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ABSTRACT: Developing efficient catalysts for methane function-
alization is a longstanding goal in inorganic chemistry. Here, we
present theoretical calculations to support efforts to synthesize σ-
methane complexes that can be studied by NMR spectroscopy.
The systems studied are osmium complexes of stoichiometry
(C5R5)Os(diphosphine)(CH3)(H)+: when both cyclopentadienyl
and diphosphine are relatively strong electron donors, the methyl/
hydride structure is in rapid equilibrium with its σ-methane
tautomer at low temperatures, as shown experimentally some years
ago. Here, using density functional theory, we examine how
changing the steric and electronic properties of the ancillary
cyclopentadienyl and diphosphine ligands affects the relative
energies of the two tautomers, with the goal of identifying a ligand set for which the σ-methane structure, rather than the
methyl/hydride form, is the predominant species in equilibrium. We also examine how varying the ancillary ligands affects the barrier
for methane dissociation. The calculations suggest that osmium complexes bearing weakly donating and sterically undemanding
ligands stabilize the σ-methane structure both relative to its methyl/hydride tautomer and toward dissociation of the methane ligand.
More specifically, osmium σ-methane complexes of fluorinated diphosphines (CF3)2PCH2P(CF3)2 and (CF3)2PCF2P(CF3)2 are
predicted to be stable enough to be observed by variable-temperature NMR spectroscopy.

1. INTRODUCTION
There is a great deal of interest in developing routes to activate
the C−H bonds of alkanes, especially methane.1−3 C−H
activation processes that involve oxidative addition to a metal
center are thought to proceed through an intermediate σ-
complex in which the alkane binds weakly to the metal center
through its C−H bond(s) before cleavage of the bond
occurs.4−6 The binding of the σ-alkane ligand in such
complexes involves a three-center, two-electron covalent
interaction consisting of both C−H σ → M d donation and
M d → C−H σ* backbonding.7 Reasoning by analogy to the
behavior of σ-dihydrogen complexes,8−11 we expect that
variation of the metal or of the ancillary ligands will alter the
relative amounts of these two interactions, thereby determining
the extent to which the coordinated C−H bond is activated. It
follows that the equilibrium between a σ-alkane complex and
its alkyl/hydride tautomer will be influenced by changing the
ancillary ligands. The stabilities of known σ-alkane complexes,
which feature a variety of ancillary ligands, support this view, as
do computational studies of methane addition and elimination
from a series of rhenium complexes.12−16

Previously, our group has studied the cationic osmium
complex (C5Me5)Os(dmpm)(CH3)(H)+, where dmpm =
bis(dimethylphosphino)methane, (CH3)2PCH2P(CH3)2; this
methyl/hydride complex can be generated in situ by low-
temperature protonation of the corresponding osmium(II)

methyl compound (C5Me5)Os(dmpm)(CH3).
17 In the ground

state, the methyl and hydride ligands form separate bonds with
the osmium center, so that the complex has a classical
structure. NMR experiments showed that rapid exchange
occurs between the hydrogen atoms in the methyl and hydride
ligands, a process that is likely mediated by the tautomeric
methane complex (C5Me5)Os(dmpm)(CH4)+ (see Figure 1).
The measured barrier for the hydrogen exchange process, ∼8
kcal mol−1 at −100 °C, is considerably smaller than the ∼20 to
30 kcal mol−1 barriers found in most analogous systems, such
as (C5H5)2W(CH3)(H).

18 The (C5Me5)Os(dmpm)(CH3)H+
complex is also unusually stable toward loss of methane, the
barrier for which is ∼13.5 kcal mol−1 at −95 °C.
Computational studies of this osmium system, carried out

independently by Martin and by Morokuma, employed the
popular B3LYP functional and Pople basis sets to explore the
potential energy surface and reaction mechanisms.19,20 Both
studies supported the mechanism shown in Figure 1 and
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concluded that the energy of the σ-methane complex 2 is only
∼3 kcal/mol higher than that of the methyl/hydride complex
1. The studies also predicted that replacement of the C5Me5
ligand with C5H5 would not dramatically alter the potential
energy surface. We validated this prediction experimentally by
synthesizing a series of complexes (C5HxMe5−x)Os(dmpm)-
(CH3)(H)+ (x = 1, 4, or 5), in which the cyclopentadienyl
rings were less electron-donating than C5Me5. In all cases, we
found that the methyl/hydride form remained lower in energy
than the σ-methane tautomer and that the barrier for
interconversion of the tautomers changed by less than 0.5
kcal mol−1 across this series.21−23 Similar experiments were
performed on (C5Me5)Os(dppm)(CH3)(H)+, in which the
dmpm ligand was replaced with the less electron-donating
diphosphine bis(diphenylphosphino)methane, Ph2PCH2PPh2,
also did not produce an observable σ-methane complex.24
Here, we report new calculations on the (C5R5)Os-

