugation
in complexes 1M can be described by a resonance hybrid of
the five Lewis structures shown in Scheme 1. A greater degree
of resonance in the 7'-Cp ring gives rise to a higher stability of
1M. The largest AE reaction energy is found for 1Mn, while
the smallest value for 1Co (Figure 3). Our calculations show a
large dependence of hyperconjugation on the charge of the
system and a smaller dependence on the metal center row. From
Figure 3, we can also see that the hyperconjugation energy
decreases down a group. A net negative charge on the complex
raises the hyperconjugation energy, and a net positive charge
lowers it. This indicates that a decrease in charge facilitates the
M—C('-CsHs) o bond delocalization in the 7'-Cp ring. The
decreased net charge on the 18-electron complexes, leading to
a low oxidation state for the metal center, gives rise to a decrease
in the electronegativity of M. In such a case, the M—C(!-CsHs)
o bond is considerably polarized toward C, the bond becomes
significantly ionic in character, and consequently the hypercon-
jugation is promoted. To support the claim, the NBO analysis
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Figure 2. Optimized structures with selected structural parameters (bond length in A) for some of the species involved in the energy profile shown
in Figure 1.
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Figure 3. Reaction energies obtained from the isodesmic equation
using the B3LYP/BS2//B3LYP/BS1 calculations.

was carried out using the B3LYP/BS2//B3LYP/BS1 calcula-
tions. On the basis of the analysis, the C% contribution to the
M—C(5'-CsHs) bond was calculated to be 69.7, 55.9, 50.3%
for 1Mn, 1Fe, and 1Co, respectively. The NBO partial charge
on the bound #7'-Cp moiety is —0.493, —0.208, and 0.063 for
1Mn, 1Fe, and 1Co, respectively. It follows from these results
that decreasing the charge on the complexes indeed increases
the contribution of the Lewis structures II—V (Scheme 1) to
1M, enhancing the hyperconjugation energy. The lower elec-
tronegativity of the first row transition metal versus the second
or third row is also the main reason why the hyperconjugation
energy decreases on going down a group. The slightly smaller
hyperconjugation energy for 10s compared to 1Ru can probably
be attributed to the different strength of the metal—carbon o
bonds in the isodesmic reaction.

Ariafard et al.

d(C1-Fe) = d(C9-Fe) = 2.328
d(C2-Fe) = d(C8-Fe) = 2.871

d(C3-Fe) = d(C7-Fe) = 3.004
d(C4-Fe) = d(C6-Fe) = 2.726
d(C5-Fe) = d(C10-Fe) = 2.152
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Support of the argument above can also be found from
nucleus-independent chemical shift (NICS)* calculations (a
measure of aromaticity) (Table 2). NICS values at z = 0 were
calculated at the center of the 7'-Cp ring in the complexes, found
by averaging the coordinates of the five carbon atoms forming
the ring. NICS values at z = 1 were calculated at a point 1.0 A
away from the center of the '-Cp ring on the opposite side of
the metal, in a direction perpendicular to the plane of the ring.
Both sets of results (Table 2) show that the most negative NICS
values are calculated for 1Mn, highlighting that the contribution
of the Lewis structures II—V to the real structure is significant
while the least negative value for 1Co suggests that the
contribution of the Lewis structures II—V is negligible.

1,5-Shift Mechanism. Experimentally and theoretically, it
has been established that metal migration around the #'-Cp ring
occurs through a 1,5-shift mechanism.®!” Table 1 lists the energy
barriers calculated for the 1,5-metal shift for all the complexes.*’
As illustrated in Figure 1, there are two possible pathways for
the 1,5-metal shift. One occurs through transition state 2M_TS
(a transition state connecting two equivalent 1M species), and
the other passes through transition state 3M_TS, which connects
two equivalent 2M species. In the case of M = Fe, the lowest
energy pathway corresponds to the sequence 1Fe — 1Fe_TS
— 2Fe — 3Fe_TS — 2Fe — 1Fe_TS — 1Fe. The calculated
energy barrier for [Fe(i7°-Cp)(1'-Cp)(CO),] (11.3 kcal/mol) is
in excellent agreement with the experimental value of 11.1 £+
0.2 kcal/mol.*! The computational results suggest that the 7'-
Cp complexes can undergo the 1,5-shift via an I (interchange)
mechanism in that the M—CS5 bond is mainly broken while the
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Figure 4. Energy profile calculated for the rotation of #'-Cp, 1,5-shift, #3-Cp/;'-Cp interconversion, and first and second PMe; substitution reactions
in [Fe(17°-Cp)(n'-Cp)(PMe3),]. The relative free energies and potential energies (in parentheses) obtained from the B3LYP/BS2//B3LYP/BSI1

calculations are given in kcal/mol.
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SCHEME 1