(diphosphine)(CH3)(H)+ system to determine if other
substitutions of the cyclopentadienyl ring or diphosphine
could make the σ-methane tautomer more stable than the
methyl/hydride form while also maximizing the barrier for
methane dissociation. The goal is to find a set of synthetically
accessible ancillary ligands that will render the σ-methane
complex stable enough to be observable by NMR spectrosco-
py. At present, a total of four reported examples of solution-
phase σ-methane complexes have been studied by NMR
spectroscopy: the d8 square-planar [(PONOP)Rh(CH4)][B-
(ArF)4] complex and the group 8 complexes [(C5H5)M-
(CO)2(CH4)][Al(OC(CF3)3)4] which are closely related to
the d6 pseudo-octahedral [(C5R5)Os(diphosphine)(CH4)]+

system studied here.14,25,26

2. RESULTS
2.1. General Considerations. Figure 1 depicts the

potential energy surface for the system of interest, which
contains four structures: the methyl/hydride complex (C5R5)-
Os(diphosphine)(CH3)H+ (1), the transition state for
interconversion of the methyl/hydride and σ-methane
complexes via forming/breaking a C−H bond (1‡), the σ-
methane complex (C5R5)Os(diphosphine)(CH4)+ (2), and
the dissociated state (C5R5)Os(diphosphine)+ + CH4 (3). The
overall stability of the σ-methane complex 2 depends on the
energetics of two processes: reversible formation of a C−H
bond between the methyl and hydride ligands to generate a σ-
methane ligand (i.e., tautomerization of structures 1 and 2 via
1‡) and irreversible dissociation of the σ-methane ligand (i.e.,
conversion of 2 to 3). The barrier for tautomerization has been
measured experimentally for several choices of cyclopenta-
dienyl and diphosphine ligands, as has the barrier for methane
dissociation in the original (C5Me5)Os(dmpm)+ sys-
tem.17,21−24

In a previous benchmarking study, we found that polarized
basis sets (triple-ζ or higher for osmium and the methane
ligand, double-ζ for all other atoms) and the functionals M05-
2X and BB1K gave potential energy surfaces for the model
system (C5H5)Os(H2PCH2PH2)(CH3)(H)+ in which the
barriers for the tautomerization and methane dissociation
processes most closely resembled those measured experimen-
tally in the (C5Me5)Os(dmpm)(CH3)(H)+ system.

27 In the
present work, we have extended the previous benchmarking
study to a larger set of osmium compounds (see the
Supporting Information). The expanded benchmarking
comparison indicated that the M05-2X functional gives results
that most closely resemble those measured experimentally, so
the results of this functional are presented in the main text,

Figure 1. Critical points on the potential energy surface for hydrogen exchange and reductive elimination of methane from
(C5R5)Os(diphosphine)(CH3)H+ for systems in which the methyl/hydride tautomer 1 is the minimum energy structure. Substituents on the
cyclopentadienyl ring are omitted for clarity.
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whereas those from the BB1K method are provided in the
Supporting Information.
2.2. Ligand Steric and Electronic Parameters. In the

present study, we examine eight different cyclopentadienyl
ligands (C5H5, C5H4Me, C5H4SiH3, C5H4SiMe3, C5H4CF3,
C5HMe4, C5Me4CF3, and C5Me5) and seven different
diphosphine l igands (H2PCH2PH2, H2PCF2PH2,
Me 2PCH2PMe2 , Me 2PCF2PMe2 , Ph 2PCH2PPh 2 ,
(CF3)2PCH2P(CF3)2, and (CF3)2PCF2P(CF3)2). These li-
gands were chosen both to encompass compounds we had
studied experimentally and to predict the behavior of related
complexes with a wider range of ligand sizes and electronic
properties. Not all 8 × 7 = 56 combinations of ancillary ligands
were studied; instead, we either varied the cyclopentadienyl
ligand while keeping the phosphine unsubstituted
(H2PCH2PH2) or varied the phosphine ligand while keeping
the cyclopentadienyl ligand unsubstituted (C5H5).
To make quantitative comparisons of how the steric and

electronic properties of the ancillary ligands affect the potential
energy surface, we employed two parameters that track these
properties (Figure 2). To quantify the steric crowding at the

osmium center, we calculated the dihedral angle between the
cyclopentadienyl ring plane and the P−Os−P plane; this angle
will be referred to hereafter as the interligand angle τ. Larger
interligand angles should correspond to more sterically
demanding ligand combinations. Although there are more
sophisticated ways to examine how strains can affect
energies,28 this parameterized approach served our needs
quite well.
For osmium complexes bearing the C5H5 cyclopentadienyl

ligand, structures containing the Ph2PCH2PPh2 ligand
consistently exhibited the largest τ values (see Figures S4).
This result is expected from other measures of steric bulk
(such as Tolman parameters), which indicate that
Ph2PCH2PPh2 is the bulkiest diphosphine in our ligand set.
For osmium complexes bearing the H2PCH2PH2 diphosphine,
structures containing the cyclopentadienyl group C5H4SiMe3
consistently exhibited the largest τ values; smaller values were
seen for the permethylated C5Me5 ligand, which is widely
recognized as being sterically demanding. Evidently, the
projection of the SiMe3 substituent out of the cyclopentadienyl
ring plane (and therefore toward other ligands) is more
important in determining the degree of steric repulsion within
these complexes. The C5Hx(CH3)5−x ligands produce similar
interligand angles, but in the later points 2 and 3 on the
reaction coordinate, the expected trend in τ of C5H5 <
C5H4Me < C5HMe4 < C5Me5 is seen. Interestingly, some of