11

TABLE 2: NICS(0) and NICS(1) Values Calculated for the
Species 1M Using the B3LYP/BS2//B3LYP/BS1 Calculations

1Co 1Fe 1Mn 1Ru 10s
NICS z=0 0.3 —6.1 —11.1 —4.6 —4.5
z=1 -1.9 —6.0 —8.6 —-52 —-53

new M—C1 bond is partially formed. For instance, the Fe—C5
distance lengthens from 2.126 A in 1Fe to 2.490 A in 3Fe_TS
and the Fe—C1 distance shortens from 3.00 A in 1Fe to 2.490
A in 3Fe_TS (Figure 2). A similar trend was also obtained for
their corresponding bond indices; the bond order of Fe—C5 and
Fe—Cl1 is calculated to be 0.485 and 0.019 for 1Fe, and 0.206
and 0.206 for 3Fe_TS, respectively. In view of the fact that
the 1M (or 2M) complexes conform to the 18-electron rule,

while the 2M_TS (or 3M_TS) transition structures may be
thought of as 16-electron complexes, the above results agree
with the experimental evidence that organometallic reactions
occur by 18 < 16 electron sequences.

As expected, the increased M—C(#!-Cp) hyperconjugation
causes an increase in the contribution of the Lewis structure
III to the 5!-Cp complexes (Scheme 1). With greater participa-
tion of III, the C1 nucleophilicity for attacking the metal center
increases. This electronic feature is capable of facilitating the
achievement of the transition states for the 1,5-shift process.
As a result, both the nucleophilic attack of C1 and the breaking
of the M—CS5 bond take place simultaneously and lead to the
formation of transition states 2M_TS and 3M_TS. The reso-
nance forms VII and IX (Scheme 2) are the predominate
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3
M C1-C5 Ccl1—-C2 C2—-C3 C3—-C4 C5—Cl complexes, the M—C('CsHs) bond strength plays a more
Co 1503 1391 1.416 1.416 1391 dominant role in metal migration. .
Fe 1.465 1.410 1.407 1.407 1.410 At this point, it is noteworthy to compare our 1,5-shift results
Mn 1.443 1.416 1.408 1.408 1416 with those for the 7'-Cp compounds of main-group elements.
Ru 1.474 1.407 1.408 1.408 1.407 Contrary to the trend we found for the #!-Cp transition metal
Os 1.475 1.409 1.407 1.407 1.409

contributors to the bonding of the transition states. Examination
of the calculated structural parameters shown in Table 3 supports
the claim and shows that the resonance forms VII and IX
contribute to the real transition structures with a comparable
involvement. The C1—C2, C2—C3, C3—C4, C4—C5 bond
distances in all the transition structures are approximately equal,
while the C1—CS5 bond distance is significantly longer than the
other C—C bonds (Table 3).

From Table 1, one can see that the energy barrier of the 1,5-
shift for 1Mn (2Mn_TS) is lower than the others. The metal
migration for 1Fe is easier than for the heavier homologous
1Ru and 10s. The results also indicate that the 1,5-migration
barrier for 1Co is slightly lower than that for 1Ru. From these
results, one cannot observe any good correlation between the
calculated hyperconjugation energies (Figure 3) and the 1,5-
shift barriers (Table 1). Therefore, it is expected that, in addition
to the hyperconjugation energy, the M—C(!-Cp) bond strength
also plays a role in determining the barriers. Using the basis
set BS2, the M—C(#'-Cp) bond energies were estimated to be
19.1 kcal/mol for 1Fe, 34.1 kcal/mol for 1Ru, 37.7 kcal/mol
for 10s, and 15.2 kcal/mol for 1Co using the B3LYP/BS2//
B3LYP/BS1 calculations. Since the hyperconjugation energies
calculated for 10s, 1Ru, and 1Co are small (Figure 3), the
higher 1,5-shift barrier of 10s and 1Ru over 1Co can be
attributed to the stronger Os—C(3'-Cp) and Ru—C(#'-Cp)
bonds. In contrast, for 1Mn, the net negative charge on the
complex and the low formal oxidation state of 1 for the metal
center enhances the hyperconjugation energy. The strong
hyperconjugation in 1Mn is the reason for the lower 1,5-shift
barrier, although the bond energy calculated for Mn—C('-Cp)
(37.7 kcal/mol) is significantly high. It follows from these results
that, for the anionic complex 1Mn, the Mn—C(%'-Cp) hyper-
conjugation is the dominant factor contributing to the ease of
the 1,5-shift process. In contrast, for the cationic and neutral