the smallest interligand angles are seen when one of the ligands
is small and the other contains CF3 groups, such as when the
phosphine is H2PCH2PH2 and the cyclopentadienyl ligand is
C5H4CF3 or C5Me4CF3, or in structure 3 when the
cyclopentadienyl ligand is C5H5 and the diphosphine ligand
is (CF3)2PCH2P(CF3)2 or (CF3)2PCF2P(CF3)2. This effect is
quite small: plots of τ versus the electronic parameter νCO
(described below) at each point along the reaction coordinate
show no correlations except in structure 3, which shows a weak
tendency for the more electron-deficient complexes to exhibit
smaller interligand angles (Figure S1). In total, the data suggest
that τ is an effective parameter for capturing steric effects, but
that in complexes with similar steric profiles, it is also weakly
dependent on electronic factors.
To quantify the electronic properties of the osmium center,

the carbonyl stretching frequencies νCO of the structurally
similar carbonyl complexes (C5R5)Os(diphosphine)(CO)+
were calculated. Lower νCO stretching frequencies should
correspond to cyclopentadienyl and diphosphine ligands that
are more electron-donating. These νCO values are a computa-
tional analogue of Tolman’s electronic parameter, which is
widely employed as an experimental measure of the electronic
environment around a metal center.29 Some previous studies
have used density functional theory (DFT)-computed carbonyl
stretching frequencies to estimate the electronic properties of
metal complexes.30

The νCO values of the carbonyl complexes (C5R5)Os-
(diphosphine)(CO)+ as calculated with the M05-2X functional
(see Tables 1 and 2) show that the cyclopentadienyl ligands

become better donors in the order C5H4CF3 < C5H5 <
C5H4Me < C5H4SiH3 ≈ C5Me4CF3 ≈ C5H4SiMe3 < C5HMe4
< C5Me5, and that the diphosphine ligands become better
donors in the order (CF3)2PCF2P(CF3)2 < (CF3)2PCH2P-
(CF3)2 < H2PCF2PH2 < H2PCH2PH2 < Me2PCF2PMe2 <
Ph2PCH2PPh2 < Me2PCH2PMe2. These orderings are entirely
consistent with the donor abilities of the substituents on the
ring and the phosphine, respectively.31

2.3. Geometries of Osmium Complexes. Optimized
geometries for 1, 1‡, 2, and 3 from the M05-2X functional are
shown in Figure 3 for the simplest case in which the
cyclopentadienyl ligand is C5H5 and the diphosphine is

Figure 2. Diagrams of the interligand angle τ and the carbonyl
complex used to parametrize the steric and electronic environments of
each (C5R5)Os(diphosphine)+ fragment. The diagram on the left
shows only the atoms whose coordinates were used in the calculation
of τ; the other atoms are omitted from the image for clarity. Similarly,
the diagram on the right omits the substituents of the cyclo-
pentadienyl ligand.

Table 1. Gibbs Free Energies at −100 °C of 1‡, 2, and 3 for
Various (C5R5)Os(H2PCH2PH2)+ Fragments, along with
the Carbonyl Stretching Frequency of the Analogous
(C5R5)Os(H2PCH2PH2)(CO)+ Complex and the Change in
Interligand Angle τ3 − τ2 between the Methane Complex 2
and Dissociated Fragment 3a

ΔG at 173 K
(kcal mol−1)

M05-2X Cp ring 1‡ 2 3 νCO (cm−1) τ3 − τ2 (°)
C5Me5 6.9 2.8 8.5 2106 4.0
C5HMe4 6.1 0.4 6.9 2115 3.7
C5H4SiMe3 5.7 2.2 10.6 2122 3.6
C5Me4CF3 6.3 1.8 9.8 2122 2.5
C5H4SiH3 5.4 1.8 10.0 2123 2.9
C5H4Me 5.7 0.6 8.5 2130 2.2
C5H5 5.3 1.1 9.7 2141 2.6
C5H4CF3 4.8 0.3 9.3 2147 2.1

aEnergies are relative to that of 1 and were calculated using the M05-
2X DFT method.
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H2PCH2PH2. The reaction coordinate begins with the methyl/
hydride 1 and proceeds first to the transition state 1‡. Along
this part of the reaction coordinate, the Os−C(methyl) bond
lengthens as the methyl and hydride ligands approach one
another. In the “three-center” transition state 1‡, the C···H
distance is shortened considerably by about 0.6 Å, relative to 1
owing to the formation of an incipient C−H bond, but is still
about 0.3 to 0.4 Å longer than a normal C−H bond. Overall, in
the transition state 1‡, the H and CH3 groups can be thought
of as still being bound primarily to the Os center rather than to
one another; thus, the structure of the transition state 1‡ more
closely resembles that of the methyl/hydride 1 than that of the
methane complex 2.
Further along the reaction coordinate, C−H bond formation

from 1‡ produces the methane complex 2, in which the
methane ligand binds in a κ1 fashion (only one hydrogen atom
interacts with the metal center). We discuss this interaction in
more detail in Section 3.2. In general, the calculated distances
for the metal-methane interaction in 2 agree well with those of
other σ-methane complexes.14,15,25,26,32−36 In the final part of
the reaction coordinate, the dissociation of methane from 2
produces the dissociated state 3, in which the metal center and
the methane molecule no longer interact.
For any one point along the reaction coordinate (e.g.,

comparing all the compounds of structure 1), the geometric
parameters of the H and CH3 groups vary only slightly with
modifications of the ancillary ligands. In the methyl/hydride
complex 1, the Os−H and Os−CH3 distances are identical
within ±0.015 Å across the ancillary ligands chosen (Table
S4). The calculated carbonyl stretching frequency νCO is
weakly correlated with the geometry of 1 in the following way:
ancillary ligands that are weaker donors result in longer Os−C
distances, shorter C···H distances, and smaller H−Os−C
angles (Figure S2). Thus, for example, in the complexes that
contain fluorinated diphosphines, the nonbonded C···H
distance is slightly shorter (by ca. 0.04 Å) and the H−Os−C

angle in 1 is slightly smaller (by ca. 2°). In contrast, the
interligand angle τ is not correlated with any of these structural
parameters of 1.
In the transition state 1‡, the Os−H and Os−CH3 distances

again show little variation across the set of ancillary ligands
examined (Table S5); each changes by less than 0.02 Å across
the series. In this structure, ancillary ligands that are weaker
donors (as judged by the calculated νCO for the carbonyl
complex) correspond to slightly shorter Os−C distances,
longer C···H distances, and larger H−Os−C angles (Figure
S3); interestingly, these correlations are the opposite of those
seen in 1. Thus, for example, in 1‡ the H−Os−C angle is
slightly (ca. 2°) larger and the nonbonded C···H distance is
slightly (0.05 Å) longer for complexes of fluorinated
diphosphines.
The data suggest that electronic effects, rather than steric

effects, are largely responsible for the small variations in the
structures of 1 and 1‡. In particular, the installation of less
electron-donating ligands such as fluorinated diphosphines
shifts the ground state structure of the methyl hydride species
1 to a slightly “later” point along the reaction coordinate and
the transition state 1‡ to a slightly “earlier” structure.
Hammond’s postulate predicts that these changes should
decrease the energy difference between the two structures, and
the calculated energies discussed later in Section 2.4.2 support
this view because the complexes of fluorinated diphosphines
are predicted to have some of the lowest energies for 1‡ relative
to 1.37

For the σ-methane complex 2 (Table S6), changing the
ancillary ligands affects the Os···H and Os···C distances (which
vary by ∼0.06 Å) more than the C−H distance (which varies
by just 0.02 Å); this behavior is expected because in structure 2
the H and CH3 fragments are bound more strongly to one
another than they are to the osmium center. It is worth noting
that the C−H distance in 2 (∼1.145 Å) is only slightly longer
than the 1.09 Å distance seen in free methane.38 The geometric

Table 2. Gibbs Free Energies at −100 °C of 1‡, 2, and 3 for Various (C5H5)Os(diphosphine)+ Fragments, along with the
Carbonyl Stretching Frequency of the Analogous (C5H5)Os(diphosphine)(CO)+ Complex and the Change in Interligand
Angle τ3 − τ2 between the Methane Complex 2 and Dissociated Fragment 3a

ΔG at 173 K (kcal mol−1)

M05-2X phosphine 1‡ 2 3 νCO (cm−1) τ3 − τ2 (°)
Me2PCH2PMe2 7.2 4.5 11.6 2098 4.1
Ph2PCH2PPh2 4.0 1.1 5.0 2105 11.4
Me2PCF2PMe2 5.7 2.8 11.5 2109 3.4
H2PCH2PH2 5.3 1.1 9.7 2141 2.6
H2PCF2PH2 4.2 −0.6 9.0 2147 1.6
(CF3)2PCH2P(CF3)2 2.6 −1.7 12.1 2170 −0.4
(CF3)2PCF2P(CF3)2 2.4 −2.8 11.9 2189 −0.8

aEnergies are relative to 1 and were calculated with the M05-2X method.

Figure 3. Selected geometric parameters for critical points on the potential energy surface for methane loss from (C5H5)Os(H2PCH2PH2)-
(CH3)(H)+, determined with the M05-2X functional.
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parameters involving the CH4 group are not significantly
correlated with τ2 of the methane complex, with τ3 of the
dissociated fragment, or with νCO.
For all the complexes we studied, the Os···C contact in 2 is

calculated to be quite long (∼2.6 Å) and the Os−H−C angle is
quite obtuse (∼115°). These metric parameters indicate that
the binding of the methane ligand to the osmium center is best
described as κ1-H rather than η2-C,H; in other words, there is
very little direct osmium-carbon overlap.7

For the dissociated state 3, the only significant structural
parameter is the interligand angle (Table S7) which, as
discussed previously, is largest in complexes containing the
bulkiest ligands in our ligand set, C5H4SiMe3 or
Ph2PCH2PPh2. As expected for a d6 compound, the pseudo-
five-coordinate complex 3 does not relax fully to give an
interligand angle τ of 90°, which would correspond to a two-
legged piano stool geometry like that seen in d8 CpCoL2
molecules. Instead, the geometry can best be regarded as
pseudo-square-pyramidal or octahedral with one vacant
coordination site. This behavior is expected based on both
experimental and theoretical studies of other five-coordinate
low-spin d6 complexes.39−41

With a few exceptions [e.g., (C5H5)Os(Ph2PCH2PPh2)+],
the interligand angle follows the trend 1 < 1‡ ≈ 2 < 3 along the
reaction coordinate for a chosen set of ligands (Figure S4).
This trend is expected from the steady decrease in the steric
congestion about the osmium center as the methyl and hydride
ligands in 1 begin converging to form 1‡, then combine to form
2, and finally dissociate to form 3. We will return to the
significance of changes in the interligand angle in Section 2.4.2.
2.4. Energies of the Osmium Complexes as a