complexes, the heavier elements in a given main group exhibit
lower 1,5-shift barriers.'! This difference can be attributed to
the fact that the hyperconjugation energy increases as we move
down a main group.? In addition, the M—C(5'-Cp) bond
strength also decreases in the same direction.!!

n°-Cp/n'-Cp Interconversion. The mechanism of the inter-
conversion between the #°-Cp and #'-Cp ligands is another
interesting point to be addressed. The #°-Cp/n'-Cp intercon-
version proceeds via a one-step mechanism in which 4M_TS
is midway between the two products shown in Scheme 3. In
4M_TS, the two exchanging Cp ligands adopt a pseudo-7°
coordination mode and are structurally related to each other by
a C, symmetry axis. Figure 2 shows the calculated geometry
of 3Fe_TS, while the detailed structure of other transition states
is given in the Supporting Information.

In comparison with 1,5-metal migration, this process has a
very much higher barrier. Our calculations showed that, for M
= Fe, the barrier to CO dissociation and to 7°-Cp/n'-Cp
interconversion is comparable (Figure 1). This result is consis-
tent with the experimental observation that no 7°-Cp/5n'-Cp
interconversion for [Fe(17°-Cp)(;7'-Cp)(CO),] was reported and
all attempts led to decomposition of the complex.’ The barriers
for 1IM — 4M_TS — 1M (Table 1) increase in the order M =
Mn < Ru < Fe < Os < Co, indicating that the 73-Cp/n'-Cp
interconversion barrier is lowest for the anionic complexes and
highest for the cationic complexes, with the neutral complexes
in between. A plausible explanation for these findings is as
follows. The 77°-Cp ligand in [M(73-Cp)(57'-Cp)(CO),]" is bound
to the metal center as a L,X ligand* in which X stands for a
ligand acting as a le donor and forms a M—X covalent bond,
whereas L refers to a ligand acting as a lone-pair donor and
forms a M—L coordinate bond. Upon going from 1M to
4M_TS, the hapticity of the Cp ligand mainly changes from
7-LyX to 5'-X (see 4Fe_TS in Figure 2), suggesting that
dissociation of the two M—L bonds should be the most
important factor in controlling the rate of interconversion. An
earlier calculation established that the donation of the electron
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TABLE 4: Calculated NBO Partial Charges on 7°-Cp
(q(nS-Cp)) and 7]1-Cp (Q(ql_cp)) of 1IM*

1Co 1Fe 1Mn 1Ru 10s
qop-cp) +0.597 +0.277 —0.027 +0.194 —0.085
qop'-cp) +0.063 —0.208 —0.493 —0.173 —-0.292
Ag +0.534 +0.485 +0.466 +0.368 +0.206

@ Ag refers to the difference between these two partial charge.

density on 7>-Cp to the metal center, 7z donation, is the
dominating bonding interaction.** A comparison of the NBO
partial charges of 7>-Cp with '-Cp in a given complex 1M
shows some support for the argument above. The difference in
the NBO charges between 7°-Cp (>-L,X) and 7'-Cp ('-X)
(Aq in Table 4) is always positive, suggesting that the largest
contribution of the #*L, moiety of 7°-Cp to the bonding
interaction comes from the 7*L, — metal z-donation. Therefore,
we expect the strongest M—L bonds in the cationic complexes
and the weakest M—L bonds in the anionic complexes. The
stronger the M—L bonds, the higher the interconversion barrier.
In addition, the Os metal center, which possesses more diffuse
d orbitals when compared to M = Ru, more strongly interacts
with #>-Cp, making the #°-Cp/y'-Cp rearrangement more
difficult than for M = Ru.

It is of interest to note that the calculated interconversion
barrier for the complexes [M(7°-Cp)(7!-Cp)(CO),]" are much
higher than for [Mo(77>-Cp)('-Cp)(N'Bu),] (15 kcal/mol).!” In
the transition state of [Mo(17°-Cp)(1'-Cp)(N'Bu),], the N-lone
pairs interact with the available d, orbitals of Mo, lowering the
interconversion barrier. This electronic effect, leading to the
stabilization of the transition state, is absent in the systems
studied here.

Decarbonylation Reaction. It was observed experimentally
that the loss of CO can occur upon warming of such 7'-Cp
complexes, yielding the conversions of #'-Cp to #3-Cp and
subsequently to 77°-Cp.>?>% To predict how different metals with
different oxidation states in [M(7>-Cp)(1'-Cp)(CO),]" affect the
substitution reaction rates, we calculated the potential energy
surface for the first and second CO substitution by 7!-Cp (see
Table 1 and Figure 1). As mentioned above, an 7>-Cp complex
was proposed to be an intermediate between the '-Cp and 7°-
Cp complexes.?® In contrast, our calculations show that the first
CO substitution reaction by 5'-Cp yields an 7>-Cp intermediate
instead of an 73-Cp intermediate as the reaction product. The
7°-Cp complexes are calculated to be first-order saddle points
on the PES, connecting two 77°-Cp complexes 3M to each other.
We also found that 7'-Cp-assisted CO substitution, giving 3M,
has a higher barrier than 7?-Cp-assisted CO substitution, giving
4M (Figure 1 and Table 1). For instance, the barrier from 2Fe
to 3Fe (27.7 kcal/mol) is calculated to be 9.4 kcal/mol higher
than that from 3Fe to 4Fe (18.3 kcal/mol). This result, which
agrees well with the experimental observations concerning the
temperature dependence of CO loss, demonstrates that, in
general, 2M is much less labile than 3M. Because the substitu-
tion reactions proceed via an I; (dissociative interchange)
mechanism, it is expected that the CO ligand should bind more
tightly to the metal center in 2M than in 3M. We also believe
that, in 6M_TS and 4M, the aromaticity of the Cp ligand
involved in the substitution reaction is noticeably recovered,
making the CO substitution easier. This claim finds support from
NICS calculations. For example, the NICS(1) values of —5.8,
—7.4,—5.1, —11.1, and —17.3 were computed for 2Fe, 5Fe_TS,
3Fe, 6Fe_TS, and 4Fe, respectively, suggesting that the relevant
Cp ligands benefit from the increased degree of aromaticity in
6Fe_TS and 4Fe.
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The calculated activation barriers (Table 1) for the substitution
reaction are 36.9, 28.3, and 21.8 kcal/mol for 1Mn, 1Fe, and
1Co, respectively, indicating that a decrease in charge impedes
the CO substitution reaction. The trend reflects the back-bonding
power of the metal centers, which increases in strength by
decreasing the net charge on the complex. Since CO acts as a
m-acceptor ligand, the M—CO interaction becomes stronger as
the electron donor ability of M increases. The stronger the
M—CO bond, the higher the activation barrier of the CO
substitution reaction. Our calculations also show that the
corresponding reaction barriers for the group 8 triad increase
as one goes from 1Fe (28.3 kcal/mol) to 1Ru (36.5 kcal/mol)
and then to 10s (43.2 kcal/mol), suggesting that the M—CO
bond in 10s is stronger than in 1Fe and 1Ru. The overall
reaction from 1M to 4M is endothermic for M = Mn and Os
while it is exothermic for M = Co and Fe. This reaction is
nearly thermoneutral for M = Ru, with a reaction energy of
—0.7 kcal/mol. It follows from these results that the formation
of 4M from 1M for anionic complexes as well as heavier
transition metal complexes is unlikely. Conversely, a decrease
of the electron density on the metal center of [M(>-Cp)(n'-
Cp)(CO),]" leads to a dramatic enhancement in reactivity of
the complex toward the CO dissociation reaction.