Function of the Ancillary Ligand. In the following sections,
we will examine the effects on the potential energy surface of
changing the substituents on the cyclopentadienyl ring and the
diphosphine ligand. As mentioned above, the unsubstituted
diphosphine H2PCH2PH2 was used when comparing different
cyclopentadienyl rings, and the unsubstituted cyclopentadienyl
ligand C5H5 was used when comparing the effects of different
diphosphines.
2.4.1. Energies as a Function of the Cyclopentadienyl

Substituent. Table 1 shows the calculated gas-phase Gibbs free
energies at −100 °C of the transition state 1‡, the methane
complex 2, and the dissociated state 3, relative to the energy of
the methyl/hydride complex 1, as a function of the
cyclopentadienyl ligand while keeping the diphosphine
H2PCH2PH2 constant. The data includes calculations on
complexes containing cyclopentadienyl ligands other than the
C5HxMe5−x groups that our group has studied experimentally,
namely those with C5H4CF3, C5Me4CF3, C5H4SiH3, and
C5H4SiMe3 groups. The table also lists the calculated carbonyl
stretching frequency νCO of the analogous CO complex
(C5R5)Os(H2PCH2PH2)(CO)+ and the change in the
interligand angle (τ3−τ2) during methane dissociation for
each choice of ligands.
Depending on the cyclopentadienyl ligand chosen, the

transition state 1‡ lies 4.8 to 6.9 kcal mol−1 higher in energy
than 1, the methane tautomer 2 lies 0.3 to 2.8 kcal mol−1
higher than 1, and the dissociated state 3 lies 6.9 to 10.6 kcal
mol−1 higher than 1, when calculated with the M05-2X
functional (Table 1).
The energies of the transition state 1‡ and the σ-methane

complex 2 relative to 1 are correlated with the electronic
properties of the cyclopentadienyl group. As the cyclo-

pentadienyl ring becomes less strongly donating (as judged
from the νCO parameter), the energies of 1‡ and 2 drop relative
to 1. The coefficient of determination R2 between νCO and the
relative energy of 1‡ (i.e., E1‡ − E1) is 0.81, whereas the
coefficient of determination between νCO and the relative
energy of 2 (i.e., E2 − E1) is smaller: 0.40 (Figure 4). In

contrast, the energies of 1‡ and 2 relative to 1 are not
correlated with the steric bulk of the cyclopentadienyl group,
as measured by the interligand angles of these structures and
the adjacent points on the reaction coordinate (i.e., 1 and 2 for
the transition state 1‡, or 1‡ and 3 for the σ-methane complex
2). The energy of the dissociated fragment 3 in this ligand set
is essentially independent of both the electronic and steric
parameters.
In complexes containing the H2PCH2PH2 phosphine, we see

the following correlations: as the cyclopentadienyl ring
becomes more weakly donating, the barrier for exchange
between the tautomeric methyl/hydride (1) and σ-methane
(2) structures becomes slightly smaller; this trend is consistent
with the argument in Section 2.3 that is based on Hammond’s
postulate and the geometries of 1 and 1‡. In addition, as the
cyclopentadienyl ring becomes more weakly donating, the σ-
methane form 2 is stabilized slightly relative to the methyl/
hydride tautomer 1 (Figure 4). Within the ligand set studied,
however, the methyl/hydride tautomer 1 is always lower in
energy than the methane complex 2, regardless of which
cyclopentadienyl ligand is chosen.
Having structure 2 as the minimum energy point on the

reaction coordinate is a necessary condition for generating a
directly observable σ-methane complex. Another requirement
is that the energy of the dissociated state 3 must be high
enough to render 2 kinetically stable toward methane
dissociation. As depicted earlier in Figure 1, the potential
energy surface in this system flattens as the structure
approaches the dissociated state 3, so it is reasonable to
expect that the barrier for methane dissociation from 2 should
be approximately equal to the difference in energy between 3
and 2. The M05-2X results in Table 1 predict barriers of
roughly 6−9 kcal mol−1 for this process. It should be noted,
however, that because the global minimum for all of these
H2PCH2PH2 complexes with different cyclopentadienyl rings
is predicted to be structure 1, not 2, the experimentally

Figure 4. Gibbs free energies at −100 °C of the transition state 1‡ and
the σ-methane complex 2 for various (C5R5)Os(H2PCH2PH2)+
fragments versus the carbonyl stretching frequency of the analogous
(C5R5)Os(H2PCH2PH2)(CO)+ complex, as calculated by the M05-
2X functional. The energies are reported relative to that of the
methyl/hydride structure 1.
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observed barrier for methane loss would instead correspond to
the energy of 3 relative to 1, i.e., 7−11 kcal mol−1.
2.4.2. Energies as a Function of Diphosphine Substitu-

ents. Table 2 shows results analogous to those in Table 1, but
for complexes containing variations of the phosphine ligand
while keeping the cyclopentadienyl ring constant (C5H5).
These calculations include complexes containing diphosphine
ligands other than the Me2PCH2PMe2 and Ph2PCH2PPh2
groups that our group has studied experimentally, namely
(CF3)2PCF2P(CF3)2, (CF3)2PCH2P(CF3)2, H2PCF2PH2,
H2PCH2PH2, and Me2PCF2PMe2. With the M05-2X func-
tional, the relative energies vary as follows: 1‡ (2.4 to 7.2 kcal
mol−1), 2 (−2.8 to 4.5 kcal mol−1), and 3 (5.0 to 12.1 kcal
mol−1). The calculated relative energies of 1‡, 2, and 3 vary
more widely as a function of the diphosphine than as a
function of the cyclopentadienyl ligand. The larger variation is
mostly a result of the range of donor/acceptor properties
spanned by the ligands in our chosen set; the νCO values vary
over ∼90 cm−1 for the different diphosphines studied, but only
∼35 cm−1 for the different cyclopentadienyl groups.
The trends in energies as a function of the diphosphine are

similar to those seen as a function of the cyclopentadienyl ring.
Specifically, as the diphosphine becomes less strongly donating
(as judged from the νCO parameter) the energies of 1‡ and the
σ-methane complex 2 drop relative to the methyl/hydride
tautomer 1 (Figure 5).