Effect of the Ancillary Ligand. We have also investigated
the effect of the ancillary ligand on the barrier of the 1,5-shift,
1°-Cp/n'-Cp interconversion, and L substitution reaction using
the model complex [Fe(17°>-Cp)(57'-Cp)(PMe;)]. The results of
the calculations show that the barriers for 1,5-shift (7.7 kcal/
mol) and the interconversion (23.4 kcal/mol) of the PMe; system
are lower than that of the corresponding CO system (see Figures
1 and 4). Indeed, PMe; is a stronger o-donor and a poorer
m-acceptor than CO. This electronic feature increases the
electron density on Fe, which leads to a decreased electrone-
gativity of Fe. This, in turn, enhances the Fe—C(!-Cp)
hyperconjugation as evidenced by calculating the hyperconju-
gation energy; SFe (13.9 kcal/mol) has larger hyperconjugation
energy than 1Fe (7.1 kcal/mol). The charge carried by the 7'-
Cp ligand in SFe (—0.438) is more negative than in 1Fe
(—0.208). Thus, in view of the stronger Fe—C(#'-Cp) bond in
5Fe (25.5 kcal/mol) than in 1Fe (19.1 kcal/mol), the lower 1,5-
shift barrier calculated for SFe can be explained in terms of
hyperconjugation. With increasing electron density on Fe as the
more basic PMes ligand is employed, the interaction between
Fe and the 7*-L, moiety of 77°-Cp weakens, and consequently,
the 77°-Cp/n'-Cp interconversion is facilitated.

The 7'-Cp- and 7*-Cp-assisted PMe; substitution reactions
have larger reaction energies and require lower activation
barriers when compared to the #!-Cp- and 7>-Cp-assisted CO
substitution reactions. This result indicates the much better
reactivity of SFe vs 1Fe toward ligand dissociation. Thus, it
appears that the presence of (77) electron-withdrawing groups
such as CO on Fe is necessary to maximize the stability of such
7'-Cp complexes. These results also explain why, experimen-
tally, the formation of such #'-Cp iron complexes with phos-
phine ligands requires highly strained ferrocenophanes as
reactants (for example, see 1).43% Indeed, it is expected that,
due to high strain energy, highly strained ferrocenophanes are
less stable than ferrocene, energetically favoring the formation
of 7'-Cp complexes. Studies are now in progress to further
understand how the ring strains facilitate the formation of #'-
Cp complexes from the reaction of metallophanes with
phosphines.

Effect of Methyl Substituents on the 75-Cp Ring. To
elucidate the role of the methyl substituents on the #°-Cp ring
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in the reactivity of the #'-Cp complexes toward fluxionality and
ligand dissociation, we extended the investigations to [Fe-
(7>-Cp*)(57'-Cp)(CO),] (Cp* = CsMes) (Figure 5). Our calcula-
tions show that, in accord with the experimental findings,*' 9Fe
is less stable than 10Fe, most likely due to steric reasons. The
replacement of the H atoms of the 7°-Cp ring in [Fe(;7°-Cp)(7-
Cp)(CO),] with electron-donating Me groups provides only a
small enhancement in the hyperconjugation energy (7.9 kcal/
mol for 9Fe vs 7.1 kcal/mol for 1Fe). The calculated activation
energy for 1,5-metal shift through 10Fe — 15Fe_TS — 10Fe
(9.0 kcal/mol) is in excellent agreement with the experimental
value (9.6 £ 0.2). All attempts to locate the transition state
14Fe_TS were unsuccessful. A combination of two important
factors, steric effects and hyperconjugation, explain the reduction
in the 1,5-shift barrier of [Fe(;°-Cp*)(57'-Cp)(CO),] compared
with [Fe(1°-Cp)(17'-Cp)(CO),]. In addition, 10Fe undergoes 7°-
Cp*/n'-Cp interconversion through transition state 16Fe_TS to
form 13Fe. This interconversion has a higher activation barrier
(30.4 kcal/mol) than the 1Fe — 4Fe_TS — 1Fe interconversion
and is endothermic (7.6 kcal/mol). This feature can be rational-
ized in terms of that fact that, due to presence of the electron-
donating Me groups on Cp*, the 5*-L, moiety of 7>-Cp* in
10Fe binds to Fe more strongly than the 7*-L, moiety of 7°-Cp
in 13Fe. A comparison of Figures 1 and 5 also shows that the
replacement of Cp with Cp* has little influence on the energy
required for the CO dissociation (27.2 kcal/mol for 10Fe —
17Fe_TS — 11Fe vs 28.3 kcal/mol for 1Fe — 5Fe_TS — 3Fe).