In addition to these electronic effects, there is a steric effect
(Figure 6): the binding energy of methane (as measured by the
difference in the energy of 2 and the dissociated state 3) is
smallest when the diphosphine is sterically bulky (i.e.,
Ph2PCH2PPh2). Steric repulsions between the diphosphine
ligand and the cyclopentadienyl ring present in the σ-methane
complex 2 (which increase the energy of this species) can be
reduced in the dissociated state 3 by increasing the interligand
angle, which is possible because the methane unit is no longer
bound group has dissociated. Indeed, we see that the bulkiest
cyclopentadienyl and phosphine ligands produce both the
smallest methane dissociation barrier and the largest differ-
ences in interligand angle between structures 2 and 3. No
analogous correlation is seen between the binding energy and
the steric size of the cyclopentadienyl ligand, probably because
the range of interligand angles spanned by the various

cyclopentadienyl ligands is smaller than the range spanned
by the different phosphines.

3. DISCUSSION
3.1. Comparison of Calculated and Experimental

Results and Predictions of Ancillary Ligand Sets That
Lead to Stable σ-Methane Complexes. Figure 7
summarizes the results presented in Section 2.4 from the
M05-2X functional, which help explain why past attempts by
our group to observe methane complexes of the (C5MexH5‑x)-
Os(Me2PCH2PMe2)+ (x = 0, 1, 4, and 5) and (C5Me5)Os-
(Ph2PCH2PPh2)+ fragments were unsuccessful. Relative to the
(C5Me5)Os(Me2PCH2PMe2)+ fragment, we had hypothesized
that replacing the C5Me5 or Me2PCH2PMe2 groups with less
electron-donating ligands should make the osmium center less
electron rich and thereby stabilize the osmium(II) σ-complex 2
relative to its osmium(IV) alkyl/hydride tautomer 1.
Experimentally, however, we found that replacing the C5Me5
group with cyclopentadienyl ligands with fewer methyl groups
did not reverse the relative energies of 1 and 2; for all of the
(C5MexH5−x)Os(Me2PCH2PMe2)+ systems, the methyl/hy-
dride complex 1 is in rapid equilibrium with the σ-methane
tautomer 2. As a result, in these systems, the methane complex
cannot be observed directly because it is present only in
vanishingly small equilibrium amounts.
The computations presented here agree with these

experimental findings: for complexes of the unsubstituted
diphosphine H2PCH2PH2, the energy of the σ-methane
complex 2 is always higher than that of the methyl/hydride
complex 1, even when the cyclopentadienyl ring is less
electron-donating (e.g., C5H4CF3) than those we studied
experimentally. The results also suggest that the σ-methane
tautomer 2 might be rendered lower in energy than 1 if the
cyclopentadienyl group were even more weakly electron-
donating than the ligands treated in our calculations.
Unfortunately, the cyclopentadienyl groups that would satisfy
this requirement, such as those bearing several F42−45 or CF3
substituents, are impractical from a synthetic standpoint.
For complexes of the cyclopentadienyl ring C5H5 with

different diphosphines, in most cases the σ-methane complex 2
is calculated to be higher in energy than in the methyl/hydride
complex 1 (Table 2). For example, for the dppm complex that
we examined experimentally, the σ-methane complex 2 is not
the global minimum; instead, the methyl/hydride complex 1 is

Figure 5. Gibbs free energy at −100 °C of the transition state 1‡ and
the σ-methane complex 2 relative to that of the methyl/hydride
structure 1 for various (C5H5)Os(diphosphine)+ fragments, vs the
carbonyl stretching frequency of the analogous (C5H5)Os-
(diphosphine)(CO)+ complexes, as calculated by the M05-2X
functional.

Figure 6. Methane dissociation barrier at −100 °C (taken as the
difference in the Gibbs free energy between the dissociated state 3
and the σ-methane complex 2) for various (C5H5)Os(diphosphine)+
fragments, versus the difference in interligand angle between the
corresponding dissociated fragment 3 and the σ-methane complex 2,
as calculated by the M05-2X functional.
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predicted to be more stable by ∼1 kcal mol−1. In addition, the
(C5Me5)Os(dppm)(CH4)+ complex 2 is also predicted to have
a very low barrier for methane dissociation (E3 − E2 < 4 kcal
mol−1 at −100 °C), for the steric reasons discussed earlier in
Section 2.4.2. These predictions explain why a stable σ-
methane complex was not observed experimentally upon
protonation of (C5Me5)Os(dppm)(CH3).
Remarkably, two of the diphosphines examined here,