Conclusion

Density functional theory calculations have been used to study
the fluxionality of Cp ligands and the ligand (CO or PMes)
dissociation reactions in [M(77°>-Cp)('-Cp)(CO),]" (M = Mn,
n=—1; M = Fe, Ru, Os, n = 0; M = Co, n = +1), [Fe(n’-
Cp)(y'-Cp)(PMes),], and [Fe(r-Cp*)(y'-Cp)(CO),] (Cp* =
CsMes). In summary, the following conclusions can be made
based on the calculation results:

(1) Two different isomers for the 7'-Cp complexes were
located. These two isomers are connected to each other via the
rotation of #7'-Cp about the M—C(#'-Cp) bond. The barrier to
the rotation was found to be independent of the identity of metal
center and ancillary ligands.

(2) The stabilization energies associated with o—sm hyper-
conjugation (delocalization of the E—C(5'-Cp) o bond to
adjacent sr* orbitals on 5!-Cp) decrease as the net charge on
the complexes increases. The introduction of strongly electron-
donating ancillary ligands such as PMe; makes the metal center
electron-rich, enhancing the hyperconjugation energy.

(3) For complexes having sufficiently electron-rich metal
centers, such as [Mn(#°-Cp)(57'-Cp)(CO),]~ and [Fe(5°-Cp)( -
Cp)(PMe;),], hyperconjugation is the dominant factor contribut-
ing to the ease of the 1,5-shift process. In contrast, for complexes
not having sufficiently electron-rich metal centers, such as the
cationic complex [Co(17°-Cp)(i7'-Cp)(CO),] ™, the M—C(1'CsHs)
bond strength plays a more dominant role in metal migration.

(4) The 7°-Cp/n'-Cp interconversion is much harder than the
1,5-shift process. The barriers to the 7>-Cp/n'-Cp interconversion
increase in the order M = Mn < Ru < Fe < Os < Co, indicating
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that the 7°-Cp/5'-Cp interconversion barrier is lowest for the
anionic complexes and highest for the cationic complexes, with
the neutral complexes in between. A more basic ancillary ligand,
making the metal center more electron-rich, lowers the barrier
for the process.

(5) The first CO substitution giving an #7?-Cp complex has a
higher barrier than the second CO substitution giving an 7°>-Cp
complex. This behavior was attributed to the increased degree
of aromaticity of Cp in the transition state connecting the
7?>-Cp complex to the #7>-Cp complex.

(6) An increase of charge on the metal center facilitates the
CO substitution reaction in [M(7°-Cp)(7'-Cp)(CO),]".

(7) The preference for the CO substitution reaction is smallest
when the transition metal center becomes heavier. Heavier metal
centers lead to larger barriers for the CO substitution.

(8) The stability of the iron complexes [Fe(17>-Cp)(1'-Cp)L;]
is mainly reliant on the electronic nature of L. [Fe(7-Cp)-
(7'-Cp)L,] with L = PMes has a much higher reactivity toward
the formation of [Fe(7-Cp),] when compared with L = CO.
Indeed, the presence of electron-withdrawing groups such as
CO on the metal center maximizes the stability of the 5'-Cp Fe
complexes.

(9) [Fe(1>-Cp*)('-Cp)(CO),] is lower in energy than [Fe-
(7°-Cp)(n'-Cp*)(CO),], due to the presence of the electron-
donating Me groups on Cp*, which leads to the #*-L, moiety
of 7>-Cp* binding to Fe more strongly than the %*L, moiety
of 1°-Cp.

(10) A combination of two important factors, steric effects
and hyperconjugation, causes a reduction in the 1,5-shift barrier
of [Fe(n’-Cp*)(5'-Cp)(CO),] compared with that of [Fe-
(7°-Cp)(5'-Cp)(CO),].
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