(CF3)2PCH2P(CF3)2 and (CF3)2PCF2P(CF3)2, are predicted
to reverse the relative energies of structures 1 and 2, so that the
latter is at least 1.5 kcal mol−1 lower in energy and thereby the
global minimum on the potential energy surface. In addition,
these two complexes are predicted to have large barriers for
methane dissociation (∼13 kcal mol−1 by the M05-2X results).
Fluorinated phosphines are poorer donors to metal centers
than analogous alkyl-substituted phosphines.30,31 The compu-
tational result for complexes of the (CF3)2PCH2P(CF3)2 and
(CF3)2PCF2P(CF3)2 phosphines is therefore consistent with
our expectation that the methane complex 2 should be
stabilized relative to the methyl/hydride complex 1 if the
ancillary ligands are less electron-donating than those we
previously studied experimentally; other theoretical studies
also support this idea.46−48

3.2. Nature of the Metal−Alkane Interaction. These
results show that the energy of the σ-methane complex 2
decreases relative to the tautomeric methyl hydride 1 when the
ancillary ligands are poorer donors and increases relative to the
dissociated state 3 when the phosphine is sterically bulky.
Previously calculations on the unsubstituted [(C5H5)Os-
(H2PCH2PH2)(CH4)]+ system indicated that the HOMO of
the methane complex 2 has significant Os d and C−H σ
character.27 The dependence of E2 on ligand donor properties
should therefore be related to whether the covalent component
of the osmium−methane interaction in 2 has greater C−H σ
→ Os d donation character or Os d → C−H σ* backbonding
character. If the interaction is mostly σ → d donation, then the
donation (and the binding of methane) should become

stronger if the ancillary ligands are poorer donors, because
these ligands will lower the energies of the empty d-orbital on
osmium and make them better acceptors. In contrast, if the
interaction is mostly d → σ* backbonding, then this
backbonding (and the binding of methane) should become
stronger if the ancillary ligands are better donors, because they
will raise the energies of filled d-orbitals on osmium and make
them better donors.
Our results indicate that the binding of methane to the

osmium fragment, as gauged by the dissociation energy E3 −
E2, becomes stronger as the ancillary ligands become poorer
donors (Figure S5). For example, the methane dissociation
energy E3 − E2 is predicted to increase by ∼7 kcal mol−1 (i.e.,
from 7.1 to 13.8 kcal mol−1) by replacing the methyl groups of
(CH3)2PCH2P(CH3)2 with similarly sized but more electron-
withdrawing CF3 groups (Table 2). Thus, the activation of the
C−H bond in structure 2 is more a result of the C−H σ → Os
d donation than of the d → σ* backbonding. This conclusion
is consistent with our previous work on nickel dihydrogen
complexes, which showed that the interaction of dihydrogen
with metal fragments containing electron-deficient diphos-
phines such as (F3C)2PCH2P(CF3)2 primarily involves H−H σ
→ M d donation.31 For methane σ-complexes, C−H σ → M d
donation should be even more dominant because d → σ*
backbonding should be weaker: the σ* acceptor orbital of
methane is less sterically and energetically accessible than that
of dihydrogen.49

To expand on these ideas, we performed extended transition
state natural orbitals for chemical valency (ETS-NOCV)
calculations on two representative complexes: [(C5H5)Os-
(phosphine)(CH4)]+ with the phosphine ei ther
(CH3)2PCH2P(CH3)2 or (CF3)2PCH2P(CF3)2. By examining
the donor/acceptor orbital pairs from the NOCV analysis
(Tables S16 and S17), the two main components of the
covalent interaction between methane and the osmium
fragment are C−H σ → Os d donation and d → σ*
backbonding. Comparing the eigenvalues of electron transfer

Figure 7. Calculated values (M05-2X functional) of critical points on the potential energy surface for methane loss from various
(C5R5)Os(diphosphine)(CH3)(H)+ complexes at −100 °C. The data series are labeled with the substituted ligand of each complex; the ligand not
included in the label is unsubstituted C5H5 or H2PCH2PH2. The series marked “HH” corresponds to the doubly unsubstituted
(C5H5)Os(H2PCH2PH2)(CH3)(H)+ complex. A tabular version of this data is provided in the Supporting Information (Table S1).
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for these two components (Table S18) confirms that C−H σ
→ Os d donation is dominant regardless of the phosphine
donor ability; energy decomposition analysis of the isoelec-
tronic [(C5H5)Re(CO)2](CH4) system has similarly estimated
that ∼75% of the charge transfer stabilization between
methane and rhenium is a result of σ → d donation.50 Finally,
it is interesting to note that the ratio of donation to back-
donation in the σ-methane complexes studied here is smaller
when the phosphine is (CH3)2PCH2P(CH3)2 (1.95) than
when it is (CF3)2PCH2P(CF3)2 (2.4). This finding is
consistent with the predicted minimum energy structure of
these fragments [i.e., the methyl hydride 1 for the
(CH3)2PCH2P(CH3)2 complex and the methane complex 2
for the (CF3)2PCH2P(CF3)2 complex].
Unlike the relative energy of the σ-methane complex, the

structural parameters of the σ-methane ligand are not strongly
correlated with the steric or electronic properties of the metal
center, as measured by τ or νCO. Recent computational work
has indicated that the binding of σ-alkane ligands to metal
centers contains considerable dispersion contributions.25,26,36

4. CONCLUSIONS
Using DFT, we have calculated the energies and geometries of
critical points along the reaction pathway for methane loss
from various complexes of the general form (C5R5)Os-
(diphosphine)(CH3)(H)+. The results demonstrate the utility
of empirically benchmarked DFT calculations for the targeted
modification of ancillary ancillary ligands, and predict that in
this system, the σ-methane structure is stabilized both relative
to the methyl/hydride tautomer 1 and relative to methane
dissociation if the ancillary ligands are less electron-donating.
In addition, we find that ancillary ligands that are too sterically
bulky lead to unfavorable interligand steric interactions that
destabilize the σ-methane complex and lower the barrier for
alkane dissociation. Synthesizing and protonating (C5R5)Os-
(diphosphine)+-based methyl complexes bearing the fluori-
nated diphosphines such as (CF3)2PCH2P(CF3)2 and
(CF3)2PCF2P(CF3)2, which meet both of these ligand criteria,
may produce σ-methane complexes that are stable enough to
observe directly; experimental work in our laboratory to test
these predictions will be reported shortly.

5. METHODS
All calculations were performed in the gas phase at 298 K due to their
good agreement with experimentally measured values. Solvent
corrections were also investigated for a few ligand sets (see
benchmarking and solvent correction details in the Supporting
Information). Geometries were optimized using Gaussian0351 Rev.
D.01 (M05-2X52 and BB1K53−55 functionals) and E.01 (M05-2X
functional only) without any constraints. Calculations were performed
with modified correlation-consistent basis sets: cc-pVTZ-PP56 for
osmium (which includes an effective core potential to describe
relativistic effects), truncated57 cc-pVTZ(seg-opt)58 for the atoms of
the methane ligand, and cc-pVDZ58,59 for all other atoms. Prior work
on this system27 and on others60,61 indicated that basis set
superposition error does not meaningfully impact the accuracy of
the energy surfaces calculated here. Benchmarking calculations
suggested that M05-2X afforded more accurate descriptions of the
methane σ-complex.27,62 The crystal structure of (C5Me5)Os-
(Me2PCH2PMe2)(H) was used as a starting point for structure
optimizations.21 For each complex, four points along the reaction
coordinate were calculated as shown in Figure 1: the methyl/hydride
complex 1, the methane tautomer 2, the transition state 1‡ that
connects 1 and 2, and the dissociated state 3, (C5R5)Os-
(diphosphine)+ + CH4. The structures of the dissociated fragments

(C5R5)Os(diphosphine)+ were allowed to relax; as a result, the energy
of the dissociated state 3 with respect to 1 or 2 estimates the methane
binding energy. Owing to the flatness of the potential energy surface,
all stationary points were determined using the GDIIS method and
internal options to decrease step size (IOP 1/8 = n). The transition
state 1‡ was located from optimizations using redundant internal
coordinates. IRC calculations were used to confirm that the transition
state geometry was a saddle point connecting 1 and 2.63,64 Frequency
calculations were performed to confirm that optimized minima and
transition states were true stationary points. Imaginary frequencies
less negative than −25 cm−1 were ignored; for the M05-2X results
reported here, three structures had one such frequency after
optimization, each of which corresponded to a process with a barrier
that is small enough not to impact the results (rotation of a methyl
substituent on the cyclopentadienyl ring, or rotation about the
osmium-ring centroid axis).
Optimizations were also carried out on the carbonyl analogues

(C5HxR5−x)Os(diphosphine)(CO)+. The starting structures for these
complexes were derived from (C5Me5)Os(Me2PCH2PMe2)H and
(C5Me5)Os(Ph2PCH2PPh2)H.

21

Extended-transition-state natural orbitals for chemical valence
(ETS-NOCV)65 were generated in the Multiwfn 3.8 software.66

Input wavefunction files for individual fragments were generated in
Gaussian 16 revision C.0151 using the M05-2X functional and the
basis sets described above.
Cyclopentadienyl rings (particularly those that are unsymmetrically

substituted) can adopt different rotameric conformations, and for the
ligand combinations examined here the barriers for interconversion
between the rotamers are expected to be small; in other systems, these
barriers are less than 6 kcal/mol and often less than 2 kcal/mol.67,68

Owing to these small rotational barriers, our attempts to find
optimized structures for different rotameric conformations of
structures 1, 1‡, 2, and 3 in several test systems [e.g., (C5H4Me)-
Os(dmpm)+] did not fully converge. As a result, the data reported
here are from structures in which the ring was fixed in a reasonable
orientation at the start of structure optimization.
Poli et al.69,70 have shown that the rate-limiting step in the

reductive elimination of methane for group 6 metallocenes of the type
Cp2M(CH3)H occurs at the minimum energy crossing point between
the singlet surface containing the methyl/hydride exchange reaction
(in our system, this would include points 1, 1‡, and 2) and a triplet
surface containing the free metal fragment (structure 3 in our system).
Based on these results, we initially suspected that the dissociated state
3 would be an open-shell species with S = 1. However, to save on
computational time, only the closed-shell (S = 0) variant of complex 3
was optimized for all ligand modifications. This approach was
supported by subsequent calculations on the (C5H5)Os-
(H2PCH2PH2)+ fragment, which showed that the rate-limiting
reductive elimination barrier increases by 10 kcal mol−1 when the
spin S of 3 is changed from 0 to 1. Later experimental work has shown
that the experimental barrier for methane loss agrees quite well with
the closed-shell simulations reported here, which suggests that the
dissociated state complex 3 is in fact a closed-shell species.
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